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FOREWORD

University, on October 21, 22, and 23, 1959.

ance characteristics of existing vehicles.

iii

Courtland D. Perkins
Chairman, Department of
Aecronautical Engineering

This document contains reproductions of the technical papers presented by represen-
tatives of government and industry at the Symposium .on Ground Effect Phenomena, spon-
sored by the Department of Aeronautical Engineering, Princeton University in cooperation
with the United States Army Transportation Research and Engineéring 'Command. The

meetings were held at Woodrow Wilson Hall and Forrestal Research Cenéer, Princeton

The purpose of this symposium was to provide a meeting place for the exchange of

. ideas and test data, in order o obtain a more thorough understanding of this recent de-
velopment and to stimulate new approaches to the study of the fundamentals of ground ef-
fect phenomena. The papers include discussions of experimental progress at several lo-

cations, investigations into specific problems of ground effect, and the general perform-
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TWO-DIMENSIONAL STUDIES OF A GROUND EFFECT PLATFORM

By Ph. Poisson-Quinton, Office National d'Etudes et
de Recherches Aéronautiques, Chatillon-sous-Bagneux (Seine), France

Translated by: D. C. Hazen, Department of Aeronautical
Engineering, Princeton University

SUMMARY

Experimental research at the Office National d'Etudes et de Recherches Aeronautiques
has been limited to the study of the principles of a ground effect platform in the simple
case of two dimensional flow.

!
The measurements of forces and pressures carried out in the wind tunnel at Cannes

have been usefully complemented by visualization of the flow in the hydrodynamic tunnel at
Chatillon.

After describing the conditions of the wind tunnel tests - in the presence of a movable
ground plane, on a wing placed between end plates and equipped with two blowing ducts at
the leading and trailing edges - the aerodynamic characteristics of the platform (lift, drag,
longitudinal stability, pressure distribution) are examined:

1. Under static or zero forward flight conditions. Experiments show that the amplification
of thrust in the immediate neighborhood of the ground grows essentially as the inverse of
the altitude, but remains well below the value predicted by the simplified theory neglect-
ing viscosity. The formation of parasitic vortices under the base of the platform results
in a reduction of the desirable high pressures; this phenomencn accounts for the loss of
amplification and explains its irregular variation at certain altitudes. Finally, experi-
ments confirm the theory on the advantage of converging jets in the immediate neighbor-
hood of the ground.

2. In translation. Experiments show that there are two regimes of operation, depending
upon whether the jet at the leading edge escapes toward the front or back upon contact
with the ground: in the first case, the configuration is essentially the same as that under
static conditions; in the second case the platform behaves much like a classical jet wing,
with a lifting efficiency that increases with speed for a given thrust. Experiments show
that the amplification of thrust becomes practically independent of the altitude beyond a
certain speed of translation. It is therefore possible to envision flying machines utilizing
ground effect solely for taking-off and landing, propelled in cruising flight by means of a
suitable orientation of the rear jet, the forward jet having been stopped. The possibility
of this double regime of operation considerably increases the interest of the jet wing con-
cept applied to high speed aircraft.

In the appendix, two preliminary French studies on the use of annular jets are sum-
marized: one by ONERA, relating to a circular wing with a peripheral jet, and the other
by the Sociéte Bertin, dealing with the static test of a circular platform with a convergent
peripheral jet.

INTRODUCTION

Considerable interest has been created recently by the possibility of utilizing the
favorable ground effect on a platform sustained by an annular jet. Experimentation in

1




on this principle which has been conducted in England (the Hovercraft of Saunders-Roe),
in Switzerland (K. Weiland), and in the United States (Navy-David Taylor Model Basin,
Princeton University) has confirmed the feasibility of such machines, capable of perform-
ing over land or water, for specific military or civil applications.

Since the studies published so far (references 1, 2, 3 and 4) related to circular plat-
forms, where the analysis of the base phenomena was already complex, it seemed in-
teresting to orient the first researches of ONERA toward a simple two-dimensional study,
which was a logical sequel to the preceding investigations of jet wings (references 5 and
6). This paper is strictly limited to a consideration of the principle of ground effect; the
reader is referred to several recent publications (references 10, 11 and 12) fora
realistic study of the performance of a platform.

