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DESIGNATIONS OF THE TRIGONOMETRIC FUNCTIONS

Russian English
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con cos

teg tan
ctg cot
sec sec
cosec csc

sh sinh
ch cosh
th tanh
cth coth
sch sech
csch csch
arc sin sin-1
arc cos coo‘l
arc tg tan-1
arc ctg cot-1
arc sec loc'l
arc cosec cac‘l
arc sh sinh-1
arc ch cosh=l
arc th tanh-l
arc cth coth-1
arc sch sech-l
arc csch csch-l
rot curl
1g log
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CRITERIA OF THE LONGITUDINAL STABILITY
OF THE EKRANOPLAN

R. D. Irodov

Examined are some questions of the
iongitudinal stability of the ekranoplan®
directly connected with the selection of
its aerodynamic design.

The ekranoplan is a flight vehicle which uses the effect
of a considerable increase in the lift properties and lift-drag
ratio of a wing in flight near the surface (screen). The favorable
effect of the screen appears greater, the less the height of the
location above it of the tralling edge of the wing expressed in
parts of a chord. With the assigned wing area and the assigned
absolute distance from the screen to the tralling edge of the
wing, determined by the possible height of the uneveness of the
screen, the effect of the screen will be greater, the less the
wing aspect ratio. This fact defines the design of the ekranoplan
as a flight vehicle with a low aspect-ratio wing [1]. Some
features of the aerodynamic characteristics of the ekranoplan lead
to the need for the introduction of new stability criteria and
the appearance 1n connection with this of additional requirewments

*Translator's Note. This term is a transliteration from the
Russian and not 1listed in dictionaries; it 1is believed to be some
kind of air-cushion vehicle which moves over the surface on an
air cushion.
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for its aerodynamic design.

1. The equations of pltching of the ekranoplan do oot d000er

in form from similar equations fer an aircraft and are written in

the form [2]

where g
n, and n
y

I e @ <

M

The welight
in the analysl!s

%" =g(’l, -~ sin e)o

'gtl =-—gv- (n, — cos ),
@y M,
I Caty

-“'-’"L= Vsin®,

(1)

is the force of gravity [m/szl,

- ratio to the weight of the aircraft of the sum
of projections of the thrust of the engines and
aerodynamic forces on the horizontal and vertical
axes of a high-speed coordinate system,

- time [3],

- flight speed [m/s],

- flight path angle [rad],
- pitch angle [rad],

- flight altitude (distance from the center of
gravity of the ekranoplan to the surface of the
screen) [m],

- pitching moment [kgf-m].

of the ekranoplan G and its moment of inertia Iz
of motion during short time intervals can be

considered to be constant. The effect of the aerodynamic forces

on the ekranoplan 1s assigned by dependences ne, N and Mz on the
parameters which determine the flight conditions, taking into
account the obvious equation of constraint $=0+a, where a is the

angle of attack.

When evaluating the stability of the aircraft, the dominant
role 1s played by the examination of motion at a constant velocity

FTD-MT-24-2792-74 2
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(short-period motion). Let us write the equations of the short-
period motion of the ekranoplar in increments, belng based on the
same assumptions as tnose in the case of an aircraft [2]: V=oonst;

=90 . = . =2 H = > }\: .
. eucx+Ae’ ny ny ucxﬁmy’ H HucxMH’ $ JHCX+A0, Mz'M: m:.sfA £

The initial mode 1s the horizontal steady flight: e“cx-o;
Mz ucx’oi ny wcx-l'

As a result of these assumptions the first equation of
system (1) becomes identical (nxso), and the other three are
written in the form

Aé;--g.‘An,. e ‘.

8t 8= A, (2)

AH = VA '

(the dot denotes differentiation with respect to time),

Assuming further that the angles of attack a and the devia-
tions of the stabilizer ¢ and flight altitude H in the process
of the disturbed motion are changed within such limits, and that

3
increases in the aerodynamic coefficlents Acy and Am, (An,—%&!c,;

)
AM,--P—‘Q/-Sb‘ Am,, where p 1s the air density [kg-sz/mu], bA - the

average aerodynamic chord of the wing [m], S - the wing area
[m2] can be considered linearly dependent on them, let us write

Acy=cy A2+ c A H,

Am,=m$Aa + m$ B2 + myAg + mlrw,+ mH AH,

Here wz-g-% 1s the angular rate of rotation of the ekranoplan,
¢ is the angle of deflection of the stabilizer. After substituting
the expressions for Acy and Am:, into the system and after excluding

FTD=-MT-2U4-2792-74 3

-

P 2

o



an increase in the flight path angle A6, we will obtain the system
of two linear differential second-order equations with constant
cecefficlents.

Converting in this system to a new time unit Th? dependent
on parameters of the ekranoplan and flight conditions t=$L, 1
m
=§g§s [s], introducing the differential operator with respect to
the dimensionless time D=d/dt and after designating for brevity

=
n

m+ ms
2E==c;“ 'i t 4 :
L 4
. - b
.:=--‘:c,5., m,=.,-v‘-,
o g2 ba .
—dt vV’
i«
s’
==€:zs 1s the relative density of the ekranoplan;
A
h:zé%ig— - dimensionless mcment of 1nertia;
A
}'-.£h==f$. - reserve of the longitudinal static stablility with
2 respect to the angle of attack is the distance
in parts of the MAC_of the center of gravity
of the ekrancplan (xT) up to the point of the
-application of a 1lift increment because of a
change in the angle of attack Xp o
- - mH
Xy = Xy == - - reserve of the longitudinal static stability

¢y with respect to the height avove the screen is
the distance in the fractions of the MAC from
the center of gravity of the ekranoplan to the
point of application of a 1ift increment because
¢f a change in fiight altitude (xFH);

-
|

0y =Xy — Xp,+ —— reserve of the longitudinal static stability with
# g ¢ respect to overload (X , Xpo and Xgp by

definition are positive with the location of the
center of gravity and foci behind the leading
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edge of the MAC of the wing), let us write the
system of equations of the disturbed motion of the
ekranoplan (2) in the following form convenient
for analysis:

(D’ + 2D+ «d) Be + [ch - -E-cf(i, —~XrR + %)]A—- .".:.-;A,(:);

pc;“—(o'—pc’)ms:o.

In the absence of the effect of the screen, i.e., the
efﬁect of the fllght altitude on aerodynamic coefficient: (cs-
-mz-O), this system falls into two independent equations: the
equation of the short-period motion

(D'+zD+-:)As-71uga,(s)

arnd the equation which describes a change in the altitude depending
on the change in the angle of attack,

D'Aﬂ-pc; Ac(s), 1.e., ‘H-pc:j(j‘t(t)‘!)‘t.

or the equations which describe a change in the angle of attack
and flight altitude in the short-period motion,

(D'+ 2D 4 o) A2 = .{. mbe(v),

(D'+2ED+.;)D'AH-"‘—:¢;.:A,@).

With 2£>0 and wg>0 in the isotropic atmosphere at constant

velocity, the aircraft is stable with respect to angle of attack
and 1s neutral in flight altitude. Consequently, for the precise
maintaining of constant altitude of the flight, there must either
be the pilot's virtually continuous interference in the aircraft
control or the introduction of stabilization of the aircraft with

e



respect to the altitude by the means of automatic sontrel,

With flight near the screen (i1.e., the earthis surlace
r water) the forces and moments which act on the aircerafrt depend
substantiolly not only on the angle of attack but alsc on the
1ltitude, Therefore, the system which describes the motion of
the ekranoplan at constant velocity does not break up into two
ndep¢ 1dent second-order equations. By eliminating an increase in
re angle of attack from the system, it 1s possible to write one
equation of the fourth corder, which describes a change in the flight
iltitude of the ekranoplan in the short-period motion

= = 3 - -
{D‘ -+ 28D - (wg - 9 ) ) D — pe ) KR —€)) D+ -';Tt;t,’,'(la "“n’]‘n'

¢’ -
-—"—-“'M:a’(").

Sinilar'y 1t ls possitle to write the equation which describes
+ chaenge in the angle 5T attack of the ekranoplan:

L] - -
[n'+2w' + (w] = peND* — pef (2t — ) D+ '}';‘; 4 (‘rﬁ-‘n’] it

-:-E:(D‘-—pcf)mgtg(t).

2 Let us wr'te the characteristic equation of the system
in tne standard form:

D'+ A,D* + A, D"+ A,D + A, =0,

ﬂ‘:-f-ﬂl'-
AE—': = Y 8 s .
i
A.-%"’”;ﬁﬂ—"—"c;('n*-"i);
(] c;



A= — 0 — )= - T (W5 4,

. - - #*D(c,, m,)
4.-%‘— el e (x5 = Xp )= —r

6 D(e, n) 1
D(e,, m,)
o % .__JL_];—- is the Jacobian functions cy(a, R) and m,(a, .
D(a, R)

The stability of motion in the case of the equation of the
fourth order will be provided for with

A, Ay Ay, A >0 and A A Ay —ATA — AY> 0.

For all the ailrcraft designs in the field of flight angles
of attack, inequality c;>0 is fulfilled. The conditions of the
stabilization of ekranoplan outside the effect of the screen 1is
the fulfillment of inequality 0H<O.

From tests of profiles, wings and layouts of aircraft near
the screen, 1t 1s known that usually the 1lift coefficlent at the
assigned angle of attack 1s increased with the approach toward
the screen (Fig. 1), 1i.e., °§<°'

From equations for the calculation of coefficlents of Ai’ it
is evident that under these assumptions conditions Al>0, A2>0
and A3>0 are always satisfied. Consequently, the stability
conditions of the short-period motion of the ekranoplan with

flight near the screen are reduced to two lnequalities: Au>0
2 2
and A1A2A3-A1AH-A3>O.

The satisfaction of the first condition ensures the
aperiodic stability of the ekranoplan (i.e., the absence of the
nonnegative real roots of the characteristic equation), and the
satisfaction of the second condition ensures its oscillatory
stability (i.e., the absence of the nonnegative real parts of the
complex roots of the characteristic equation).

£
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3_ ] 1T, +275: 8,230 ¢+0 After substituting
5 A = - =74 the expressions which
v P 1 determine the coefficients
2 > = ;‘;:%—; in terms of arodynamic
2 S NEEE s’ derivatives, it is possible
S ' "'~’I’”' to write the stability
4 o i -L”tV, criteria of the ekranoplan
42 1 ;?’ in the short-period motion
s 250, in the following form:
a 92 g9 46 48 [0 12 (¢ 6 l¢ _é'_
m aperiodic stability -
e =0
2 ST un. = Xpg— X5, <O (3)
ol 7’;??7 f"l' or, at any sign by deriv-
~or ? ative cys

Figure 1
D (‘,; m,)

W<0: (3a)

oscillatory stabllity -

/ 1__._"5'{__'?_". '.'n a
¢ s
Xy~ ol 2m+(5;—.t.+ -'1'——)<o (4

Thus 1n order to insure the aperiodic stability of the
eikranoplan, 1t 1s necessary by the selection of the aerodynamic
layveut to insure the position of the focus in altitude above the
screen (iFﬁ) in front of the focus with respect to the angle of
attack (EFQ). To provide for osciliatory stability, it is necessary
to select centering iT in an appropriate manner.

Consequently, unlike the alrcraft the longitudinal static
stabllity of which in the absence of the compressibility effect
cf the air, with any aerodynamic layout, can always be provided



for by the selection of centering, the longitudinal aperodic
(static) stabllity of the ekranoplan under these conditions can

be provided for only with a det'tnite form to the selectoed aero-
dynamle layout. I the nerodyitnnte fayout ot Lhe okranoplan e
such that the focus In altlitude above the scereen 1s placed behind
the focus with respect to the angle of attack, then by the
selection of the center-of-gravity location the aperiodic stability
of the ekranoplan cannot be insured.

In model tests with a screen in wind tunnels understood by
the height of the model above the screen usually 1s the distance
frrom the screen to the trailing edge of the wing at the place of
its intersection with the mean aerodynamic chord.

