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,4pparent advan~ages uf fliyhl within ground elfeci h a w  beun long known to aircraft designcrb and aviators. 
Yumerous tests of models in clnw proximity lu wind tunnel ground boards provided extensive data inrlicntin~ 
remarkable increases in lift/drag raliur uwr  romparable modcls out of ground ef fecl. The resulting cnthl~siasm 
stimulated numerul~a studies of very Inqe ~ i r ~ ~ f l  intended to operait in around effecl (WIG'S). Unfortunalcly, 
%arioua practical cnn~iderations f r r q ~ ~ m t l j  were wcrluuked or minimired. Rarely is more than casual can- 
sidemliun givun to take-nff or landing, except to assume that operation from watcr i s  self-evidenl and 
achievable. I t  i s  drmonstnitd, uaing seaplane technulogy and experienw, that hydrodynamic cunfigunitions 
pcrmitling water operations arc, Cur lhc. most pan, incornpatable with aertrdynernic features requircd for ex- 
tended flight in ground effect. The Inslallcd lhrust specified for the WlC's frequently is inadeq~rate to mccelemlc 
the crall From rcst tu take-off. Furlhermurt, ihc aircraft must CI! high enough to nw id  catvstruphic encounter 
with "rogue" waves which are up to three iimcf as high as "significanl" w a w s  of the exisling w a  state. Rogues 
are infrequent. bul ine*ilahlc.. I t  i s  rnncluded that i l  is ntilher frasihle to design WIG'S for opcretiunb from the 
water nur f l j  in ground efrecl rrvrr Ihr upen ocean, 

Introduction 

T HE concept 01 intentionally operating suitably dcsigned 
large aircraft within ground effect has providcd the basis 

for numerous studies investigaring performance and 
economic advanlages to be gaincd from the use of hugc 
''Wing in Ground Effect" (WIG) aircraft flying just abovc 
the ocean surface. In general, studies have been based upon 
analyses, wind tunnel tests, pilots' impressions and 
recollections, and,  as will be discussed, ur~realistic and ar-  
tificial definitions of sea state, ocean waves, and operating 
conditions. 

Each study was initiated by review of wind tunnel data 
cuncerning the relationship of wing lift/drag ratios and its 
proximity to a ground plate. Personal observations of aircraft 
behavior during the short period of  lake-oCfs and landings 
tend to confirm ihe desirability of operaling within ground 
effect. After il has been dccidcd that over-water travel is 
feasible, several routes or missions arc chosen, a sratistical 
study of year-round wind and wave conditions made, an 
opcrating height above mean water level selected, mission and 
cost analyseq made, and a preliminary design prepared. 
During thcsc early phase$, fundamentally unrealistic decisions 
often are made, endowing the entire study with a que~tionable 
degree of reality. 

Wing-in-ground-effect studics generally emphasize the 
aircraft's cruise characteristics. Virtually no attention is given 
to suitable take-off o r  landing reyuircmcnts o r  appropriate 
configurations. It is uhually assumed that the aircraft, in an 
undisclosed fashion, reached cruise speed and altitude bcfore 
the study began, and (he study concludes wilhout bringing the 
aircraft to rest. As a consequence, little or no corlsideration is 
given to take-off and landing problems, restraints ur 
characteristics. Sketches of the hypothetical craft in flight 
generally show the wing(s) placed to gain maximum ad-  
vantage from ground effect. However, if the craft is to 
operate from water, it must be a seaplane - resting on  a hull 
o r  floats; obtaining dynamic l i f t  from a planing bottom, skis, 
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hydrofoils or air cushion system. Adequate aerodynamic and 
hydrodynamic stability from stand-still through take-off to 
flight are necessary, as is acceptably low drag, so that it  can, 
in fact, take off with its available thrust. 

Components contacting thc water must be structurally 
capablt. of withstanding hydrodynamic loads; heavy spray 
must bc controlled so as to no1 adversely aff'cct power plants, 
wings, o r  control surfaces. Personnel must not bc subjected to 
intolerable loads or motions. If (he aircraft i s  to operate from 
land, these problems are eliminated; others may be introduced 
by ure of  wheeled gear. 

Effect of Water Take-Off Requirements 
Upon Design 

Model and full scale evaluations of advanced scaplaoe hulls 
designed by the Nat ional  Advisory Committee for 
Aeronautics and aircraft companies show that a lift/drag 
ratiu of 7 through "hump speed" (the transition from 
displacement to planing, or static to dynamic support) is 
about lhe maximum to bc anticipated for calm water. This 
ratio will rapidly deoreasc ah waves become larger until 
hydrodynanlic drag becomes prohibitive. Hump drag 
establishes the thrust needed to provide reasonable ac- 
celeration (3 ft/sec2 was required for Navy Seaplanes). This 
thrust largely decides power plant characteristics, regardless 
of in-flight weight/drag or cruise speed. Unless substanlial 
low-speed auxiliary thrust is provided, installed thrust will 
cxcccd cruise thrust by the ratio 

thrust (hump) K =  -- 
thrust (cruise) 

If K = 5 ,  for example, 80% of the aircrafr'q engines will be 
shut down in flight to conserve fuel but still represent dead 
wcight and aerodynamic drag, detracting from the aircraft's 
pay luad and performance. Complete elimination of penalties 
associated with hump drag could only be accompli5hed by use 
of JATO, towplane, catapult, etc., which must be ana ly~ed  
for cost per flight, capital investment, manpower 
requirements, useful life, and practicality. 

