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ABSTRACT

The paper presents the results of aerodynamic testing and analysis of a new wind-rotor aircraft. The measurements
were carried out on a specialized wind tunnel test stand equipped with a dedicated aerodynamic weighing system.
Measurements were carried out in an environment corresponding to the real conditions of use of this type of object.

A 3D printed model was used for testing.
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INTRODUCTION

The aircraft analysed is a wind-rotorcraft, and
to understand the study of the objects it is neces-
sary to familiarise oneself with the characteristics
of machines of this type [1]. Wind-gliders belong
to the rotorcraft family, their lifting rotor rotates
only thanks to autorotation and does not use a
motor drive [2]. During take-off, the pilot initi-
ates the rotational movement of the carrier rotor a
as a result of the progressive movement resulting
from the action of the pushing, or pulling, pro-
peller. The rotor spins to approximately 200 rpm.
(prerotation). After a run-up of about 40—50 me-
tres, the lifting force generated on the lifting rotor
lifts the aircraft [3].

A prerequisite for the flight of a windscreen
aircraft is the continuous blowing of an airstream
onto the lifting rotor [4]. Although the wind-glid-
er looks like a helicopter, it is closer to an aircraft.
A characteristic of this craft is that it cannot hov-
er, fly sideways or backwards like a helicopter.
Instead, take-off and landing are carried out in the
manner of an aircraft.

The lifting rotor allows upward and down-
ward flight, and the fuselage tilts to the right and
left [15].

Depending on the design, the engine with the
propeller can have different locations. Without
the engine running, the windmill cannot climb
or accelerate. On the other hand, spontaneous
autorotation enables full flight control and safe
landing [5].

Aircraft of this type are characterised by
STOL (short take-off and landing) and unique pi-
loting characteristics. If the limitations of a wind
turbine are known and respected, flying it is safe,
simple and enjoyable [6].

It contains a description of the methodology
for calculating the static (equilibrium) stability
of a windmill carrier [7]. Based on the described
methodology, a computer software for windmill
stability calculations has been developed, which
can be used to analyze these issues during the
process of designing and preparing for wind-
mill trials. It can also support the interpretation
of flight test results and extrapolate test results
to other operating conditions. The development
of static stability and controllability calculation
methodologies has benefited from helicopter ex-
perience in this area of issues [8]. The purpose of
this paper is to provide a structured knowledge of
methods for assessing the stability and maneuver-
ability of a gyrocopter.

23



Advances in Science and Technology Research Journal 2022, 16(6), 23-35

STABILITY EQUATIONS

The equations of motion presented below re-
late to the equilibrium of forces and moments in
the coordinate axis system described above [9].

The analysis presented here applies to the
windmill with the following components:

a) a single lifting rotor;

b) a trailing or pushing propeller;
c) fuselage;

d) horizontal stabilizer;

e) vertical ballast.

We assume that the control of the rotor is done
by tilting and tilting the rotor axis. We denote the
angle of tilt of the rotor axis backward from the
initial position by A1W (always a positive value),
while the angle of tilt of the rotor axis from the
plane of symmetry of the windmill is denoted
by B1W. The positive value of the BIW angle is
taken as the rightward tilt of the rotor axis [10].

The control of the horizontal stabilizer is ba-
sically limited to correcting the angle of tilt of
the fuselage by changing the attitude angle of the
horizontal stabilizer.

The task of static stability is to determine
the positions of the windmill control organs in a
steady state of flight at which the forces and mo-
ments acting on the flying apparatus are zero [11].

2 X=0 2Y=0 X 7=0
>~ Mx=0 > My=0 > Mz=0

Summations take place after all components
of the windfarm.

The stability of the windmill can be separat-
ed into longitudinal stability and lateral stability
[12].

When considering longitudinal stability, we
will consider the equations:

¥ X=0 >Y=0 > Mz=0
and with lateral stability we consider:
> 7=0 > Mx=0 > My=0.

We use the following data for stability analy-

sis [13]:

e geometric, kinematic, and mass parameters of
the windframe;

e acrodynamic characteristics of the fuselage,
horizontal stabilizer, vertical stabilizer ob-
tained from tunnel tests of the model or from
airframe streamlining calculations or from ap-
proximate formulas cited in publications on
aircraft aerodynamics;
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e theoretical or experimental data related to the
determination of flux deflection angles on
ballasts;

e results of rotor acrodynamic calculations. For
stability calculations from rotor calculations,
we use the following data:

— thrust force T;

longitudinal force H;

— lateral force S;

— rotor angle of attack;

— inclining moment at the rotor hub Mzp;

— tilting moment at the rotor hub Mxp.