Unuer conditions of considerable dependence of the aerodynamic
characteristics of the ekrenoplan on flight altitude, the deriv-
atives c; and m: and the focus for the angle of attack iFu prove
to be dependent on the point with respect to which there occurs
the rotation of the ekranoplan with a change in the angle of
attack. The focus in altitude iFH does not depend on the position
on the MAC of this point. If values c;, mg and iFa’ determined
with the rotation of the ekranoplan relative to the trailing edge
of the wing, are assigned, then their values with the rotation
of the ekranoplan relative to the center of gravity can be

calculated according to the equations

(C;), - (C; e — c;'“ = ;‘l);

my =mi,, —mi(l —X);
-

ﬂ —
c - X
= - ya.x
xht'__'xhs.u : c‘n LI
I=- e (l _;t)
€ys.x



(in the calculation of the derivatives m: o and mg the moement
is measured relative to the center of gravity of the ekranoplan

ir’ and therefore both derivatives depend on the centering).

It is obvious that with the center-of-gravity displacement
of the ekranoplan forward chordwise, its focus with respect to
the angle of attack 1s displaced to the side of the focus in
altitude above the screen and in the 1limit coincides with it with
§T+~w. Thus, the use for evaluation of the static longitudinal
stability of the ekranoplan of data of model tests 1n wind tunnels
in which the angle of attack was changed with the rotation of the
meodel relative to the trailing edge of the wing cannot lead to an
inaccurate gualitative evaluation - the order of location of the
foci on the MAC of the wing does not depend on the center of
rotation of the wing with a change in the angle of attack, i.e.,
on the centering of the ekranoplan.

The account of velocity change in the examlnation of the
disturbed motlion of the ekranoplan virtually does not change the
condition ¢f the aperiodic stability - the maximum rear centering,
determined not allowing for a change in the flight speed, 1s
somewhat displaced back in comparison with the actual, and with
suf'fleiently forward centering the ekranoplan again loses
osscillatory stability.

2. Let us corslder for an example the longitudinal static
laparioclc) stabllity in flight near the screen of a delta-wing
airplane, which has an elevator unit on its fuselage, the
aercdynamic charuacteristics of which were given in Fig. 1.

Figure 2 gives these characteristics reconstructed intc the
izpendence mz(cy) with H=const and a=const (H - distance from the
center of gravity of the model to the screen). The slope tangents

of' these curves are the reserves of stability In angle of attack
¢ (a)

mzy =X -Xp, and in helght of the rlight above the screen

10
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c (R) _

y _- ] bvd - [ 3 3]
m, =X_.=XpH respectively, with the centering X, QB JF &

evident that at all the heishts within limlts Oof the ef'tect o
the screen and at all anpytles

of attack the negative slopce =
cf the curve a=const is more i o;r,,lg"ﬂ
thian the slope of the curve ’,ﬂ 7 10°15
A=const: this means that the -FE:: 4 ”ztfzf
focus in angle of attack of Y/ 27 | as N ‘ﬂ;lyﬂ Z
the aircraft is located in ] [/ j\ﬁ\r ,.]
front of the focus in height, b Helb /\\\%gﬂﬂ'#’
which indicates the aperiodic 408 i’”n‘" ‘\\ﬁ
instat (1ity of the aircraft J I
with ligat near the screen. Figure 2

Tak Inp Into account Lha! the Pocus Tn angle ol attack ot
wings of small aspect ratloc wlth the approach toward the sceroen

only very insignificantly 1is displaced back so that the 1sclated
wing can be considered neutral in height above the screen or
weakly unstable, the considerable instability of the aircraft of
a normal configuration with the low-positioned elevator unit can
be explained by the fact that with the setting of the elevator
unit in the lower position the focus in height above the screen
is shifted back more than is the focus in angle of attack.

The setting of the fin on fuselage in front of wing (canard
configuration), obviously, will lead to a shift in the focus in
angle of attack forward and virtually will not change the position
of focus in height above the screen, since the fin will undergo
considerably less ground effect, since it lies above the wing at
pcsitive angles of attack, and its area is considerably less than
the wing area. Hence it follows that the aircraft designed in

a canard configuration will also be aperiodically unstable in
flight near the screen.

Thus, the ekranoplar for providing longitudinal stati:

11



stability in flight near the screen must have a speclal aercdynamic
design distinet from designs characteristic for alrcerafr with a !

low aspect-ratio wing.