Should the airplane be designed for take-off and alighting 
in other than calm water, conqideration must be given to 
subhtant~aliy increa~ed hydrodynamic drag, allebiation u f  
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wave impacts, heavier structurt., human factors, spray 
suppression, and adequate airframe and engine clearances. It 
is probable that most problems associated wi th  conventional 
seaplar~es will be intensified by conlpromises necessary to 
maxin~izc the WIG's weighijdrag ratio. 

An cxccllc.nt example of a preliminary design found to bc 
complctel~ incvmpaiible with water b a ~ i n g  was a huge canard 
with a 300  Ft span witig for-ard and 600 ft wing aft.  It was to 
carry all cargo in, and float on straight wings which had a 
thickness equal t o  309/0 chord. The untapered wings had n o  
dihedral, so were uniformly immersed over their entire span5 
when the airplane lay at rest or moved slowly through thc 
water. Results of towed model tests were unexpcctcd; cach 
wing represented, more or less, a barge towed sideways, arid 
as model speed exceeded wave propagation speed, water 
literall): piled up  ahead of thc forward wing, Cinally stabilizing 
in a heavy blankct u f  water Howing over the wing. Drag was 
many times greater lhan Lhat of an equivalent cunventional 
seaplane. As the towing carriagc accelerated the model. i t  
settled deeper into the watcr until the power plan1 locations 
were submerged. The wing incidence was repeatedly in-  
creased, run afier run, in an effort to contain the flow 
beneath ihe lower surface. This wa? finally achieved, but the 
forward wing trimmed to 2 2 " ,  a completely impractical 
solution. Row-down moments due to thrust would have 
caused the  model to dive, except for thc  restraint of the towing 
mechanism. Thcsc tcsts did not discredit the aerodynamic 
design; thcy demonstrated thal [his craft could not be water- 
based, although i~ may well have successfully lifted from a n  
adequate runway several miles long. Although thc structure 
ret'lected anticipated air loads, no condcrat ion \vas given to 
warer loads. If thc airplane could have taken off ,  the 
problems associated wiih alighting on the water seemed 
urerwhelrning: impact loads intolerable to crew, airframe, 
and cargo; directional and longitudinal instabilities; and the 
possibility of a catastrophic water-loop upon contact. 

Muments acting on a rcaplane during take-off must bc in  
equilibrium. The resultant of hydrodynamic lift and drag 
produced by the hull, skis, or foils must pass through or near 
the  center of gravity. Sraplanc hull lteps are  located jusr aft o f  
the center n f  gravity, so Sorebody hut and drag will produce a 
resultant vector just ahead of the  c .g . ,  preventing diving and 
compcnsating Cor buw-down moment due tn thrust. As the 
a~rcrat't nears tl ying speed, tiydrod) nan~ic  forces decrease and 
the pilor rnainia~ris control bj use of increasing aerodynamic 
f o r m .  T h e  hull aft of thc btep is sloped upaard to clear 
forcbndq wake and spray. An afterbody "sternpost angle" of 
7.5-10" permits aircraft to (rim to a high angle for take-offs 
and landings withuut afterbody contact with the aa te r  w r -  
race-a conditior~ nhich can cauqe dangerous and un- 
controllable "porpaising." The step must he deep enough to 
ensure that water from beneath the forebody scparatcs at the 
rtep, clearing the after hull. 'The Ftep break must be sharp; any 
rounding of the corner makes it ineffective. It  was in 1909 thal 
Naval Constructor Holden U. Richardson visited Glenn 
Cur t~ss  at Hammondsport , N .  Y . ,  and after watching a pilot 
unsuccessfully Iry LO take off ,  told Mr. Curtiss that his hydro- 
aeroplatle wasn't about to leavc rhe surface o r  Keuka Lake 
unless hc put a step on the main floai. The same basic rules 
are  still valid today, notwiihsianding the development of 
turboshaft engines and aerodyna~nic high lift devices. The 
Japanese PS-I seaplane's maximum take-off weight is about 
95,000 lbs. It has an exceptionally high power/weight ratio; 
thrust is provided by four 3060 hp General Electric T-64 
engines. A 1400 hp General Electric T-58 drivea thc boundary- 
layer control system. The combination of boundary-layer 
control and large Haps enables the airplane to take off at lcss 
than 50 knots airspeed. Nevertheless, a traditional high 
deadriw, stepped hull was cotisidered essential. It is in- 
conceivable thai a WIG with a Jaw hnrscpower,'weight ratio 
could operare from the water unless fitted with a correctly 
designed hull nr a n  alternative hyclrofd system mounted 
beneath a h ydradynamically compatible hull. 

