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Abstract

The present paper is focused on the complex task
of design and optimizing a compound helicopter
configuration. The analysis is founded on the
“Drag vs. Power Chart” methodology that enable
the separation of the rotors, thrusters, wings and
fuselage contributions and understanding their
optimal combination in a generic compound con-
figuration. The paper also supplies an optimiza-
tion process which is based on a comprehensive
and detailed nonlinear free-wake analysis of a
compound configuration that includes a thruster
and fixed wings. The configurations on the re-
sulting Pareto frontier show design trends and
trade-offs between configurations that are more
efficient in hover and those that are more efficient
in high speed forward flight. The paper also in-
troduces analytical insight into the effect known
as lift offset which is an important design feature
in coaxial configurations. This effect may be of
advantage in terms of power consumption when
configurations that consists of two main rotors
(coaxial, tandem etc.) are operated at high speed
forward flight.

1 Introduction

The notion compound helicopter stands for a ve-
hicle that combines hover advantages of a heli-
copter and high speed flight capability by means
of axial thrusters and fixed wings.
Classifications of early and present com-
pound helicopter configurations are described

and discussed in Ref. 1,2. In such configurations,
the auxiliary thruster system provides propulsive
force in excess of the one provided by the rotors,
while the wings provide lift in excess of the lift
provided by the rotors, in particular at high for-
ward flight speed. Usually, to maintain low rotor
drag at high speed, it is necessary to slow down
the rotor rotational speed to reduce compressible
drag effects on the advancing blade. Thrusters
may be implemented as either a “pusher” or as
a “puller/tractor”. In this work, both cases will
be referred to as a “pusher” without limiting the
generality of the methodology.

In view of the above, compound helicopters
attract tremendous interest in future full-scale
and UAV-size as the demand for both VTOL
and high speed capabilities seems to dominate
all coming designs. Yet, the relevant literature
shows that there are still major challenges in de-
signing a compound configuration, where beyond
high speed rotor system optimization, the most
prominent issue is the determination of the op-
timal level of the pusher thrust as a function of
speed and in particular, at what speed a pusher
is essential. A related issue is the determination
of the optimal wing sizing for a particular mis-
sion. On top of that, selecting an adequate analy-
sis methodology for overall optimization of such
configurations is still an open issue.

Detailed review of recent compound configu-
rations may be found in Ref. 3



2 Analysis

To provide an insight into the problem under dis-
cussion, it is proposed to present it in wind axes
directions, X,,, Y, 2w, see Fig. 1. As already in-
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Fig. 1 Compound configuration in wind axes: (a)
Side view; (b) Rotor loads.

dicated, engaging a pusher and a wing is required
mainly for achieving high speed forward flight,
and therefore, the analysis will be focused on a
specific forward flight speed, Vr, that constitutes
a “high speed working point” for which a design
is required.

As shown in Fig. 1, the fuselage axes are de-
noted Xr, yr, Zr, while the fuselage desired pitch
attitude at Vr is denoted as Or. Regardless of
any specific fuselage attitude, and for the sake of
simplicity (without limiting the generality of the
proposed analysis), it is assumed that the pusher
is installed at an angle that will provide thrust in
the X,, direction, namely 7p%,,. The fuselage drag
and lift forces at the above attitude angle are de-
noted —DgX,, and LFZ,, respectively. These val-
ues are extracted from suitable fuselage polars.
Also shown in Fig. 1 are the rotor system’s shaft
axes Xs, ys and Zg while the shaft axis (forward)
tilt angle is denoted as 5. Note that for the sake
of generality, Bs is decoupled of O (i.e. the rotor
shaft mounting angle is not pre-assumed). Wing
lift and drag are also shown in Fig. 1(a).

Rotor loads are shown in Fig. 1(b) where,
for illustration purposes a coaxial system is pre-
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sented. The rotor loads in the Xg and Zg directions

. Prop .. A A
are resolved into Fj pxw = —DgX,, and Lg%,

where F, If rop’ Dg and Ly are the rotor propulsive
force, and the rotor drag and lift forces, respec-
tively (all in wind axes). These are given by:

Z

Lg = [Fz(m) cos(8g) — F™ Sin(es)] » (D)

m=1

1=

Dp = [—Fz(m) sin(0g) — