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Summary

At the MBB Company a research aircraft has been defined within the
category of V/STOL-aircraft combining the vertical flight capability of
helicopters with the efficient high speed potential of fixed-wing aircraft.
This stowed rotor aircraft concept, called Rotorjet, is supplied with thrust
during hover and low-speed flight by two horizontally stoppable rotors and
is provided with propulsion in high speed flight by fan-engines.

To begin with, a short descripticon of the main features of this re-
search aircraft concept is given. The paper then discusses fundamental in-
vestigations concerning the rotor characteristics and the control and
flight dynamic behaviour of the aircraft during the transition flight and
during the rotor stopping manceuver. Analytical and model test results are
presented.

Various aspects of the trim requirements and of the aircraft stabil-
ity derivatives are described. Flight conditions with highly nonlinear
characteristics during low-speed transition are examined. The paper shows
that control and stability of the hingeless stiff flapwise rotor during the
stopping phase pose no great problems. It is proved by dynamic simulations
that both the transition from hover to forward speed and the rotor stop-
ping manceuver {(including response due to gusts) can be performed with nox-
mal stability augmentation.

1. Introduction

Since the beginning of helicopter activities at MBB, a variety of
rotary-wing V/STOL- projects have been started in the fields of pure heli-
copters, compound helicopters, tilt-rotor and tilt-wing aircraft. As has
been recognized for many years, one way of combining the vertical flight ca-
pability of helicopters with the efficient high speed flight of fixed-wing
aircraft is to apply the stowed rotor concept. B conceptual design study
was conducted at MBB to define a stowed rotor research aircraft. The ap-
proach used in this study was based on a wide field of experience with
hingeless rotor helicopters (BO 105) and with VTOL-fighters (VJ -~ 101).
This work includes a significant amount of analytical, experimental, wind
tunnel and flight test experience.

The stowed rotor concept, called Rotorjet, shows two horizontally
stoppable rotors in a side-by-side arrangement. The purpose of the
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research aircraft was to prove the technical feasibility of the horizontally
stoppable twin~rotor concept and to investigate the problems associated with
the transition and conversion (start/stop) process. These aspects are as
follows:

(1) Control and stability of rotors and aircraft during the transition
and conversion phase

(2) Dynamic and aercelastic characteristics of the coupled rotor-wing-
fuselage system during the start-stop sequence

{(3) Rotor vibratory locads during the transition/conversion modes

Analytical and wind tunnel studies were conducted in order to get an under-
standing of these complex problems.

The paper cannot deal with the whole scope of investigations conducted,
but will concentrate on the problems associated with the control and stabil-
ity characteristics of a stoppable rotor aircraft during the critical phases.
The understanding of these aircraft characteristics is essential for a criti-
cal examination of this type of composite aircraft.

2. General Configuration

2.1 Concept Description:

The concept studies conducted by MBB resulted in the stowed rotor air-
craft concept, shown in Figure 1, The aircraft, called "Rotorjet) is a twin
rotor configuration with the two rotors mounted in a side~by-side position
on the outer wings. The rotors are capable of being stopped and folded in a
horizontal position and stowed into nacelles on the wing. After the conver-
sion phase the aircraft is flying as a conventional fixed-wing airplane with
forward thrust being provided by fan-engines. The research vehicle is designed
for a gross weight of 5 tons (11,000 pounds) and a cruising speed of more
than 700 km/h {380 knots). A description of the Rotorjet concept is given in
Reference 1.

In general, the studies have revealed that this twin side-by-side
horizontally stoppable rotor configuration has unique features. The most im-
pertant ones can be said to be the following: .

(1) Presence of only one conversion phase with a wide transition
and conversion corridor
{2} Simplification of start-stop process due to small and stiff rotors
(3) Freedom from roll-pitch couplings due to side-by-side rotor ar-
rangement
(4) No need for anti-torque devices
(5) High sub(super}sonic speed potential with reasonable L/D values

For the understanding of the results discussed, the following sections contain
a rough description of essential components, for example, wing, roter and
control system.



Figure 1 General Arrangement of Rotorjet Stowed
Rotor Aircraft

2.2 Rotor Description

The horizontally stoppable rotor must be operated under a wide field
of aerodynamic conditions. It must perform as a conventional helicopter ro-
tor during hover and low speed, as a deloaded compound rotor during higher
speeds, and as a slowed rotor during the stopping procedure. This change of
operating conditions is of decisive importance for the design of the rotor
system.