Relerring again 10 the canard design, the acrndynamic, 
structural arid volumetric advantages of a large thick wing or 
airfoil shaped fuselage arc obvious, but thu associated convex 
lower surface reprcscnts a very poor planing surface and in no 
way can be considered to be part of  a hydrodynamic system. ! 
An air cushion system initially might appear to be a logical 
installation oti a flat bottom, broad beam, barge type hull, 
but ihe weight and internal voiume of the lift-fan system, 
associated ducting, skirt or seals, and source of pnwcr detract 
from the useful load; and whether thc vchiclc planes on a hull 
of  metal o r  air it still must havc cnough thrust to accelerate 
"over the hump." Conventional seaplane hulls and air 
cushion systems have been compared by detailcd studies, 
including model tests, and (he hull was supcrior to the air 
bubble conflguralion in ail characteristics associated with 
aircraft operalion from the water. 

Thcrc is little doubt that almost any conceivable WIG 
configuration, Ltted wiih a suitable hydrofoil or ski y t e m  
and propelled by brute force, could take of f  from and alight 
on the water. But  the weight of alighting gear and necessary 
engines, volurne occupied by the retracted gear, and drag of 
inactive engines during cruise could well wipc out any virtucs 
of' the configuration. I t  is possible that for many preliminary 
designs the attainment of adequate hydrodynarriic behavior 
could bc achieved only by destroying utiliiy. 

Variable geometry aircraft which take off and land with the 
wing in  an elevated position but fly with thc wing lowered as 
far as possible Lo maximize ground cffcct have been con- 
sidered, but the associated complexity, weight, and cost of (he 
installati011 dictate against this concept. Variable dihedral 
wings or outer wing panels and end plaies which can be 
rotated thrvugh an arc around a longitudinal axis through the  
extremities of the fixed wing are worthy of consideration. 

When a flying boat is envisioned, the design enginecr 
prcparcs a set of skerches corresponding to wccessivcly highrr 
water-borne speeds from the displaccmcnt rcgime through 
hump atid planing to take-off. Each sketch shows ihe hull's 
probable trim, heave and corresponding ?pray pattern, 
determined either by model tcsts o r  tesls of a similar hull. The 
sketches indicatc where one should nor locatc thc wing, engine 
inlets, propcllcr, cockpit, and control surfaces. Heavy spray 
reprcscnts waated energy (or drag), and will cause additional 
drag if it .strikes any portion of thc airplane. Severe spray cat1 
rcduce propeller speed, slow and even stop turbo-shaft 
engines and cause structural damage to engines and airframe. 
A Tier i he designer has reviewed his sketches and pondered on 
the above factors he must decide whether there remain any 
comparatively spray-free locations permitting a rational 
design for the objective and mission under consideration. 
Should it be necessary to locate components in the path of 
heavy spray, the structure must withstand impacts and steady 
stale loads of air-water mixtures wcighing 10-30 Ibs per cubic 
foot, and occasionally having relative speeds as high or  higher 
than vehicle speed. 

Virtually all water-based WIG's proposed to date could be 
reconhgured to operate from runways, ideally located at 
water's edge to permit the aircrafl to take off and smoothly 
accelerate to cruise condition without leaving ground effect. 
Excess thrust for acceleration could be minimized by usc of 
extremely long runways, thereby reducing the number of 
engihes shut down during cruise. The corrcsponding decrease 
in aerodynamic drag and dead weight would aid the designer 
in attaining his goal of a vehiclc dcsigned for economical 
cruise, unencumbered by engines required for rake-off only. 

The Ocean, "Sea State," and Giant Waves 
The greakst misapprehension associatcd with the desire t o  

f l y  in ground effect over water is the assumption that 
somehow the rea will concur with thc conditions predicted in 
studier of  W IG missions. 

Assume that a study of specific areas and irade routes has 
shown that sea statcs 4 or  less prevail over a percentage of 
time which makcs rhc WIG economically or militarily 
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justifiable. When higher seas exist, the craft must cithcr be 
rerouted or fly a t  a higher altitude with resultant decreased 
lift/drag ratios and correspondingly rcduced performance. 

Sea state 4, used as the typical condition for this Section, is 
defined a$ that condition generated by Fairly steady 15-20 
knot winds blowing for nearly a full day over an unin- 
terrupted "fctch" of 125-175 miles of deep water. This 
dcfinitian implies that there d o  not exist other sources o l  
waves or  swells: tides, distant storms, strong ocean currents, 
shallow areas, or significant changes in the ocean bollom. 
?'hi5 definition is a t  best a general descriplion of the state of 
the sea; it is assigned by an observer, ashore, afloat o r  aloft. 
But one cannot assume that the ocean will meet the 
description of a given sea state merely because it has been so 
defined. Furthermore, the "sea state" dcfinition, or 
description, is based on an idealized situation, and variations 
within a "sea statc 4" may Pall outside the glibly stated 
characteristics. 