The simultaneous use of the wind tunnel * for the quantitative study and of a hydro-
dynamic tunnel ** for the visualization of the phenomena has been particularly fruitful in
leading to an understanding of the base phenomena.

TEST CONDITIONS

In wind tunnel. The measurements of forces and pressures were carried out in the
ONERA wind tunnel at Cannes with a conventional model between end plates (Figure 1)and
the compressed air installation previously used for blowing research (reference 7). The
chord of the wing ( / = 0.3 m) was chosen small with respect to the width of the jet
(D = 3 m) in order to minimize the wall effects. A movable floor or ground plane per-
mitted study of the influence of the relative altitude H//( of the platform above the ground.

The shape of the wing profile was established by the installation of two directionally
adjustable cylindrical ducts distributing the blowing sheet at the leading and trailing edges
(Figure 2a).

The utilization of the existing compressed air system of the wind tunnel necessitated
the use of small flow quantities at high pressures, and thus thin jets of very high speeds
(Figure 2b), hardly comparable to thosed used by the actual platforms. We shall see later
that such jets considerably accentuate the viscous induction phenomena.

The jet momentum Mj was calculated from the measured mass flow and the velocity
of the jet Vj, calculated on the supposition of an isentropic expansion from the pressure
P, at the interior of the blowing duct to the reference static pressure p,. This momen-
tum M. is over-estimated since the speed of the actual jet is certainly less than that cal-

culated, owing to losses tiirough the nozzles. For the translation tests, the classical
blowing coefficient C}1 was used (Figure 2c). The three arrangements of blowing sheets

through discrete holes or slots are shown in Figure 5.

In hydrodynamic tunnel. The flow visualization studies in the ONERA hydrodynamic
tunnel at Chatillon (reference 8) were conducted on a model of 1/3 the scale of that used

* The research in the ONERA wind tunnel at Cannes was directed by A. Bevert.

*% The visualization in the ONERA hydrodynamic tunnel at Chatillon was directed by H.
Werle; a film on these visual studies was presented during the course of the Princeton
Symposium.
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in the wind tunnel. Figure 3 shows typical examples of flows obtained by photographing
the trajectories of small bubbles of air suspended in the waters.

STATIC TESTS

The principle of the amplification of thrust as the ground is approached is well known
(references 1 and 2) and a simple calculation, assuming a jet sheet of circular form
(Figure 8) and the absence of any effects of viscosity, gives the relation connecting this
amplification factor A to the relative height of the platform H& and the orientation © of
the Jet**,

L :
A :-L = sin © :Lsinz_G.
q., v; H 2

The first objective of the experiments therefore was to experimentally check these
theoretical predictions. As a matter of fact, the first tests showed that the values of
amplification obtained were much less than those calculated; an analysis of the pressures
furnished the explanation. Figure 4 gives an example of the pressure distribution over
the undersurface of the wing and along the ground board, for a relative height H[Z =0.5
and a given intensity of the jets. Contrary to the theoretical hypothesis, a region of uni-
form high pressure does not exist under the platform and it is easy to locate the indications
of a pair of contra-rotating vortices whose existence is caused by the viscous entrainment
of the jets. This phenomenon is particularly intense in our case, owing to the high speed
of the jets used here (reference 3). The immediate consequence of this parasitic vortex
regime is a significant local pressure reduction, which is linked to the high velocities
produced by this vortex, that is a loss of lift.

A second consequence of these high té"f?éed jets is that it is no longer possible to accept
the initial hypothesis of a circular form of the jet sheet.

Influence of jet intensity and altitude on the amplification of thrust under static condi-
tions. Figure 5a shows that the amplification factor, A, is practically independent of the
blowing intensity Mj, although the “et velocity has large variations here (see Figure 2b).

The advantage of a continuous jet sheet (slot) over the multiple-hole arrangement is
shown at every altitude. Furthermore the experiments illustrate the advantage of making
the ejection area as nearly equal to that of the equivalent slot as possible, when one is led
to utilize a multiple-hole configuration.

This same figure shows that the thrust measured in the absence of ground effect
(H//f/ = o) is much less than the blowing momentum (a loss of thrust greater than 50 per
cent, again accentuated for a discontinuous sheet), owing to the reduction in pressure pro-
ducced under the platform by the jet.