During the conceptual design study, the primary goal was not to op-
timize the rotor characteristics with respect to all technical problem areas.
The purpose was much more to get a rotor system which made possible the study
of the particular problems of the start-stop phase and of the technical feasi-
bility of the horizontally stoppable rotor concept, in general.

Therefore, the rotor layout was governed by the following three design
goals:

{1} Small rotor size with respect to the stopping problems

{2} Hingeless rotor with high blade stiffness to overcome the desta-
bilizing effects during the stopping sequence

(3) Low or zero blade twist to minimize the rotor hub moment and to
simplify rotor delcading and stopping

The basic rotorsystem of the Rotorjet concept is a four-bladed hinge-
less rotor having a dlameter of 21 feet, a 12.7% solidity ratio and a tip
speed of 820 fps. The rotor type can be classified as a stiff flapwise, stiff
in-plane hingeless rotor, having fundamental frequency ratios of wB/Q = 1,50
(flapping) and wC/Q = 1.40 (in-plane) at nominal rotor speed.

The rotor dynamic characteristics with respect to control and stabil-
ity are determined by the rotor flapwise stiffness, or fundamental frequency
ratio. Figure 2 illustrates the general influence of flap frequency on flap-
ping response, on moments and phases, shown for 100% RPM. It should be noted
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Figure 2 Control Behaviour as a Function of
Rotor Stiffness ;

that, while the flapping amplitudes due to cyclic control decrease, the con-
trol moments increase with flap frequency. The comparison of a stiff flap-
wise rotor {Rotorjet) with a typical soft flapwise rotor (BO 105) shows that
the nondimensional moment capacity for the stiffer rotor is about three times
higher and the flapping amplitudes are reduced 60 percent in comparison to the
softer rotor. The control phase angle has a magnitude of 10 - 15 degrees.

During the stopping-starting process the rotor RPM is reduced and,
therefore, the dynamic characteristics of the blade cver speed range are of
interest. The blade frequency plot for the flapwise and inplane bending modes
is shown in Figure 3. During the phase of stopping the rotor the blades are
passing through a number of harmonics of rotor speed and are, therefore, sub-
ject to higher harmonic airload excitation. This fact leads to the occurénce
of high blade moment response at the resonance frequencies. Resonance effects
of this kind during the conversion phase have been investigated by analytical
studies and model tests. However, these results are not included within the
scope of this paper.

A& factor of major importance is the relatiwve stiffness behaviour over
rotor speed. Due to loss of centrifugal force the flap frequency decreases,
however, the elastic blade root restraint causes an increase of frequency ra-
tio with decreasing rotor RPM. Figure 4 shows the variation of w,/8 during the
stopoing procedure for the hingeless rotor. This relative stiffening is of
paramount importance for the stability of the blade flapping motion during the
start-stop manoceuver.

In the diagram of Figure 4, the change of eguivalent system used in the
analytical model is also indicated. The equivalent flapping hinge offset in-
creases from 35 % to 45 % of radius as the rotor slows down. This amount of
hinge offset in comparison to the 15% offset of a typical soft flapwise hinge-
less rotor (BO 105) indicates the stiffness of this rotor.
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2.3 Other Systems

Wing: The wing design is of critical importance for a stoppable rotor
aircraft. It has to incorporate both high-lift technology to provide low con-
version speed and high wing loading to give economic cruise flight perfor-
mance. For a conversion speed of 140 knots a maximum lift coefficient of 2.3
is required, which is obtained by usual high 1lift devices.

Power Distribution: The power distribution is modulated according to
the flight mode. In the helicopter flight during hover and low speed trans-
ition the fans produce zero-thrust, the total shaft power being available for
producing rotor lift., With increase of transition speed the fans are used to
provide increasing propulsive thrust, while the rotor is slowly deloaded.
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Transiticn-Conversion Control: Conventional helicopter controls are’
connected to fixed wing surface controls. A rough description of this control
system is given in Table I. During hover and low-speed flight the aircraft is
controlled primarily by the rotor, i.e. collective pitch for vertical control,
longitudinal cyclic for pitch control and differential collective pitch on the
two rotors for roll control. Yaw control is provided by differential thrust
of the fans.