An "ideal" I r a  state 4, as def~ned by one source, is 
characterized by the heighl of the highcst one-third or the 
wave? usually falling betwccn 5 and 8 feet (trough to crest). 
fhese "significant wavcb" are 120-200 ft  long. Table 1, from 
the Naky magazine ALL HANDS, includes a broad range of 
wind and wares ~ i t h i n  the U. S. Navy Hydrographic Office'$ 
dcfinition or sea state 4. Note [he accompanying descriptions 
concerning estimation of wind velocit)., and the variouq 
descriptive adjectives which the observer u5e5 as a guide to 
his definition. 

The purpoqe of including two descriptions of the same sea 
state i ?  to illustrate how a preliminary designer, by random or 
casual choice of a sea state chart, can influence his cntire 
preliminary design study. The engineer who chooses a table or 
chart providing a mild description will eventually arrive at a 
higher cruise LID and a lower cargo cost per ton mile or 
greater range than the engineer who selects a more severe 
definition of the Fame ocean cnvironrnent. 

The above descriptions givc dirferent bur fairly simple 
impressions of sca state 4. Hydrographic Office Publication 
11034 givcs a more complex picture. It states that an 18 knot 
wind blowing long enough ovcr an adequate fetch will 
generate "significant wavcs" averaging 6.2 ft high. "E" i q  

defined as "twice the variance of  a large number of valucs 
from points equally spaced in time as chosen from a wave 
record." "Significant w a v e  height" can be stativically ~ h o w n  
to equal 2.83 \'E. Other characteristics of the sea having 
significant wave height = 6.2 feet are  found as follows 

Most frequent wave height = 1.4lv'2= 3.1 t t  

Average wave height, fl - 1 . 7 7 v ~ =  3.9 f t  

Average height of the highest 
I O"/o of all waves, FI,, !o =3.60v'z=7.9 ft 

Reference 4 includes a detailed dircussion concerning 
"Exceptionally High Waves," essential reading in any 
considcratiun o f  high-speed operations on or close to the 
ocean surface. It says that completely unpredictable mon- 
~ O U S  L L r ~ g ~ e ' '  waves (compared with thc cxisting sea stale) 
can appear withour warning at any tlme; and n o  matter how 
rare they may be from a sjarisrical viewpnint, thcy are 
inevitable and must be always anticipated. And, it should bc 
added, be regarded with rcspcct and awe. I f  1000 consecutive 
wares in a sea state 4 cnvironrnent are taken as  a samplc, 5% 
will have heights in excess o f  2.22 significant wave height. 
Therefore a craft operating in sea statc 4 will oocasior~ally 
encounter waves approximately 14 ft high! Now restore the 
idealized sea state to its occan environment where waves and 
swells from distant sources may be passing through the 
vicinity. Recalling that long waves travel faster than short 
waves, the "exceptionally high waves'' just discusscd may be 
elevated furlher by the passing of long waves and swells, 

tcnlporarilg creating even larger and steeper waves having 
heights the arithmetic sum of the component waves. Such 
giants could damage, upset or demolish any WIG striking 
their flanks. Since one train of  waves may be briefly "filling 
in" another set, the pilot may be misled by rhe comparatively 
calm area into a false cense of security, not realizing that 
within a few seconds a singlc o r  scvcral giant wavcs suddcnly 
will rcar up  ahead O F  o r  beneath him. 

Photographs o f  the sea taken from various alti~udes show 
that the surCace often represenls !he summarion of ~ h r e e  or 
rour distinct wave patterns. Somelimes patterns intersect and 
create a confused sea; on oiher occasiotis the waves and swells 
tnove in the same gcncral direction. Thc morc coinplcx thc 
surface, the morc difficult it is to makc any judgcrncnt of x a  
statc from one nlinutc to the next, and the more imperative it 
becomes to fly a t  a safe distance above any possible cum- 
bination of waves generaled by the several sources. 

In summary, one must realize that i f  a substantial qea state 
exists, sooner or later, a n  outsize wave will appcar without 
warning, and if the aircraft strikcs it, almost ccrtain disastcr 
will ensue. Only by opcrating abovc protected and shallow 
waters, auch as the Baltic ur Caspian Sea, can the WIG be safe 
from high sea states and rogue waves; and the need for this 
type aircraft i n  such restricted arcas is qucstionablc. 

Ground-Effect Considerations Regarding 
Vehicle Configuration 

Wing li!t and drag vary as a furlction of height (Fig. I )  as  
the craft passe? over waves and swells. Sincc nnly one lift 
corresponds to aircraft weight, passage nvcr a trough rcsults 
in a lift deficiency and rhe craft will acccleratc downward. 
Conversely, passage ovcr a crcst causes e ~ c e s s  lift and an 
upward accclcration. Changes in altitude also affect 
acrodynamic drag, so waves impose longitudinal as well as  
vertical accelerations and decelerations on  the craft. Con- 
scquently, the airplane is aerodynamically linked to the ocean 
surface. Aircraft motion? will lag behind the corresponding 
wave contour; hence, there will bc a possibility of the craft 
simultaneously dropping and trimming downward because of 
a passing trough, and thcn striking the flank u f  the following 
wave. This sittiation would be especially dangerous during 
passage over a series of long, e?sen~ially regular swclls having 
length and speed inducing aircl-aft vcrtical motions 
corresponding to ils natural heave frequcucy. It is doubtful if 
either a pilot or auiopilot could counteract witve-induced 
resonant oscillations. 