Figure 5b gives the classical representation of the amplification factor as a function
of altitude, for jets ejecting perpendicular to the plane of the platform (© = 90°). Shown
here, as indicated by their titles, are two curves that were calculated supposing (1) the
absence of viscosity:

A=1+05/{/H

* This emulsion is easily obtained by the introduction of a small quantity of detergent
when refilling the tank.

*% To be consistent with the notation relating to jet wings, the orientation © is measured
with respect to the plane of the wing, and not with respect to the normal, as in the
studies of references 1, 2, 3 and 4.




and (2) utilizing the scheme of viscous entrainment proposed by H. R. Chaplin (referernce
3).* The last calculation comes closer to approaching the experimental curve.

In the neighborhood of the ground (H//(/< 0. 3 approximately) the measured amplifica-
tion varied proportionately with/Z/H. In the case of the slot, for example, this variation
could be written:

A =0.25+¢014//H

For relative altitudes H//d taken between .3 and about 1. the experimental curves pre-
sent a characteristic waviness, which also appears in the majority of the published three-
dimensional results. This behavior with the curvature displaying a maximum around
H/) = 0.6 is again encountered when the development of the maximum pressures or of the
loads on the ground is studied (Figure 6a). (Integration of the pressures is moreover in
good accord with the direct measurement of the total lift, Figure 6éb).

A physical explanation of this curvature was sought by more closely examining the
flow visualizations obtained from the hydrodynamic tunnel (Figure 3a) and the ground pres-
sure distributions, which permit the two vortices under the platforms to be located as a
function of altitude. For example, Figure 7 shows that, for H//Z slightly greater than 0.5,
the vortex tends to completely fill the space between the undersurface, the ground, the jet,
and the plane symmetry.

The simple trigonometric relationship linking the altitude of the platform and the
orientation of the jets leading to a centrally located vortex within the initial hypothesis of
a circular jet sheet was therefore sought (Figure 8); this critical relative height dimin-
ishes for increasing values of ©, that is, for convergent jets. Experimentation under
static conditions for several orientations of the ducts (€ = 75° - 90° - 100° - 110°,
Figure 8) shows that the maximum points of the curvature qualitatively follow the pre-
diction of the preceding scheme. This seems therefore to confirm that the waviness of
these curves (A, H%) is linked to the existence of the vortex regime (particularly intense
here for thin high speed jets) the local growth of the amplification in the vicinity of the
critical altitude seems to arise from the momentary augmentation of the pressures at the
center of the platform, which are linked to the optimum positioning of the two vortices
under the base.’ )

Influence of the orientation of the jets on the amplification factor under static condi-

tions. Figure 9 shows that the amplification varies linearly with sin2 %for a given

altitude of the platform, conforming with the theoretical prediction; this remains true for
jets directed by means of 'small flaps activated by the rotation of the blowing duct. These
flaps produce an improvement of the amplification factor for a given effective altitude
above the ground, owing to the lower resultant velocity and a better continuity of the jets
along the span (Figure 10, © = 90°). When the convergent jets {© = 135°) meet before
striking the ground, an abrupt reduction of the amplification is noted (Figure 10a); the
visualization of the flow around this configuration is shown i Figures 3d, 3e and 3f for
decreasing altitude ’

* Figure 4 of reference 3 was utilized here to obtain the ratio of amplification calculated
respectively with and without mixing phenomena, from the knowledge of the parameter
¢/Kp . s, introducing the rate of expansion (K2 = 6.25 for pi~/p°; 2) and the rectangu-
lar size of the slot with respect to the distance c between the jets. (Here s/c = 0.3280);
from which c/KZ . s = 150. The influence of viscosity appears to be appreciable in
the neighborhood of the ground: for H/c = 0. 05, for example A{mixing)/A
{(non-mixing) = 5/11.




The plot of the amplification factor as a function of/{/’,/H (Figure 10b) clearly shows
the linear domain of its variation to be in the immediate vicinity of the ground (H% =< 0.3
approximately), and clearly shows the gain contributed by the convergence of the jets as
long as they do not join before striking the ground.