HELICOPTER FIXED WING A/C
CONTROL AXIS CONTROLS CONTROLS
VERTICAL COLLECTIVE PITCH FLAPS
ROLL DIFF. COLL. PITCH AILERONS
PITCH CYCLIC PITCH ELEVATOR
¥y DIFF. FAN-THRUST RUDDER

TABLE I CONTROL SYSTEM

With increasing airspeed the rotor controls are phased out with the
fixed-wing surface controls becoming more effective. During the stopping pro-
cess the helicopter controls are completely disengaged and the aircraft is
controlled in the conventional airplane manner. The different controls are
connected on the cockpit control devices by an automatic mechanism.

3. Wind Tunnel Model Tests

. From 1968 to 1969, a program of model testing was conducted in the S by
7 meter wind tunnel of the Eidgendssische FlugzZeugwerke at Emmen, Switzerland.
Three phases of rotor operation, all unigue to stowed rotor aircraft, were
tested: The transition flight regime, the stopping and starting of the rotor
and the blade folding sequence. The model permitted the determination of aero-
elastic behaviour of the rotor, of control and trim characteristics, of sta-
bility derivatives and of airloads. The results of this model testing are re-
ported in Reference 2.

3.1 Model Description

The model shown in Figure 5 consists of a 1/3-scale model rotor with
original tip Mach-number. This model was completed with a semi-span wing-fuse-
lage model. The rotor was 2 m (6.5 feet) in diameter and was of the hingeless
stiff flapwise type. The blades were dynamically similar to full scale-design
with respect to the first flapwise frequency. The powered rotor system and the
wing model were separately mounted with no mechanical connection.
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Figure 5 Semi-Span Aircraft Model with 6.5 foot
biameter Stoppable Rotor

Two types of rbtors were tested. The majority of experiments concerning
the rotating and stopping rotor phase was conducted with a three-bladed rotor.
A four-bladed rotor, equipped with a blade folding mechanism, was used for the
experiments dealing with the blade folding operation.

Inclination and distance between rotor and wing was varied in order to
examine in more detail the influence of rotor-wing interference on the transi-
tion flight behaviour. The rotor had a conventional helicopter control system
with collective and cyclic pitch. Shaft angle of attack could be varied. Power
was provided by a 250 hp electric motor. The wing was equipped with double-
slotted flaps. )

For investigation of the individual forces and moments the rotor was
mounted on a six~component balance system, and the wing-model on a separate

four—-component system.

3.2 Wind Tunnel Measurements

The separated model mounting and the separation of balance systems al-
lowed for the determination of different influences, such as,

- isolated rotor characteristics

- complete model characteristics

- influence of rotor vertical position and shaft inclination relative
to the wing.

Flight parameters that had an influence on the different flight modes were
varied. At wind speeds of up to 250 km/h pitch attitude was measured between
-6 and +12 degrees. At the conversion speed of about 230 to 250 km/h the



rotor stopbing phase was tested within the full range from 100% down to

zero RPM, with collective pitch and shaft angle of attack kept close to zero.
Rotor forces and moments along with signals from the blade flap, chord

and pitch link strain gauges were recorded. The test results are discussed

in the following section in connection with the analytical studies.

4., Analytical Model

4.1 General Capability

The analytical model used for convertible rotor aircraft calculations
is shown in Figure 6. The entire aircraft model allows for the representation
of many different concepts with respect to the following features:

- General aircraft configuration, (i.e. rotor?wing arrangement, num-
ber of rotors)

- Type of transition/conversion (i.e. tilting and stowing concepts)

- Type of rotor start-stop process (i.e. horizontally or vertically
stoppable rotors)

The computer program named SACRA {Stability Analysis of Convertible
Rotor Aircraft) is a universal aerodynamic/flight dynamic program encompas-
sing the following procedures:

- Steady state trim calculation

- Aerodynamic and load caleculation for the rotors

- Aerodynamic calculation cof fixed-wing surfaces

- Dynamic control and stability calculation of the entire aircraft

- Transient response calculation for transition and conversion phases

TILT-ROTORS TILT-TAIL-PLANE

EMPENNAGE

TILT-WING

AUXILIARY
{_TAIL-ROTGR

CENTER OF FUSELAGE PROP THRUST

GRAVITY

Figure 6 Analytical Model for Convertible
Rotor Aircraft
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4.2 Mathematical Model

Rigid Body Degrees of Freedom: The rigid-body modes in the three axes
are required for accurate prediction of the flight dynamic characteristics of
convertible rotor aircraft. Roll~, pitch and yaw together with longitudinal,
lateral and vertical degrees of freedom are considered.