Craft have been designed which, alihough rtable in ground 
cffect where they were intended to operate, were found to be 
unstable at altitude. Only a few years ago t e w  of a large 
manned model disclosed thiq inherent limitation to thc 
concept of operating tandem wing aircraft in ground cffect: 
the absence of dnwnwash from the  forward wing upon (he afl 
wing permits both wings of a tandem configuration in ground 
cffcct to have similar aerodynamic charactcristics. This 
advantage is losl as the aircraft gains altitude, and the in-  
tensity of downwash is i n c r c a d .  Within grvund effect a craft 
with identical, cqually luaded, adequately spaced, tandem 
wings should stnbilire in aliitude, longirudinal trim, and zero 
roll itnglc, thereby rtiiriirtiizing the need for an active control 
system. Out of ground effect, down-warh i s  50 srrong that thc 
relative inciderice of the t w o  wings 111ust be adjusted to retain 
their original lift distribution. Consequently, although the 
craft ir inherently $table within ground c.Hect, it rapidly 
becomes unstable out of ground cffcct unless the crafr is 
controlled by a system having exceptionally powerful pitch 
moments. 

Thc experienced and careful test pilot did not rcalize that 
his aititude fur this flight was to bc limited to only a fool or 
two. As his craft accclcrated and left the water, he  pulled back 
on the stick to gain altitude, lost inherent stability due ro 
ground cffect, and crashed. The need to stay within ground 
cffcct sharply curbs such a gruundxffect orienred aircraft's 
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Table  1 l'he e f f r r l  of wind and waves om the sea aruund juu 
. . - - - - - - - . . .. . -- . -, .- - - -- 

U.S .  N a b ~  
H yd~,og~ 'sphic  

Office Sea t n l c r ~ l a [ i u ~ ~ d  

Wind tert l i r  Wind descript~on U S. Na\ y Scale sea 

fmic Scaman's ~ i w d  hy  l'clur'lty Vi7ind and wave hydrograpt i i~  description International 

(Ilt.aulort dessr~ptiotr wcathcr (mikc, vclncity F.rtimatingwind Fstimating wind  heights office sea and  wave 
rcalc) wrujnd burcau pcr hour) (kno19) vclncitics on land - velocitiesat sen in feet ?tarecode heighla in reel 
. . . - - - - - - - 

C'nlm Glaccy 
0 than I 

rr~pli 
L.iplu I 10 3 

rnph 

than 1 r iw\ vertisall,'. 
Cnn~  
1 ru 3 Uircrtiori ol' 
knntr windshon n hp 

drift hur no1 
by windvancq. 

4 to  6 Wind tclr on 
knutc Cil~e;lcavt.s 

ru>~k;ur t l inary  
\ alics rnwcd 
wind. 

Sru like a mirrnr 

I Ligh~ air 

Light brcczc. 
bmall wavelers. 
crew, hart. n 
~ l a r s y  appuar- 
ance and d o  nnt 
h c a k .  
Gentle br,cezc. 
I arge wabeletr, 
crest4 begin lo 
hrcak. Scat rercd 
whitczaps. 
hluderare breeze. 
Small ware\ br- 
crmlirlg lunger. 
Frcqucnr strur- 
cap<. 
k re+h hree7e. 
4Ioderatr ware<.  
~ k i r i  a n l r w  
prurwuriccd long 
form: rnanv 
whitecaps, 
wmc. \pray. 
St 1-img hreeze 
Laryc warcr he- 
gin In f'nrm; ex-  
tenswe urnhirecaps 
rterywChere, 
so~r ic  spray. 

Slight 2 
1 t o 3  

rt 

Rippled 
O r o ~  
! t 

2 I lpht 
hreere 

Smooth 2 
I t o 2  

Ct 

3 (icnrlc 
breeze 

7 to 10 Lmvcharul $mall 
knot\ t w g r  i l l  C U I ~ S ~ ~ I I ~  

inr>tioii: ~ i n d  ex-  
tends lighr flag. 

Slight 3 
2 t c ~  J 

It 

1 1 t o  16 Rams dusr and  
knurc loose paper: 

+mall branches 
a r t  r r \ u v d  

Kough 4 
S t o n  

r l  

FI esh 19 t r j  24 
rriph 

71 111 27 1,aryc brsnshc\ 
knots in rnotmn: 

whistling hcard 
in I rkgraph 
nire>; umbrella5 
uscd with 
difticulry. 

rkxibility; i l  cannot fly over obstacles such as  ships; it could 
not fly from one end of the Panama Canal to the other 
without "sailing around thc Horn;" it could not fly at a safe 
altitude over stormy seas; and i t  could not escape land-locked 
bodies of watcr. The remedy - a control system embodying 
variable incidence wings or dircct lift control devices- 
appears extremely cvmplcx and would require intensive study 
rclating to the proposed dcsign. I t  is entircly possible that the 
tandcm wing syqtem must bediscarded. 

To illustrate thc discussion of tandem wing aircraft with a 
historical note, the Uaproni "Triple Triplane" was designed 
in 1919 with cornple~e disdain for downwash. 11  featured 8 
engines and was intended to carry I Of )  passengers. 11 madc its 
only flight in 1921; leaving {he watcr i t  gained a bit oFaltitudc 
and then, in the words of Lord L'. G.  Grey, "slowly and 
determinedly dove into the  sea."' 

And, finally, the "aerodromcs" of Samuel Pierpont 
Langley were tandem wing affairs, His manned aircraft twice 
broke up in thc air following elevated catapult launchings 
from a barge in thc Potomas River, discouraging him from 
further efforts to devclop a succes~fid flying machine. Dr. 
Langley, unaware of the structural defects of his aircraft, 
attributed the disasters to an unfortunate mechanic, whom he 
accused o f  permitting the machine to strike the launching 
device. It is clear from photographs that strong downwahh 
and weak longerons were the real culprits. 

Thc sensitivity of a WIG'S lift, drag, and stability to 
allitude dictates that cruise height be rigidly controlled. 

Alrhough countIess patrol aircraft have flown for many hours 
a t  low altitudes, the pilot was free to operate through a range 
of  heights without serious deterioration in aircraft o r  
equipment capabilities. But to fly a t  a predetermined altitude 
or, for cxample, 60 ft with an allowable deviation of * I0 ft i s  
difficult and fatiguing. The aircraft therefore musl be con- 
trolled by an autopilot. It would be desirable t o  determine 
whether height sensors based on hydrofoil craft equipment 
could be modified for use 40 or  50 ft above mean sea level, o r  
whethcr completely tiew equipmen1 would be required. 

An alternative height control device has bccn considered: a 
highly loadcd hydro-ski o r  super-cavitating hydrofoil 
mounted under the hull forebody in wch  a location that it 
would, upon immersion, impart a bow-up moment t o  the 
airplane which nominally would be aerodynamically trimmed 
with a small bowdown moment. Although use of such a 
device intui lively appears hazardous, tests and calculations 
have shown that a useable system could be made up  of a foil 
o r  ski supported by a base-vented strut. 

Ground effect data are presented frequently as a function 
of wing chord and wing hcight above thc water; consequently, 
some studies considered low aspect-ratio wings with chords of 
100-250 TI. Low aspect ratio wings have poor qualities due to 
thc dominance of the  flow by wing tip vortices, so end plares 
are frequently included, hopefully to induce essentially two- 
dimensional f low, analogous to flow past an infinitc span 
wing. I T  cnd plales protrude below the wing's lower surface, 
they will bc more likely than the wing Lo strike waves. But 
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"shcltcrcd" water. Correspondingly greater buoyancy for 
WIG's would be required to provide larger righting moments, 
easily accomplished by increasing the chord and depth of thc 
wing at its tip. Necessary righting moment can be determined 
from wind tunnel test data of water-line models,' o r  from the  
old Navy Specification AIR-SR-5YC. 

Facturs Affecting Preliminary Design 
of a WIG Seaplane 

To set all aspects of wing-in-ground-effect operation into 
consistent perspective, consider a W lCi resembling an 
uvergrowtl conventional flying boat. Once ovcrall weight and 
dimensions have been selected, i t  should be possible tu  decide 
whether the craft can fly safely and advantageously near the 
water, o r  must behave in traditional fashion and fly at a 
reasonablc altitude. 

Since "the bigger the ship, the m d l e r  the waves," a choice 
of 1,000 short tans takc-off weight will serve for this study. 
The airplane would be only 2'/r times as heavy as the U. S. Air 
Forcc C5-A or  the Boeing 747, so it falls within the  predic- 
table capabilities of the aircraft industry. Wing loading of 50 
lb per sq ft gives a wing area of 40,OO sq ft. An aspect ratin 
of 4 permits a fairly light wing structure, substantial chord, 
and reasonably compact span. Usc of a 12% Clark Y seclion 
ensures good aerodynamic characteristics and useful storage 
volumc inside the wing. T h e  constant 100 ft chord wing wvuld 
have a 400 ft span, only R n  f t  greater than Howard Hughes' 
HK-4, built of wood over a quarter or a century ago and 
nieticulously preserved in Culver City, Calif. Take-off speed 
with flaps down will be about 90 knots. Cruise speed will be 
150 knuts. 