These values are calculated under rotor auto-
rotation conditions, i.e. Myp = 0.

The process of rotor aerodynamic calcula-
tions is performed simultaneously with stability
calculations.

LONGITUDINAL STABILITY

For the analysis of longitudinal stability [14],
we will use a system of equations that, after de-
composition and according to the designations
given in Figure 1, takes the form of:

—mg -sin(v) + Ts - cos(&) —
—T -sin(e —ow) — H - cos(ax — o) +
+ Lsp -sin(ax — A&yp) + (1)
— Dsp - cos(awx — Agyp) +
+Li - sin(aw) — Dr - cos(aw) = 0

—mg -cos(v) + Ts - sin(&) +
+T -cos(a —ow)— H -sin(ar — o) +
+ Lsp - cos(ax — Agsp) + (2)
+ Dsp - cos(a — Agwp) +
+ Lk - cos(ax) + Dr - cos(ow) =0

Mzs + Mzk + Mzw + Mzsp =0 (3)

where: Mzs — means the inclining moment from
the propeller,
Mzk — aerodynamic tilting moment of the
fuselage without horizontal stabilizer,
Mzw — inclining moment from the lifting
rotor,
Mzsp — inclining moment from the hori-
zontal stabilizer.
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The following will show the components
from the equation of moments (3) according to
the accepted designations from Figure 1.

Tilting torque from the propeller

Mzs = x5 - Ts -sin(&) — ys-Ts-cos(&)  (4)

Hull leaning moment

Mzk:%sz-F-R-mzk (5)

where: F— reference surface when imaging aero-
dynamic forces and moments of the fuse-
lage — usually it is the surface of the rotor
disc,
R — the linear dimension when imaging
the aerodynamic forces and moments of
the fuselage — usually the rotor radius,
mzk — inclining moment coefficient of the
fuselage without horizontal stabilizer

Tilt torque from the rotor

Mzw = xw-T -cos(ax — o) +
- T -sin(a —aw) — xw- H -sin(a —ax) +  (6)
+ yw- H - cos(a — ow)

Tilt moment from horizontal ballast

Mzsp = xsp- Lsp - cos(a - Agp) +
+ yw- Lsp -sin(ox - Agyp) +
+ xw- Dsp -sin(a - Agyp)+ )
+ yw- Dsp - cos(a - A&yp)

Assuming that the moment from the hori-
zontal stabilizer comes only from its lifting force
(this assumption is reasonable because the effect
of the drag force on the moment on the tilt mo-
ment is small due to at least the small value of the
ysp arm of the drag force), the last formula can be
written in the form:

Mzsp = xsp - Lsp (®)

We will express the lifting force of the hori-
zontal stabilizer with the help of the following
formula:

Lsp = Ksp-%-p V? - Cusp, 9)
Vsp
NKsp = — 1

where: Ksp — a factor that takes into account the
change in the velocity of the inflow of the
undisturbed jet on the horizontal ballast.

Based on the tunnel test materials of the air-
frame model [15], the value of the product of
KspCLsp is determined, which represents the
coefficient of the horizontal stabilizer lift force
related to the square of the airframe’s airspeed.
Usually, the value of the horizontal stabilizer lift-
ing force is determined from the difference of the
tilting moment of the airframe with and without
the stabilizer. As a result, a family of curves of the
dependence of KspCLsp on the angle of attack of
the ballast for different angles of attack of the fu-
selage k is obtained. A typical dependence of the
horizontal stabilizer lift coefficient on the angle of
attack is shown in Figure 1.

The angle of attack of the horizontal stabilizer
[16] will be expressed by the formula :

Osp = Otk + Ep — A&sp (11)

where: £, Horizontal ballast setting angle (see
Figure 1),
Assp — Angle of slant of the inflow of un-
disturbed stream on the ballast.

The bevel is caused by the lifting rotor, fuse-
lage and propeller.