Blade Degrees of Freedom: In the case of hingeless rotors the elastic
cantilevered blades are represented by an eguivalent hinged, spring restrained
rigid blade, simulating the first flapwise natural mode and frequency. This
"equivalent system" representation has proved a valid instrument for all
flight dynamic investigations of hingeless rotors (see Reference 3). In order
to minimize the number of degrees of freedom, the first inplane mode (lead-lag)
and the higher-frequency blade modes are neglected. The flapping degrees of
freedom are calculated separately for all rotors, which is necessary for an
exact representation of stability and control derivatives, especially with re-
spect to nonsymmetric conditions. Variations of flap frequency during start-
stop processes are accounted for in the flight dynamic calculations. Variable
rotor RPM is included in order to simulate stop-manouevers as well as power
failures. :

Aerodynamics: The aerodynamic blade calculation is based on current
blade element theory, with aercdynamic coefficients taken from two-dimensional
airfoil data including stall, reverse flow and compressibility effects. Em-
phasis is placed on an appropriate description of the induced velocity in the
rotor disc. The significant hub moments generated by hingeless rotors cause
large azimuthal nonuniformities in downwash and, therefore, require additional
longitudinal and lateral gradients over rotor disc. This is accomplished
through a theory which applies momentum theory to azimuthal and radial rotor
elements locally. Control power and stability derivatives proved to depend to
a very great extent on neonuniform downwash effects.

Wing and tail-plane are computed by simple lifting-line theoxry using
measured data of 2D-airfoil coefficients, A simple representation of interfer-
ence effects between rotor-wing and wing-tailplanes is included. .

Control Mechanism: A complex control system in the program provides
for the simulation of the engagement and disengagement of the different con-
trels during the transition and conversion modes. Pilot inputs on all controls
and tilt procedures can be simulated dynamically. It is possible to include
stability augmentation systems and the pilot's behaviocur by using suitable
pilot functions. In order to describe the aircraft's response to external dis-
turbances, gusts can be simulated. The model is described in Reference 4.

5. 1Isolated Rotor Investigations

During the transition and conversion mode, the rotors are operated at
quite different flow conditions, Before examining control and stability of the
whole aircraft, some studies are conducted on an isolated rotor.

Influence of Rotor Thrust: Cyclic control moments are shown in Figure 7
as a function of rotor collective pitch for hovering flight. It can be seen
from this diagram, that theoretical calculation of control moments of a high
disc loading rotor depends substantially on the appropriate description of
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uniform downwash model would yield too
erronecus phasing angles.

Influence of Flight
Speed: Longitudinal con-
trol sensitivity of the
isolated rotor over air-
speed is shown in Figure
8. The trim settings of
collective pitch and ro-
tor attitude are held
constant at those values
at which the transition
process is performed.
The wvariation in the
sensitivity of the long-
itudinal cyclic moment
is shown to increase by
about 50 percent over
the transition range.

Influence of Rotor Speed:
In order to minimize the
risks of the start-stop
sequence it is necessary
to unload the rotor from
lift and from hub mom-
ents as far as possible.

During the investiga-
tions on the isolated
rotor, shaft angle in-
clinations have been var-
ied to simulate distur-
bances due to gusts over
the whole RPM range. Ty-
pical results are pre-
sented in Figure 9,
showing the sensitivity
of rotor roll and pitch
moments to gust angle
during the slowing pro-
cess.

A comparison between the
cyclic moment capacity
and the gust moments
shows that the cyeclic
pitch regquirements for
compensating the gust
moments are low.



6.

Aircraft Trim during Transition and Conversion

6.1

Trim Parameters

COLL AND CYCL PHICH o [deg) —>

204

In the following sections the trim characteristics of the whole air-
craft will be explored, covering the level flight speed range from hover to
250 km/h and the full rotor speed range from 100% to zero RPM. Rotor collec-
tive and cyclic pitch together with tailplane deflections are shown in Figure
10. Collective pitch angle is reduced continucusly from hover to forward flight,
yvielding the desired flat angle for delcading the rotor at conversion speed.