0 0.1 0 . 2  0.3 0 .4  0.5 
- Assume endplates projecting five feet below thc wing 

Endplate  eight above Surface bouorn, and define "h" as the distancc between the mean 
ufns Chord ocean surface and the lower edgc of the endplate. Wing 

k ig. 1 I i l ' t  drag raliu fur wings n l  several aspect ratius as N fut~ction 
O F  endplate hcigfil a h w c  currace / wing chord. 

wh~le  there i s  l i~t le  yaw rnonlent resulting from a nave striking 
the underside nf a wing, thc forces resulting rrorn contact with 
the uatcr  of an end plate moving a i  an angle of yaw (caused 
by cro~swind or a [urn) would be catastrophic, as indicated in 
a study conducted for the Navy6 by Cieneral Dynamics to 
determine the effect of immerfing var iou~  shaped wing cnd 
plates. In general, results showed that thcrc cxisted a rather 
depreqring option: if the end platc and wing were designed for 
aerodynamic loads, impact with a wave would smash or rip 
off the end platc o r  outer wing panel; but if the structure wcre 
adequatc, the a~ymmetric  load? could throw the airplane intu 
a n  uncontrvllable attitude, culn~inating in disahter. It has been 
suggested (hat hydrnfoils or skis bc fitted tu  each end piale, 
hut analysis of a spccific configuration will usually show that 
t h ~ s  rccommc.ndation has little merit because of intolerable 
forces and moments generated by impact with a high wave or  
swell. 

An alrernative tn end plates is the usc of outer wing panels 
with rather large cathedral anglcs to bring the tips surficien~ly 
CIOSC t o  thc water hurlace to minimize the size and strength of 
wine tip vortices. Since there is inherent danger in the cvcnt of 
wingtip contact with waves, it  is rccoinmcnded that these 
o u k r  panels bc contoured to give hydrodynamic lift from the  
lower suriaces, and swepi af t ,  to ensure that they not sub- 
merge upvn cuntaci wiih the sea. The sweep angle should 
exceed the greatest possible yaw angle created by cross winds, 
maneuvers, o r  a combination of both. Again, hydrofoils, 
skis, o r  planing surfaces have been suggested for installation 
on the outer panels. Thc pancls would be rotatable from lhe 
in-flight cathcdral position to a level aililude to permit take- 
offa and landings withou~ irrirr~ersing (he outer wings. Modcl 
tests of  high performance swept wing aircraft verified the 
feasibility of using outer wing panels as  tip floats. These craCt 
were, however, intended for operation from calm or  

lift/drag ratio vs wing endplak heighl relatinnship"s 
determined to be as shown in Table 2. 

Sclcct a modern hull ideal for cruisc speeds arjsvciated with 
WIG's. The P5B "Marlin" design represents a good first 
approximation: length 85 ft, beam 10 ft ,  deadrise 20°,  max. 
take-off weight 85,000 lb (although the Pilol's Handbook set 
a lower value). Scaling up the above hull to support the W IG; 

and thenew hull is 243 ft long with a beam of 28.5 ft. 
The Schocnherr curve is used Lo estimate the dccrcase in* 

frictional drag from the P5 hull to the WIG hull, and 
assuming the usual drag due tu spray, an overall lift/drag = 5 
at hump appears reasonable. Consequently. required thrust 
for takeoff, assuming nominal longitudinal acceleration, 
would be in excess of 400,000 lb, equivalent to about 100,000 
s h a h  h p  driving variable pitch propeller$ designed for 150-200 
knot cruise speed. 

The hull "beam loading" coefficient is defined as 

where W =waterborne weight of the airplane 
=total weight minu? aerodynamic lift 

w =weight of one cubic foot of water - 64 lb for sea water 
b =width of the hull at the step 

C, for our 1000 ton vehicle at rest is identical t o  that o r  the P5 
a t  H 5 , O  lb 

The hump speed of WIG is about 50 knots = R4 fps, P5 value 
x xi2.85. The hull trim at hump is about 12'. The speed 
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Table 2 Wing lif t/drag raliu >sendplale height 
.- - 

Height of lower 
eclgc urendplate 

abox c lncao surtacc 
- 

Wing lift/drag ratio -- 
(Hull, appendagcc, 
control surfaces, 
engines and pods 
arc {lot ~ncllrded). 

10 fcc1 33 
20 red 27 
30 f c ~  2A 
40 feel 22 5'2 
50 feet -- - 21 

-- .- 

coefficient at hump is 

Calculations give a maximum spray height of 30 ft a t  hump. 
The distance from the center line t o  the plane at which the 
spray reachcs maximum height is 60 ft. '.'O 

This information tells the designer ' I  that the wing must bc 
at least 30 ft above the static water line; and that engines, air 
inlets, propellers, etc., should be within 50 ft of ,  o r  greater 
than 70 ft from, the center line, since a space between 60 + 10 
ft will be subjected to heavy spray as the hull passes through 
waves. Again extrapolating from P5 data, the WIG at rest will 
draw about 14% ft, ho that the wing's lower surface should be 
placcd about 44 fl above the keel. 