Longitudinal siability of the platform under static conditions. No systematic study of
stability under static conditions was made in the wind tunnel; in the sole case studied
(H/,\ = 0.5), with the jets at © = 90°, the platform was slightly unstable: in fact, the

center of pressure moved from 49 to 51 per cent of the chord when the angle of attack de-
creased from +6° to -6°.

This instability appears to be explained by the relative displacement of the two
vortices at the leading and trailing edges, which produce lower local pressures on the
side where the edge of the platform approaches the ground. A thorough study of methods

designed to avoid this instability (fences or auxiliary jets under the platform) appears to
be indispensable.

Comparison of two-dimensional and circular platforms under static conditions. It

seemed interesting to compare the preceding two-dimensional results with those obtained
on circular platforms. |

The development of the amplification as a function of the relative altitude has been
compared using, first, some unpublished NASA tests (Ames Laboratory; see references
2 and 10) on a circular platform having an annular jet ejecting normal to the plane of the
wing (© = 90°) and, second, the DTMB tests (reference 4) on a platform with converging
jets (& = 135°).

Figure lla illustrates the comparison of the amplification A as a function of ¢/H or
ro/H. W p
1. For jets issuing at © = 90°, the NASA tests are compared to those from ONERA
relating to the 1/1, 000 slot. The behavior is similar in both cases: at proximity to the
ground, the amplification varies linearly with the inverse of the altitude; the existence of
the curvatu-: —elated to the vortex regime is also noted for relative altitudes close to the
critical; ar ' _.inally, the amplifications obtained far from the ground are entirely
comparable.

2. For the converging jets (6 = 135°) the DTMB tests are compared to those frem
ONERA obtained with small flaps guiding the jets issuing from the multi-hole ducts (Fig-
ures 9 and 10).

The similarity of the development of A as a function of altitude is even more striking, the
absolute values being very close in this case.

TRANSLATION TESTS

The tests on the two-dimensional wing with a relative wind were carried out with the
Cannes wind tunnel model described above (Figure 1). It is necessary to point out here
that the technique of testing in the presence of a ground board does not truly represent
the actual operating conditions of a translating platform. This is due to the existence of

* For the comparisons presented in Figures lla and b, the distance ¢ between the two-
dimensional jets and the corresponding radius r, for circular platforms have been
adopted as the reference lengths, this correspondence having been demonstrated in
references 1 and 2 the reference surface is that bounded by the jets.
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a thick boundary layer on the ground, which certainly distorts the flow around the plat-
form when the jets strike the ground.* Only quantitative tests on a moving carriage over
a fixed ground will enable the importance of this parasitic interaction to be judged, which
is particularly severe when the altitude of the platform is of the same order of gize as the
thickness of the boundary layer on the ground board.

The initial aim of the ONERA study was to seek a possible relationship betw ce th
double-jet platform and the classical rear-mounted jet flap; systematic tests were *.c. -
fore conducted, with variable translation speeds, on these two configurations by util‘izir‘fg
the same model. The unfavorable effect of the presence of the ground on a jet wing as
soon as the jet touches the ground is well known; the problem has been studied theoreti-
cally in the rheoelectric analogy tank at ONERA (reference 9). Blowing is schematized by
a sheet of constant radius, which allows a limiting value of the blowing intensity, Cplimr
to be determined, when the jet touches the ground:

H

6

Cu lim = Z,L sin® —

This calculated limiting C has been shown on the experimental curves (CL VG ) of
Figure 12: the calculation gives a good prediction of the intensity of the blowmg from

which the lift ceases to vary linearly w1th‘\/__—, the well-known relationship for the jet
wing out of ground effect (H//{( o0). The pressure measurements on the ground plane
and the flow visualizations show that tliis loss of lift is related to the blockage of the flow
under the lower surface of the wing, resulting in a reduction of circulation.

In the case of the double-jet platform, Figure 12b shows that this variation of the
total lift is essentially proportional to C,, beyond a critical value of blowing that we will
define later. Out of ground effect (H% = oo0), the lift varies essentially as C}l, but the
efficiency is clearly less than that obtained with a wing emp! y..:g only a downstream jet,
the forward jet eventually not producing a circulation incre~se.** Flight out of ground ef-
fect should therefore be conducted with a properly oriented rear jet alone.

The next step was to look for the mechanism by which the flow changes from the jet
wing regime to that of the platform; the analysis of the pressure distribution over the
ground did not show this change of regime. Figures 13 and 14 illustrate two typical test
cases. (1) at a constant altitude and variable C}1 and (2) at constant C}l and variable alti-

tude for which the effects of the jets and the vortices on the gr‘ound either appear or not.
One notes no discontinuity in the development of the lift as a function of Cp or of H//é 3
all these cases are therefore representative of the jet-wing type of flow.

However, the experiments did show that, in the operational range, the ground effect
could produce a secondary modification of the flow in the neighborhood of the leading edge
of the wing. Figure 15 gives a typical example of this (also shown in Figures 3b and 3c)
for a given altitude (HZ,(~ = 0.5). The pressure distributions on the two faces of the wing
for two values of Gy corresponding successively to an upstream jet passing between the

* The flow visualizations of the hydrodynamic tunnel and the analysis of the ground pres-
sures reveal moreover the presence of a significant separation upstream of the vortex
being created ahead of the leading edge jet (see Figures 3b and 17).

** For a given total value of blowing intensity, C = 3, Figure 12 shows that the lift <o-
efficients for H//g‘ = oo are respectively Cpp'= 6.3 and 3.5 for the simple jet wing
and the double-jet platform.




platform and the ground plane (Figure 15a) or, to the contrary, touching the ground (Fig-
ure 15b) have been measured. In the first case, the curvature at the leading edge is so
accentuated that a separation bubbie appears on the upper surface; in the second case a
vortex forms upstream of the leading edge jet, which sufficiently reduces the inclination
of the streamlines so that there is no longer a separation at the nose of the profile. The
pressure measurements on the wing also indicate the vortex regime under the platform.
Finally, the development of the lift is quite linear with V Cu (the jet wing regime, quite
insensitive to Reynolds number), but presents a characteristic discontinuity confirming
the domain where the separation bubble on the upper surface appears. It should be re-
called here that, under the existing experimental conditions, the presence of a boundary
layer on the ground board can appreciably distort the flow upstream of the leading edge.

Amplification factor in translation. The profile of the platform being cambered, the
lift in the absence of blowing is not negligible (CL = 0.26, at (X = 0° and for H/[ =09 ).
: . - o
It is therefore necessary to subtract this value of Cj, from the lift measured in transla-

o

tion in order to calculate the amplification factor.

Representing A as a function of l/C}l* permits the results of the static and translation
tests to be shown at the same time: Figure l6a shows the good continuity of the curves be-
tween the static point and tests with increasing velocity. It can be seen from this figure
that, in the immediate vicinity of the ground (H/Ié = 0. 05 or 0.1), the amplification factor
begins to diminish as the platform starts up, to grow again past a critical value of Cy.

Out of ground effect (H//Z = ¢0}, on the other hand, only the jet wing flow regime appears.

The influence of the relative altitude in translation is shown in Figure 16b. The
amplification factor A is shown here as a function of { /H in order to be able to also repre-
sent the values obtained out of ground effect (H% = c0). The improvement of the ampilifi-
cation factor for increasing velocity (that is, decreasing values of Cp' at a given specific
thrust) clearly appears in this figure. In conclusion, the proximity of the ground no
longer contributes a notable gain of amplification beyond a certain flight speed.

Search for the frontier between the platform and the jet wing regimes. The flow
visualizations shown in Figure 17 examine the fundamental difference of the flows between
the two regimes:

1. Figure 17a relates to static conditions and Figure 17b corresponds to a very low trans-
lation velocity; in the two cases, the flow under the wing is exactly the same. This
identity of the platform regime is confirmed in Figure 19 by the coincidence of the pres-
sure distribution measured on the ground.

2. Figure 17c relates to a large translation velocity, for which the diameter of the up-
stream vortex created by the jet passing over the platfor .. is diminished.

3. Finally, beyond a critical velocity of translation, the upstream jet sheet abruptly
passes under the platform. This is the jet wing regime shown in Figure 17d.