WEIGHT 3920 kg
FLAPS 40 deg
ALT,  500m
LOAD FACY, nz1
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TAILPLANE

ELEVATOR

Figure 10 Control Settings During Transition
and Conversion Flight
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FOLDING
- SEQUENCE

Longitudinal control with
airspeed is affected by

the continuous disengage-
ment of helicopter control
and the engagement of lift-
ing surface control. Be-
cause of the high tail-
plane incidence, the tail
loading becomes an upload-
ing at speeds around 30km/h,
so that the rotor has to
counteract this moment

with a reducticon of longi-
tudinal cyclic. Aircraft
pitch attitude is held con-
stant at -5 degrees up to
about 200 km/h and is then
reduced to +1 degree, when
approaching the conversion
speed. .

The stopping process is de~
termined by zero collec-
tive setting and zero shaft
angle. It should be noted
that the cyclic feathering
reguired to produce zZero
shaft moment becomes zero
as RPM decreases. This i-
deal condition will be mod-
1fied later; it will be
shown that only small cy~
clic angles are needed to
compensate for gust distur-
bances. It should further

be noted that there is no lateral control reguirement during the whole speed

range.

This inherent symmetry about the reoll axis (no longitudinal to& lateral

coupling) is a unique feature of this aircraft concept.

6.2 Forces and Moments

Level flight trim lcads on rotor, wing and tailplane were obtained dur-
ing the trim calculations, these same essential results being shown in Figure
10, The lift sharing diagram, Figure 11 , shows that the wing downlecading be-
comes an uploading at speeds as low as 100 km/h, resulting in low power re-
quirements during helicopter flight. The total aircraft weight is shifted to
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Figure 12

STALLED FlLOwW

ed Rotors at V = 235 km/h,
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12.5% RPM

Angle of Attack Distribution at Unload-

the wing at the conversion
speed of 235 km/h. The two
theoretical results shown
are based on two different
assumptions about rotor-
wing downwash influence.
One can see from the dia-
gram, that the simple down-
wash theory with pure geo-
metric calculation of the
downwash angle (solid line)
is only true near hover
condition. The dotted line
represents a largely redu-
ced downwash effect and it
can be seen that the real
interference loading lies
somewhere in between. It
is obviocus from these re-
sults, that improved down-
wash information is neces-
sary for a complete under-
standing of the trim char-
acteristics, especially
within the medium flight
range,

The rotor rolling moments,
as shown in Figure 11, are
not considered to be a pro-
blem, since the rotor has
to be designed for a much
higher amount of moment
capacity. Furthermore,
these moments can easily

be brought down to a lower
level by applying a slight,
fixed lateral control.

From the flight dynamic
perspective, it is evident,
that due tc the symmetri-
cal rotor arrangement the
rolling moment on one rotor
is counteracted by that of
the other under all flight
conditions.

Figure 12 is a picture
showing this inherent sym-—
metry (angle of attack
distribution over a rotor
disc). The case shown is
for an unloaded rotor at
235 km/h speed, and slowed
down to 12% RPM !(advance
ratio 4 = 2.1).



1 6.3 Gust Sensitivity
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oeuvers. Typical calcula-
tion results are presented
in Figure 13 which shows
the effect of a 30 fps
gust on the bhlade elastic
deflections. The change of
flapping angle due to a
vertical gust in forward
flight is primarily of
first harmonic order {(a,),
: . the maximum flap angles
Figure 13 Blade Flapping Amplitudes in Trim being about 1.5 degrees.
Flight With and Without Gusts Within the slowing phase
there are higher harmonic
contents, resulting from
the blade resonance conditions. It is an important fact that flap deflections
due to gusts during the stopping process remain below the normal forward flight
deflections.
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7. Stability and Control Characteristics

When examining the stability and control characteristics of a conver-
tible rotor aircraft, two aspects must be considered. First of all, these
flight conditions, for which the characteristics are determined, must repre-
sent real trim conditions. It lies in the nature of rotor powered VIOL-air-
craft, that in the very low speed range several stability derivatives show
highly nonlinear character and, therefore, are very sensitive to the manner in
which the aircraft is trim-
med. Second of all, proper
attention must be given to
the interference effects
between rotors, wing and
tailplane. The rotor down-
wash impact on the wing
_AJC_WiTH e and the subsequent wing-
FOLDED ROTORS 4 tail interference change
rapidly with increase of
airspeed.
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terms defining the dynamic longitudinal stability will be examined. Analyti-
cal and test results will be brought in.