Practical experience with the PBY "Catalina," PHhl 
"Mariner," P5 "Marlin," PRZY "Coronado" and other 
seaplarles has shown that flight over water can be cxtrcmcly 
hazardous if even the lower hull (below the chines) strikes 
waves. Physical discomfurt, structural damage, and upsetting 
motions are normal consequences. I f  there is a crosswind, the 
laterally applied hydrodynamic force can cause the plane to 
roll, lose a tip float, o r  fall o f f  into the sea. If contact is very 
light, the relatively high water velocity can result in a less than 
atmospheric prcssure along the hull bottom which can literally 
"pull off" sections of plating. This occurred when a R3Y 
"Tradewind" based a t  Alameda made a 200 knot-plus 
emergency downwind landing as the pilot reacted to a 
runaway engine. The landing was perfect except that many 
square feet of plating were torn from the forebody; the air- 
plane skipped, touched down a second time, and took on  vast 
quantities of water. Without belaboring the point, it can be 
stated categorically that aircraft operating at cruise speeds 
cannot be permitted to contact the water. Therefore, our 
hypothetical seaplane intended to operate in ground effect 
over a state 4 sea must fly with its keel at least 20-25 ft abovc 
mean sea level to clear not only "outsize" o r  "monstrous" 
waves, but also thc combination of such waves superimposed 
upon long ocean swells from distant sources (clearance of at 
least 30-35 fcet would appear prudent). 

The lower surface nf the wing i s  now at least 74-79 ft above 
mean sea level. Thc cnd plates exlend 5 f t  b e l w  the lower 
SUI-face, so are 69-74 ft abovc the mean surface. ReFerring to 
Fig. 1,  the LID of  he wing alonc, using h ,,,,,,,, = 70 f t ,  i s  
about 19, giving a somewhal lower aircraft LID, within 
capabilities of modern conventional aircraft flying out of 
ground cffect. I f  calm sea and zero wind conditions prevail, 
the WIG could operate with the step just clearing the water 
surface; k / C  then becomes 0.44 and LID is 22. It must bc 
concluded, then, that only marginal advantages would be 
derivcd from a WIG based on the configuration of a con- 
ventipnal flying boat. 

Consider how h/C may be further reduced to raise L / D  to 
an attractive value. First, eliminate the seaplane hull; place 
the fuselage above the wing, bringing about an improvcmcnt 
in LID as the wing is brought closer t o  the ocean surface. 

Assuming that the hydrodynamic or  whccl alighting gear can 
be completely retracted, and cotisidering only thc need to clear 
waves, h/C  can be reduced to 0.2 and L / D  rises to 27. I f  an 
additional clearance o f  ten (10) ft is considered necessary to 
permit gradual banking or slight trim changes (required tu fly 
over a n  obstacle) h/C=0.3 and L/Ddrops  t o  24. 

If the wing is reproportioned to other aspect ratios, 
corresponding values of L/D, can be plotted vs altitude, Fig. 
(1) .  Thesc values are for the wing only, and would be less 
optimistic for complete aircraft. Note how the advantages of 
increasing chord (higher Revnolds Numbers, lower values of 
h/C,  lighter wing-st&cture)-are defeated by thc aerodynamic 
dcficiencies of the decreasing asDcct ratio. A more definitive - 
selection of aspect ratio would be influenced by the complete 
configuration, end plate and wing tip float weight and drag 
(invcrse functions o f  wing aspect ratio), tail surface volume 
and location, engine location and fairing, slipstream over the 
wing, etc. 

Brief considerations of configurations olher than the 
conventional seaplane result in a broad spectrum of 
characteristics, but all reflecl the general tenor of this paper. 
The hypothetical advantages of operating in ground effeciare 
overshadowed by restrictions on flight and design imposed by 
the dominant factor - the ocean itself. 

The Boeing 747 and Lockheed C5-A provide a basis for 
comparison with idealized WIG'S. One must compare Lhe475- 
520 knot cruisc speeds of jumbo jets with the suggested 120- 
200 knot range uf hypothetical ground effect type$. Even 
now, follow-on versions of jumbo-jets have bcen deqigned 
and could be put into production if warranted by sufficient 
purchaqe orders. Each generation of ever-largcr aircraft 
cncroaches further upon the log paper-lined domain of the 
commercial WIG,  forcing its proponents to cntisider larger 
and larger multi-thousand ton craft, each so cspensive and 
carry~ng such incredible payloads that the potential market 
could be accommodated by a few craft - too Cew to justify a 
production line. Since the tons of cargo and lhe number of 
passengers o n  any route are finitc, the multi-thousand ton 
cornrnercial WIG could riot economically support regular 
schedules. Suitable tcrininals, back-up and support systems 
d o  not exist. 

Conclusion 
A realistic evaluation of potential capabilities vs inherent 

problems of aircraft intended to operarc in ground effect 
shows the basic concept to be so beset with mutually in- 
compatible requirements and self-defeating solutions that 
WIG deficiencies outweigh its hypothetical advantages. 
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