X I/C}1 for a given specific thrust Mj/S represents in coefficient form a value propor-

tional to the dynamic pressure qg.
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These two types of flow clearly appear when the amplification A is presented as a
function of l/Cu. Figure 18 presents a summary of experiments with the blowing accom-
plished by slot or muitiple holes (the curves being shifted uniformly to show the similarity
of the variation in the jet wing regime at all altitudes); the mimimum of each curve fur-
nished the critical blowing intensity CPcr separating these two regimes of operation. The

experiments show then (Figure 18) that the critical blowing coefficient vari&es linearly with
the relative height above the ground.

Next, the best method of graphically determining the value of the critical C}1 was
sought. Figure 20 presents successively:

1. The augmentation of lift ACL as a function of C}l which shows the linear development

‘of the curve in the platform regime.

2. The amplification A as a function of C}l, which shows in a better manner than the pre-
ceding the discontinuity separating the two regimes.

3. The amplification A as a function of 1/C}1 . This representation seemsjthe most judi-

cious, as indicated by the use of a supplimentary value of A relating to static conditions,
and because the quasi-linearity of the curves for each of the two regimes precisely defines
c |
Rer
It must be noted here that the influence of the test Reynolds number appears negligible
(U, = 10 and 20 m/s). |

The change orf the regime of operation appears in the ground pressure distribution
(Figure 21) by a much greater extension of the vortex upstieam of the leading edge in the
platform regime (case a), for which the upstream jet escapes over the leading edge.

Lifting advantage of the platform. The lifting advantage of the platfor&n must finally
be expressed in the form of ratic of the total lift L'I‘ (knowing the lift of the wing without

blowing Lg) to the ejected momentum M.

In Figure 22a, LT/Mj = cLT/c}1 has been plotted as a function of the altitude H%

for constant values of C, ; these curves have also been graduaied for values of flight

' speed U,, by assuming a specific thrust Mj/S = 20 kg/m=>. This figure confirms that
beyond a certain flight velocity the influence of the ground becomes neglig.‘lble and the lift
efficiencies then attain very high values. |

Figure 22b demonstrates the same tendency in another form: here, as a function of
velocity, the thrust necessary to develop a given total lift was sought. L.]} =10 kg, as-

suming a wing loading P/S = 100 kg; for flight velocities higher than 40 m/s, the proximi:
of the ground no longer produced a reduction of the thrust required. It .oust be remarked
that, close to the ground (H% = .047, for example), the thrust requirc! .- lift is essen~
tially constant from the static point to about 30 m/s, although the amplification factor A
decreases slightly with speed in the platform regime (see Figure 20c), owing to the growth

of the aerodynamic lift L, related to the camber of the platform profile. |

The influence of jet orientation in translation. The augmentatio:. of 1ift to the conver-
gence of the jets found during the static tests (see Figure 9) persists in uTanslating. Fig-
ure 23 shows that, close to the ground (H//(‘ = 0.05), the curve of lifting efficiency
CLT/C)1 as a function of l/cu for convergent flaps (© = 135°) remains es‘sentia.lly parallel




and appreciably above that for the flaps at & = 90°. The same advantage of the small flap
tangent to the blowing holes already pointed out during the static tests is again observed,
at least as long as one remains in the proximity of the ground. On the other hand, these
little orienting flaps are detrimental out of ground effect (H//@ = 00 ) and it is advisable to
bend them back progressively during the transition.

Polars of a platform in translation. Figures 24 and 25 give two examples of the
classical aerodynamic characteristics of the platform (polars, lift curves, and longitudinal
stability) in the particular case of the multi-hole ducts (d% = 2.3/1,000) oriented with
© = 110°:

1. For a rather large constant relative altitude (H/Z = 0.5), Figure 24 shows that the
platform presents the well-known characteristics of the jet wing: displacement of all the
curves (Cy, o< ) with increasing Cj, slight augmentation of the stability and growth of the

nose-down pitching moment (note that the platform is practically neutrally stable about the
25 per cent chord point), and displacement of the polars towards negative Cp for increas-
inc C_.

il

2. For a given intensity of blowing (C}l = 0.5), Figure 25 indicates the existence of a
change cf regime in the immediate proximity of the ground (H[Z = 0.1): augmentation of
the slope CL but a premature stall starting at about 0° angle of attack, augmentation of

the longitudinal stability but a dangerous piteh up, and a marked displacement of the polar
toward the negative values of Cp.