The flux bias caused by the lifting rotor [15]
can be expressed by the formula:

2vo
A&pw = Koo - —— 12
P % (12)

where: v, — average induced speed of the rotor,

V —the horizontal component of the wind-
mill’s airspeed,

K, — coefficient that depends on the dis-
tance of the horizontal stabilizer ycO to
the center of the vortex plane descending
from the lifting rotor and can be deter-
mined from the relationship shown in the
diagram.
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Fig. 1. Typical dependence of the lift coefficient of a horizontal ballast on its angle of attack

The magnitude of yc0 is determined accord-
ing to the formula:

Yeo = (Yw—Ys) +(Xw—Xp)-sin(ax) (13)

The above formula is obtained assuming that
the induced velocity behind the rotor is twice that
in the rotor plane.

The slope of the jet inflow to the horizontal
ballast Ae , from the fuselage spk depends on
the fuselage angle of attack o . The relationship
Ag  =f(a,) is determined on the basis of the re-
sults of tunnel tests of the windmill model. At the
points of intersection of the curves m,, = fa,)
for the model without a horizontal stabilizer with
the curves mzk+sp= f(k) for the fuselage with
a horizontal stabilizer for different angles of at-
titude (Fig. 2). At the points of intersection, the

condition C, /= 0 occurs, and hence we get the
following [17]:

a0:8$p+ak_Agsp (14)

Agsp:85p+ak—a0 (15)

where: a,— angle of zero lift force of the hori-
zontal stabilizer (can be assumed equal
to zero).

If we do not have the results of model mea-
surements in the wind tunnel, then we can assume
the relation Ag = f(a,) for an eddyplane with
similar shapes of the fuselage and horizontal bal-
last. An example of the dependence of the angle
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Fig. 2. Induction coefficient of the carrier rotor on the horizontal ballast
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of slant of the incoming jet on the horizontal bal-
last caused by the fuselage is shown in Figure 3b.

We will assume the effect of the propeller on
the contrail by geometrically summing the dou-
bled induced velocity of the propeller and the in-
flow velocity of the undisturbed jet [18]. Then the
inflow velocity on the ballast will be expressed by
the formula:

Vsp = \/4Vs2 +V*+2-cos(au+&)  (16)

And the bevel angle from the propeller to
the horizontal stabilizer is calculated using the
formula:

(17

Aé&yps = arc sin[% -sin(ou + &)
Vsp

where: vs — denotes the induced velocity of
the propeller in the plane of rotation

Formula (17) expresses the angle formed by
the geometric sum of the doubled propeller in-
duced velocity and velocity of the undisturbed
stream with the inflow velocity of the undis-
turbed. If we use a conservative approach, the ef-
fect of the propeller on the horizontal ballast can
be disregarded (AVsp = 0).

As mentioned above in the course of aerody-
namic calculations, we calculate the forces on the
lifting rotor T, H and calculate the propeller thrust
ensuring the fulfillment of equations (1) and (2)
with the simultaneous condition that the rotor op-
erates on autorotation, which is equivalent, the
condition Myp=0. The task is to determine such
rotor angle of attack and rotor pitch angle (for a
rotor with overall pitch control) or such rotor ro-
tation (rotor without pitch control) at which the
balance of forces in the longitudinal plane of the
windmill will be satisfied.

With the balance of forces in the longitu-

of the propeller dinal plane determined, we can determine the
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Fig. 3. (a) Hull leaning moment coefficient; (b) angle of slant of the
jet inflow on the horizontal ballast from the fuselage
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components Mzk, Mzs, Mzw of the equation of
moments (3) according to equations (4), (5) and
(6).

Then, from equation (18), we determine the
moment Mzsp ensuring that the sum of moments
will be zero (equation will be satisfied (3)).

Mzsp = —Mzs — Mzk — Mzw (18)
Having calculated this value, we determine

the lifting force coefficient of the horizontal sta-
bilizer according to the relation:

M:
CLSp = Zsp

xsp-;p(V+AVsp)2 -Ssp (19)

Then, from the polar (Fig. 4), we determine
the angle of attack of the ballast corresponding to
the determined lift coefficient and, based on the
above-quoted formulas, we calculate the jet bevel
angles from the rotor, fuselage and propeller of
the windmill and finally calculate the necessary
ballast angle for equilibrium according to the fol-
lowing formula:

Ep = Qsp — Ok + A&p (20)

It should be noted that at low airspeeds the
horizontal stabilizer lift coefficient required for
equilibrium will be greater than CLmax (less than
CLmin), then the equilibrium of the windmill mo-
ments is not possible.