Aircraft Lift Slope: A first derivative which is of importance
in the vertical moticn of the aircraft is the change of vertical force with
variation in angle-of-attack. This aircraft lift curve slope is shown in Fi-
gure 14, ' The general trend versus speed is comparable to pure helicopters:;
at maximum transition speed about 40 percent of the 1lift gradient is provi-
ded by the two rotors.

Pitch Rate Damping:

-600 {
Pitch rate damping, of the

aircraft, shown in Figure
15 is found to be low in
comparison to hingeless
rotor helicopters, es-
pecially when the high
1 _afc_wird moment of inertia of the
FOLDED ROTORS aircraft is taken into
. account. The only contri-
ungigﬂﬂftoNSL - Jﬂ:gigicaﬁﬁé bution in hover and low
speed stems from the ro-
) ) ‘ ‘ tors. Their relatively
0 s 100 150 200 50 250 150 S0 0 low damping is a result of
VELOCITY Vo flm/h] ———— Ug [mfs] —e their counteracting ef-
fects of high flapwise
Figure 15 Pitch Rate Damping During Transition stiffness and high blade
and Conversion Lock~-number (low blade
mass). With increase of
airspeed the horizontal
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dM  [mNs]
y

3 -s004

=200 4

DAMPING IN PITCH

tail becomes active, providing sufficient aerodynamic damping in forward
flight. Note that about 60 percent of total aircraft damping at conversion
speed comes from the two rotors. Experimental data are not available from
the wind tunnel tests.

Static Longitudinal Stabi-

?F; lity: The change of pitch-
zig TRANSITION STOPPING OF POTOR ing moment with respect to
" BG0{ Up=250m/s =CONST A & %=655m/s s CONST g P

angle-of-attack, or verti-
cal velocity (M ), is one
of the determin¥ng deriva-
- - tives for the dynamic sta-
bility. The curve of M
A versus speed, shown in Fi-
gure 16, can be explained
by the fact that highly
unstable characteristics
of stiff rotors are com-
bined with inherently sta-
ble characteristics of a
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Figure 16 Angle-of-Attack Stability During speeds and an unstable Ma'
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entry speed. As the rotor slows down, its unstable M_-contribution is re-
duced and is overcome by the fixed-wing aircraft properties, resulting in a
statically stable aircraft, when the rotors are stopped.

The theoretical results show some uncertainty in the medium speed range,
because of the lack of information about the downwash interference mechanism
between the rotor, wing and tailplane. In contrast to this fact, the rotor in-
stability can be predicted quite confidently, as has been proven from the com-
parison with isolated rotor test results.

Speed Stability:

The speed stability

T TRANSITION STOPPING OF ROTORS (Figure 17} is high at
1500

UR=250 mfs= CONST V¥0=65,5m/s = CONST hovering condition, and
reduces rapidly with in-
crease of airspeed. This

A TEST shape is a result of the
"} THEORY large positive value of
the hingeless rotors and
a negative contribution
from the high incidence
i 1h“~iﬂ_h‘ X horizontal tail. This aero-

My
vy

5004

%o 200 -250 250 50 50 dynamic effect has already
been described in connec-
tion with trim angles. It
- is important to note that

the dip in the My -deriva-

tive within the medium
Figure 17 Speed Stability During Transition transition range can be

and Conversion evened out by ancther tail

incidence angle progran,
for example.

SPEED STABILITY

Vo [km/n} —= Ug [m/fs] —
-500+

In general, the nonlinearity of the M ,-derivative over flight speed is
predicted quite successfully by theory. The differences between the two as-
sumptions for downwash-interference in the theory is an indication of the
sensitivity of important derivatives to interference effects, and to aircraft
trim conditions, as well.