In conclusion, these examples show that a thorough study of the ground effect as a
function of angle of attack with the more controlled test conditions (suction of the boundary
layer from the ground board, for example) will be necessary. It will also be necessary to
study methods of balancing the pitching moments, either by working with the relative in-
tensity of the up and down stream jets or by employing an empennage. Finally the prob-
lem of the stall of the platform at low angles of attack in the immediate neighborhood of
the ground merits particular attention.

Propulsion or braking of the platform. A summary study of propulsion or braking has
been carried out by working with the different orientations of the up and down stream jets
Figure 26 gives an example of the variations of the total lift CLT’ of the drag ACD’ and of

the center of pressure xcp%» as a function of the intensity of blowing for a configuration

tested at a constant altitude (H//(, = 0.1) and 0° angle of attack, with the jets initially
oriented at © = 110°.

One notes first of all that the premature stall of the platform spotted previously on the
polars (84 = ©p = 110°) also appears for the asymmetric configuration (&, = 90°,
o = 110°) relating to the braking of the platform. In the propulsive configuration

(©p4 =110°, ©p = 90°), this separation does not appear, and the measured propulsive

component conforms with the calculation.* The positions of the center of pressure are on
either side of those obtained for the symmetrically convergent jets, the propulsive con-
figuration evidently resulting in the most rearward.m<tion of the Cp:

Transition between the platform and jet wing configurations. One can irmagine the
transition from hovering flight to forward flight out of ground effect in three steps which

* Remember that, when considering the drag of 2 actual platform, the momentum drag
associated with the intake of the air must be added: AD = gm U, is not represented in
this test.




have been summarized in Figure 27 and illustrated in Figure 28a. Under static conditions
the jets are symmetrical and convergent (here ©4 = ©p = 120°); propulsion close to the
ground is provided by a rotation of the jets toward the rear (here 6, = 120°, ©p = 60°);
ard finally, flight at altitude is provided by only the downstream propulsive jet. (Here
the classical jet wing ©p = 60°).

The curves of Figure 27 reldting to tests out of ground effect (H//(/ = o0} clearly show
the advantage of this classical jet wing configuration.

Figure 28b illustrates a possible use of the ground effect for the take-off and landing
of a high speed airplane. The peripheral blcwing on the delta wing should provide the
support of the airplane in the immediate neighborhood cf the ground (doing away with the
landing gear, making motion over unprepared terrain possible; in cruising flight only the
downstream jet will be in use to provide part of the propulsion and the rolling control;
and a blowing Canard surface provides longitudinal trim for all flight regimes.

Comparison of two-dimensional and circular platforms in translation. As for the
static experiments, discussed earlier, it is interesting to compare the variation of the
amplification A obtained for circular platforms with that just descrited for the two-
dimensional case, as a function of the parameter l/C}l.

Figure 11b illustrates this comparison for two wind tunnel tests made at the NASA
(jets at ©® = 90°) and the DTMB (convergent jets © = 135°. In three dimensions the two
very distinct platform and jet wing regimes are found again for values in the neighborhood
of the relative altitudes H/c or H/ro.

CONCLUSION

The two-dimensional investigation of a ground effect platform permits a better under-
standing of the complex aerodynamic phenomena associated with such configurations both
in hovering flight and translation.

1. Under static conditions. Amplification of the thrust with the approach of the
ground grows as the inverse of the altitude, but experiments furnish values very much
below those predicted by the calculation, neglecting the effect of viscosity. This diver-
gence is reduced by introducing the raixing phenomena in the neighborhood of the jets into
the theoretical estimation. -

The formation, by the viscous effects of two counter-rotating vortices under the
platiorm, explains not only the reduction of the base lift but also seems to cause the ir-
regular behavior of the amplification curves as a function of altitude.

T he amplification factor of the thrust increases with the convergence of the jets as
predicted by thec ry; small flaps guiding the jets produce an improvement cf the amplifi-
cation in the particular case of discontinuous high speed jets.