SEQUENCE OF LONGITUDINAL
STABILITY CALCULATIONS

Longitudinal static stability calculations can

be performed in the following order:

1. Determine the angle of the flight trajectory —
0 = arctg(Vy/Vx)

2. Assume the value of the angle of inclination of
the hull — v

3. Calculate the angle of attack of the fuselage —
o, =v-q

4. We make aerodynamic calculations of the ro-
tor. As a result of them, we calculate, among
other things, the forces T and H, Ts satisfying
the balance of forces in the plane of symmetry

28

of the windmill with the condition of rotor au-
torotation, and determine the angle of attack of
the rotor. Having the angle of attack of the ro-
tor, we can calculate the angle AIW by which
the axis of the carrier rotor should be deflected
from its initial position —AIW =a — o — ¢
from Figure 1. we can determine the value of
the rotor thrust force T and the propeller thrust
force Ts that provide the balance of forces in
the plane of symmetry of the windmill:

T=G-cos(@+a)+Ts-sin(a — o — &) —
— Lk -cos(a) — Dk -sin() — Lsp - cos(a) (1)

Ts = G-sin(9+ &) — Lk - sin(ou + &) +
+ Dr-cos(ak + &)+ T -sin(a — ok — &)+ (22)
+ H -cos(a —ax — &) — Lsp - sin(ou + &)

SC | ,So

v
N

Fig. 4. Definitions of parameters
in flight with glide angle
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In the above formulas, there is no drag force
from the horizontal stabilizer, since the fuselage
drag is taken into calculations including the sta-
bilizer. The two equations are mutually depen-
dent — in (21) the thrust T is dependent on the
propeller thrust Ts, while in (22) the thrust Ts
is dependent on T. Since the iteration method
is used in the rotor calculations, this problem
does not occur or unpowered flight (propeller
thrust Ts=0), the windmill performs a descend-
ing flight. We determine the angle of the flight
trajectory from the following equation:

0= —or+ar ctg[_ H — Dk -cos(@) + Lk - sin(ax) + Ly - sm(a)}

T + Dk -sin(@) + Lk - cos(ax) + Ly - cos()

This equation is obtained when the sum of
the force projections perpendicular to the rotor
axis is divided by the sum of the force projec-
tions on the rotor axis shown in the following
equations.

m-g-sin(@ +a)=—H — Di-cos(a) + Lk - sin(a) + Lsp - sin(«)
m-g-cos(@+a) =T+ Di-sin(a) + Lk - cos(e) + Lsp - cos()

Having the angle of the trajectory, the vertical
velocity will be determined from the relationship:
Vy = V-sin(0).

From the equation of moments, we calculate
the required angle of the horizontal stabilizer for
the preservation of the fixed set inclination of the
fuselage v.

As a result of the calculations, for each as-
sumed fuselage pitch angle, the rotor axis yaw
angle A1W and the horizontal stabilizer attitude
angle will be determined €

It should be noted that the above cycle of cal-
culations is performed for the given:

e the horizontal component of the windmill’s
flight speed — Vx,

e vertical component of the windmill’s flight
speed — Vy,

e pressure altitude of the windmill’s flight — H,

e ambient temperature under flight conditions
—TH,

e mass and position of the windmill’s center of
gravity in flight M, XT, YT, ZT.

As a result of the calculation of longitudinal
static stability for a given flight altitude, we will
obtain, among other things, the relation AIW =
f(V), the so-called equilibrium curve. If its gradi-
ent after the flight speed is negative, we say that
the windmill is statically stable.

LATERAL STABILITY

The condition of lateral equilibrium of the
windmill is the balance of moments with respect
to the vertical and horizontal axes and the balance
of the projections of forces on the lateral axis:

>My=0, TMx=0, $7=0.

The sum of XMy moments consists of the fol-
lowing components :

e rotor reaction torque (practically equals zero,
since the rotor operates under autorotation
conditions. It is only possible to take into ac-
count the moment from frictional resistance in
the rotor rotation system),

e moment from the lateral force of the rotor,

e acrodynamic moment of the airframe,

e moment from the vertical stabilizer — rudder.