One .f the possible aerodynamic deslgns of the ekrancylarn,
proposed ty_Lippish (1], has hirhly positioned elevator unte.
Such a fin shifts the rocus In angtle~of attack constderabily more
thus does the focus tn heipht above the scereen, sinee It s tocared
tn a zone cof a suttliclently weak eti'cet off the serecen (a2t loaast
at suftdclently small angles ot attack). This design ensures the
porition of focus in angle of attack behind focus in height above
ctie scereen under conditions of the maximum lift-drag ratio.

Another contiguration can be "bob=tatloed" with overrlow in the
roc U opart (atrcereat't of "Drapon'™ J=3% type). With the approach toward
he sereen the overlow Inclipnitricantly changes the position ot
the {tocus In angle of attack (T(}‘.u) but notliceably shifts torward
cnee tocus o the height of the flipght (E}-‘Ti) because of a decroeaase

)

inothe relative distance from the scereen of the wing contor

soectioa with overflow in front.

4. For the practical problems of the cvaluation of the -statle

ittty oY the ekranoplan tased on materials of tests of its

121 In a2 wind tuninel, 1t prcves to be possible to write the

‘ndition o the gpeériodie longitudinal stabilit? ¢ the

calieplan "3a) in another foram, which makes it pgssible to make
zvzluations according to only one derivative deflined w2 the slope
o the experimental curve, virtually withoyt the 2dditional !
ccorutruction ol curves ohtained as 2 reocsult of mode!l toeots:,

fhe malr tnequality

D(c,, m,)

e s

D(a, )

i Lo written in any of the following four forms:

FiD=NT-2U4=2732-T4 12



dc 7 dc
; mi<0, — m3 >0,
da u,go dH m‘=0
L. N et >, L v 0
da €y -Cven i di ' vew R
(here ¢ bs the coerticiont of LIt Ao herbzontal stends
o ) L]

f1ight). It 1is most convenient to use one of the last twoe
lnequalities. Since under crulsing conditions o1 the £lilain

cy<0,and c;>0, the stabllity criteria can be writften in the rorw

dm dm
""TL 0; —_—t. b
% ‘,“vr.-< dH |ey=¢y, <0

de
With m%<0 eriterion —2

'

<0 can be used. The derivatives
m_ -0
can be found as slopes of curves of m_(a) at ¢ =const, m (8

-

with cv=const or cv(ﬁ) with m_=0, as is shown on Flgs. 3-7.

&l | L] Ky 3,3(//1 c
D P 4 g q R4 (/4 — y 5 ]
a’e;scmnt o 0'4//V/ NN |
y 7% L ¢, const) N L 1l se
)7 )y%f.. - 06 -1 \\ . .1_.1._'/2'
/ NG |
a4 / e .y T Tge
07 -Je'
/4 %
” 3 & = '.
0: ' 20°x P) - 177
Ne— uy 7 : L ”
- > -0J5 d 4 Iy 4%
a7 )/ QT8 075 = -
am s e 71 VimM
4 (]
42 ;ri Y4 y £ :
m, & Ve oconse | ‘”’l’ N Cgecomst | My
Figure 3 Figure U4

Gince the stabllity cf the ekranoplan s cstimated under
conditions cof cteady flight, the examination of ctability,
strictly speaking, makes sense only with m =0, i.e., at poeints
of balancing. )

FTD-MT-24=-2792-T4 i3
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‘:l f_"'_y_ <2 ’J lp Figure 5
a. o W Kl ik
"’ " \ 1y SN (44 -75J
N
a1 A ;
N 12
4¢ T - s°
P
2 #‘
42 :
’ AW BN
P | N 2%
J,J //“"Ir 1"_",, 1/
.‘41 ’”.‘
”l

in the analysls of the stability of the aircraft, usuallx

the assumption 1s made that the control-surface deflection dces
;0 change the positlon of focus in angle of attack, or, in other

'ds, the slepe of the curves mz(a). Accepting this assumpzion
‘°r tne ekranoplan and assuming additionally that the control
wrieetion doer not change the posltion of the focus 1n helpht
tove the =creen, we obtain the posstbillty of Judping the
taelllty o slope o the appropriate curve m (a) or m_(H) with
v Co .1 and the arbitrary vaiue of the pitSHing mom;nt.
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