2. In translaticn.. The comparison of the lifting characteristics of a classical aft-
mounted jet wing and a double-jet platformn shows not only the advantage of this last solu-
tion in the neighborhood of the ground, but also the better efficiency of the jet wing out of
ground effect.

The analysis of the variation of the amplification factor as a function of the intensity
of blowing causes two distinct regimes of operation to appear, depending on whether or
not the leading edge jet escapes upstream or under the platform: in the first case, one
again finds essentially the characteristics of the flow observed under static conditions
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(the platform regime). Inthe second case, the variation of the lift with the intensity of
blowing is similar to that encountered with the classical jet wing, and the influence of
altitude becomes secondary. The amplification of lift then increases linearly with the
square of the flight velocity for a given thrust.

Representation of the factor of amplification as a function of the parameter of I/Cp
permits the study of the characteristics of the platform from static conditions to high
speeds of translation and gives a precise value of the critical intensity of blowing, cor-
responding to the change of regime at each altitude. This critical C)_1 varies linearly
with the altitude of the platform.

The improvement of amplification for increasing velocity appears practically inde-
pendent of altitude, which gives rise to the possibility of cruising flight of a platform out
of ground effect; in this case, the leading edge jet must be stopped and the platform be-
comes a classic jet wing. The influence of Reynclds number appears negligible in these
blowing tests.

The characteristics of the platform at variable angles of attack have only been ap-
proached in a summary manner here. A thorough study of the stability both under static
and translation conditions seems indispensible; likewise the problems of separation and
stall must be examined with care for translation in the vicinity of the ground.

3. In resumé. The actual two-dimensional study cannot pretend to provide the quanti-
tative elements to the project engineer, the test conditions being too removed from
reality. However, it has permitted a better understanding of the nature of the flow, thanks
to the help of flow visualization in the hydrodynamic tunnel. Furthermore, the essential
aerodynamic phenomena encountered here under static and translation conditions have
been found to be qualitatively similar to those encountered in tests made on circular plat-
forms. Finally, this study has shown the relationship between the platform and the
classical jet wing, suggesting the use of ground effect for the take-off and landing of STOL
aircraft.

APPENDIX 1

Peripheral blowing on circular wing. -Within the mass of systematic researches on
jet wings, in 1956 ONERA tried a circular wing on which the slot, directed normal to the
plane of the wing (© = 90°), affected a more or less extended portion of the pheriphery.
Figure 29 shows a schematic drawing of this wing constructed of an ellipsoid of 12. 5 per
cent thickness and tested in the form of a half model up to transonic Mach numbers.*

No study of the ground effect was made at this time, but the static tests showed a
very significant loss of thrust owing to the low pressures induced by the jets under the
lower surface.

Figure 29 shows an example of the results obtained in translation at M = 0.3, for
different extensions of the blowing slot and for the same intensity of blowing (C, = 0.13).
The best lifting efficiency and the maximum propulsive effect were obtained here for the
slot extending slightly beyond the downstream quarter of the circle (\y= 110°). For a
slight negative angle of attack (o< = -5°), it is possible to balance the drag (Cp = O)
while profiting from an appreciable lift (Cy, = 0.25).

* The tests showed that, on this type of low aspect ratio wing (',\ = 1. 27), compressibility
troubles do not appear until a high Mach number (M = 0. 92) is reached in spite of the
relatively large thickness.
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It is therefore possible to envision a circular platform sustained under static condi-
tions and at low velocity by a pheripheral jet, and then propelled at altitude by a properly
oriented jet affecting only the downstream part of the periphery.

APPENDIX II

Study under static conditions of a convergent annular jet by the Societe Bertin. The
remarkable properties of annular jets were demonstrated for the first time in France
during an experimental study by the Societe Bertin in 1957* on a circular platform having
a convergent peripheral blowing slot (© = 135°).

Figure 30 shows a typical example of the amplification factor A, obtained as a function
of the relative height above the ground H/D. Simultaneously the authors demonstrated by
calculation that the amplification was inversely proportional to the ratio H/D and showed

the advantage of convergent jets.

* Compare Technical Note 15-8, registered at the Institut de Propriété Industrielle
16/7/57: "Vérin fluid et calcul de la poussé recueillie en incompressible on a surface
ciruclaire" by J. Bertin and B. Salmon.
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