Therefore, the equation XMy=0 can be
written:

Myw+ Myk + Mykil =0 (23)

As an analogy to this equation, we will repre-
sent XMx=0 and XZ=0 in the form of:

Mbxs + Mxw + Mxk + Mxkil =0 (24)

Iw+Zk +G-cosv-siny + APzkil =0 (25)

We can write equation (25) in approximate
terms:

Iw+Zk+G-y+APzkil =0 (26)

The following will give the relationships for
the forces and moments found in the equations
(23), (26).

Zw = Ho-sin(f)+ So-cos(B)+T - BIW (27)

The lateral force of the lifting rotor in glide
flight can be represented as the sum of the pro-
jections on the associated windmill axis OZ of
the lateral and longitudinal rotor forces S and H
with the rotor axis not tilted back (Fig. 6).
where: H,=H - T-AA1W,

S, =S, BIW - rotor shaft axis tilt angle,
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AA1W —increase in the rotor axis yaw an-
gle due to the increase in the aerodynamic
moment of the airframe in flight with the
glide angle B.

The aerodynamic characteristics of the fuse-
lage entering the calculation are determined in the
coordinate axis system associated with the wind-
mill. When determining the characteristics in the
tunnel, the fuselage is complete, i.e., with the
vertical contrail (vertical stabilizer). Therefore, in
Equation 23, Mykil means the increment of mo-
ment from the increment of lateral force APzkil
due to directional injection necessary to satisfy
Equation 23.

Zk = ; pV?F -Czk (28)
| R
Myk = 5~pV F-R-Cmyk (29)
Mxk = ;,OVZF-R - Cmixk (30)
RESULT OF CALCULATION

Example dependencies of lateral force coef-
ficients Czk, yawing moment Cmyk, fuselage
tilting moment Cmxk are shown in the following
diagrams Figures 5, 6 and 7.

With lateral streamlining of the airframe,
there is an increase in the aerodynamic tilting
moment, which must be balanced by additional
backward deflection or tilt of the rotor shaft axis.

This graph shows the relationship
Amzk=mzk(a, , B) — mzk((a,, B=0).

Figure 8 shows an example of the dependence
of the increase in the aerodynamic tilt moment
coefficient Dczmk as a function of the glide angle
B and fuselage angle of attack o,

The moments are expressed by the following
relationships:

Myw =—-Myop - P — Zw - xw (31)

Mykil = —APzkil - xkil (32)
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Mxs =—Ps/ ws - P1 (33)
Mxw=2Zw-Yw—-T - zw (34)
Mxkil = APzkil - ykil (35)

In the above formulas, P and P1 are control pa-
rameters. If the rotor rotation is counterclockwise
when viewed from above then P=1, otherwise P=
-1. When the propeller rotation is clockwise when
viewed in the direction of flight when viewed from
the rear of the windmill then P1=1, otherwise
P1=- 1. Using the formulas written above, we can
perform lateral equilibrium calculations. The usual
calculation range of glide angle p = 20 to 25 de-
grees with a step of 5 degrees is adopted.

In order to obtain the increment of lateral
force AP on the vertical ballast, the vertical bal-
last must be properly set to angle €, . The angle
can be determined from the following formula:

AP:ziil

G=1
5ka2Sk - Qi (36)

where: V, the inflow velocity of the airstream on
the vertical ballast, which can be taken as
the sum of the airspeed and the velocity
of the propeller jet Vsp, expressed by the
formula (16)

~ 0Czi
oe

The gradient of the lifting force of the vertical
stabilizer after its control angle. When the vertical
stabilizer is controlled by its rotation with respect
to its twist axis, ak is the gradient of the lifting
force after the angle of attack and otherwise after
the angle of deflection of the control surface.

In the case of a butterfly lip, the lateral force
is obtained by differentially deflecting the control
surfaces by an angle ¢ . Then the lateral force is
obtained (according to Figure 9):

Ak

APzt = 2 - ALk - sin(yx) (37)

ALkzlp-sz

.&.ak.& 38
) ) (38)
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From equations (37) and (38), we can deter-
mine the required differential injection angle ac-
cording to the following formula:

AP:kil

Ek = =

2-;p-V2k-§(-ak~sin(Wk)

APl (39)

;p V- Sk ak - sin(yx)

EXAMPLE OF THE RESULTS OF
HORIZONTAL FLIGHT STABILITY
CALCULATIONS

Longitudinal stability related to the balance
of forces and moments in the plane of symmetry
includes:

e A1W dependence on airspeed
e Dependence of horizontal stabilizer attitude
angle on airspeed.