7.2. Dynamic Stability

When discussing the dynamic stability characteristics, only a rough
overview shall be given, instead of an exact description of the different
modes of motion. Theoretical results of stability values in terms of time to
double amplitude and time to half amplitude of the critical longitudinal mo-
tion are given in Figure 18, During hover and low speed, the aircraft's dy-
namic characteristics are determined by the large positive speed stability
and the low pitch angular damping. This combination produces a relatively fast
oscillatory instability, showing a time to double amplitude in the magnitude
of three to four seconds and a period in the order of seven seconds.

2s the forward speed is increased, the speed stability decreases and
may even become negative, as discussed in Figure 17 . Due to the strong depen-
dence of this derivative on rotor downwash interference effects and trim con-
ditions, in general, a variety of dynamic characteristics are apparently pos-
sible at the intermediate flight conditions. This fact is indicated also by
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Fiqure 18 Dynamic Longitudinal Stability During
Transition and Conversion

the two theoretical re-
sults, representing two
different assumptions of
downwash interference. At
high transition speeds,
the oscillatory motion
tends to become stable,
due to small values of
speed stability and only
mederate angle-of-attack
instability.

The dynamic characteristics
during the rotor stopping
phase are influenced by the
stabilizing trend in the
angle-of-attack stability,
{see Figure 16 ), while the
aircraft pitch rate damp-
ing remains high. This re-
sults in a stable aircraft
during the conversion phase.

A qualitative comparison of these stability characteristics to helicopters with
hingeless rotors shows, that helicopters are more stable during hover and low
speed conditions, because of much lower speed stability and higher damping.
Stability characteristics in the medium speed range between these two types of
aircraft can be quite similar if the tendency toward negative (unstable) speed
stability of the convertible aircraft can be curbed. Means for doing this are
well known. At the high transition speed range, the dynamic stability behaviour
is superior to that of hingeless rotor helicopters which usually show greater
dynamic instabilities at higher forward speeds.

7.3

Control Characteristics

The control system considered in these studies includes a connection

between conventional helicopter controls and fixed wing surface controls, as
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[ 2]
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{

CONTROL POWER IN PITCH
o

Up=250 mfs = CONST

Vo =655mfs= CONST

Figure 19 pitch Control Power During Transition
and Conversion

16

previously described. The
longitudinal control char-
acterxistics, Figure 19,
show the lowest control
power available in hover-
ing flight, where control
is provided only by rotor
cyclic pitch. For the as-
sumed moment of inertia of
the aircraft, the pitch
acceleration is of the or-
der of 0.5 radians per
seconds squared per inch
stick input. Together with
the damping moments, as
shown in Figure 15, these
control characteristics
reach twice the value of
MIL-H-B8501A IFR-require-



ments for hovering flight.

e & TEST
] THEQRY
J{ RET S == Lateral control in hover-

[

A ing and low speed flight

is supplied by differen-
tial collective pitch at
the two rotors. The later-
al control power, shown in
Figure 20, is lower than
in longitudinal direction,
owing primarily to the much

L1-inch
Ix

AJC WITH
FOiDED ROTORS

—&

i

50 100 TG 200 750 250 150 0 g higher rolling amount of

CONTROL POWER IN ROLL
(=3

vo [km/n) Ug [mfs]— inertia of the aircraft.
Control power and damping
TRANSITION STOPPING OF ROTORY  harely reach the IFR-re-
= = NST Yo =555 =CONST
Ug=250 m/s = CONS 0855 m/s=CONST | irement of MIL-H-8501A.
Figure 20 Roll Control Power During Transition When comparing these hover
and Conversion " control characteristics to

hingeless rotor helicopters

of equivalent size, it be-
comes apparent that longitudinal control characteristics are quite similar. In
the lateral direction, due to the much higher moment of inertia of the side~by~
side rotor configuration, the aircraft's control and damping are considerably
lower. In forward flight, these characteristics improve substantially, owing
to the fixed-wing aircraft surface contributions.

Yaw control considerations are excluded from the discussions in this
paper, because definite statements depend on actual projects, and the ap-
plication of yvaw-axis specifications for these types of VICL-aircraft
is not clear.

8. Dynamic Simulation of Transition and Conversion

From the complex stability derivative behaviour, it becomes clear, that
the transition and conversion phases can be treated realisticly only by a dy-
namic simulation. The SACRA computer program allows for the calculation of a
transient response time history.