32

As can be seen from Figure 10, the wind tur-
bine is characterized by static stability — an in-
crease in airspeed must be accompanied by a for-
ward tilt of the carrier rotor axis.

Figure 10 also shows the effect of the fuselage
tilt angle on the value of the rotor axis yaw angle
— an increase in the v, angle (an increase in the
rump angle) causes a decrease in the backward
yaw of the rotor axis. This is even intuitively un-
derstandable — the rotor angle of attack for a fixed
airspeed practically does not depend on the v, an-
gle, unless the aerodynamic characteristics of the
airframe strongly depend on its angle of attack.

It should be noted that for the fuselage angle
v and at flight speeds greater than 190 km/h, a
forward tilt of the rotor axis (A1W<0) is required
for the balance of the windmill. Normally, the de-
sign of a windmill aircraft does not allow the ro-
tor axis to tilt forward. Therefore, a forward tilt of
the windmill (v < 0) will be required to maintain
flight speeds greater than 190 km/h.

As can be seen from Figure 11, large hori-
zontal stabilizer attitude angles are required to
balance the tilting moment of the windmill at
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Fig. 10. Dependence of the angle of deflection of the axis of the
lifting rotor shaft on the flight speed of the windmill

low airspeeds, which may exceed the maximum
design values. As can be seen from Figure 11,
increasing the fuselage angle v, reduces the re-
quired horizontal ballast g, attltude angle. Hence,
it follows that at low speeds of horizontal flight,
such a situation may occur when the angle of the
horizontal stabilizer reaches the maximum design
value, then to ensure the balance of the windmill
the hull angle will be increased.

This effect is caused by the difference in the
rotor angle of attack — the rotor angle of attack is
greater in the flight of a windmill with a forward
center of gravity position.

Lateral stability

Below are graphs showing selected lateral
equilibrium curves, i.e. the dependence on the

glide angle and for flight speeds V=50, 100, 150,
200 and 250 km/h of the required tilt of the axis
of the lifting rotor shaft sideways BIW (Fig. 12)
and the tilt angle of the windmill in flight with the
glide (Fig. 13) for the above flight speeds.

CONCLUSIONS

The results of the obtained tests allowed
to determine the static stability of this type of
object and can be used for comparison against
other newly aircraft gyrocopter. The depen-
dence of the lifting rotor speed on the hori-
zontal flight speed of the windmill for a ro-
tor was found — the rotor speed increases with
the flight speed. At the same time, we showed
that in flight with the rear center of gravity

= 3.C. przedzni, tetk=0 st.

= G.C. przedzni, tetk=+5 st.

e 3.C. tylny, tetk=0 st.
S.C. tylny, tetk=+5 st.

Esp [deg]

b0 Z(PO 250

V [km/h]

Fig. 11. Dependence of horizontal stabilizer attitude angle on windmill flight speed
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Fig. 14. Hull roll angle (>0 right), S.C. forward, tetk=0 deg

position, the rotor rpm is lower than in flight
with the front balance of the windmill.

The parameters waveforms were determined
in the range of the glide angle —25 ° < § < +25°.
If at low speeds this range of glide angle can be
practical (useful), then at high flight speeds large
glide angles must be accompanied by significant
fuselage tilt. For example, at an airspeed of V =
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250 km/h and with glide B =+10 degrees (left in-
flow), the windmill would have to be tilted to the
left — roll angle y = -12°. Therefore, at high air-
speeds, the pilot will avoid flying with glide.
From the point of view of control reserves,
consider the relationship of the required BIW
angle of tilt to the side of the carrier rotor axis
was shown. The angle magnitudes shown in this
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research must be less than the design limitations.
The control reserve is usually assumed to be 10—
20% of the full control range in each string. For
example, if the design range of the rotor shaft axis
tilt is BlWmax = + 5 degrees, the BIW control
reserve should be at least 1-2 degrees, so the side
control reserve is much larger than required.
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