8.1 Starting Transition

Figure 21 depicts a typical time history of a transition flight from
hover to conversion speed, as calculated by the program. All the important
control and flight parameters are shown during a 30 second transition phase.
The transition is initiated by a slight collective input, succeeded by the
pilot's command to attain a -5 degree nose down attitude, which is held con-
stant over the acceleration period. When reaching a certain forward speed,
the collective is reduced, the weight being continuously shifted to the wing.
The pilot then changes the aircraft attitude to +1 degree in order to approach
the conversion phase. This pilot model included describes the normal human pi-
lot behaviour. Static control travel over speed is stable during the whole
transition phase, the control corrections for stabilization are small. The
flight path parameters are shown on the right side of the diagram. After 30
seconds the horizontal distance is about 1000 meters, height about 180 m.
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Figure 21 Calculated Time History of Transition Flight
from Hover to Conversion Speed

8.2 Rotor Stopping Manceuver

Because of the importance of the stopping process, intensive transient
studies have been conducted. Figure 22 shows a computed time history of a
stopping process initiated at a speed of 235 km/h. The rotor is stopped within
a four second period. In order to demonstrate the response under ryough air
conditions also, a second case is shown with the aircraft subjected to a 30
fps sine-squared vertical gust. The diagram summarizes the response character-
istics of the rotor and of the aircraft. The rotor is unloaded completely from
thrust and moments during the stopping phase, the aircraft response is smooth
under ideal flight conditions.

In the second case, the gust is encountered when the rotor has slowed
down to the range of 90 to 50 percent RPM, with the maximum gust velocity
occuring at 60 percent RPM. Control of the aircraft during this phase causes
no difficulty. The gust imposes a vertical load factor increment of about
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0.8g, while attitude disturbances remain small. Rotor hub moments during this
phase are influenced by guite different inputs, for example, changes in rotor
speed, qust inflow angle, and control movements. Both pitching and rolling
moments remain within moderate values.
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Figure 22 Calculated Time History of Rotox Stopping Manoeuver
With and Without Gust Penetration

9. Conclusions

Some essential questions concerning flight dynamic behaviour of a hor-
izontally stoppable rotor aircraft concept (Rotorjet} have been examined in
this study. The critical phases of transition from hover to forward flight and
of rotor stopping have been investigated. Based on theoretical and experimen-
tal results, the following conclusions can be made:

1. BAircraft trim within the range of pure helicopter flight and fixed
wing airplane flight is possible without any discontinuities of
trim parameters. During the rotor stopping phase only small amounts
of cyclic pitch is required to compensate for gust disturbances.
Elastic flapping deformations of the rotor blades remain below nor-
mal trim flight deflections. Load and stability problems are minimal
due to the high stiffness, zero-twist rotor blade design.

2. Nonlinearities of some essential stability derivatives are encounter-
ed during the intermediate transition flight, owing primarily to ro-
tor downwash interference effects on the wing and tailplane. Static
and dynamic stability derivatives for the rotor stopping phase are
a result of reduced rctor participation and increased fixed-wing
surface contributions.
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1c.

1.

3. ILongitudinal dynamic stability in hover and low speed flight is char-
acterized by a relatively fast oscillatory instability. A variety of
dynamic characteristics is possible at intermediate speed, owing to
rotor downwash interference. At high transition speeds the longitudi-
nal motion tends to become stable. The reduction of pitch-up insta-
bility during rotor stopping results in a stable aircraft during the
conversion phase.

The dual rotor aircraft demonstrates symmetry about the longitudinal
axis, without any longitudinal to lateral couplings under all flight
conditions.

4. Control sensitivity is moderate during hover and low speed flight.
Longitudinal control characteristics are well within IFR-require-
ments, lateral control and damping are considerably lower because of
the high moment of inertia of the side-by-side rotor concept.

5. It was shown by dynamic simulations that both the transition from
hover to forward speed and the rotor stopping manceuver can be per-
formed with normal stability augmentation.

6. Theory was quite successful in predicting aircraft lcads and trim,
control and stability characteristics during hover, low and high
speed, as well as for the rotor stopping phase., Improved downwash in-
formation is necessary for more exact predictions within the inter-
mediate speed range.
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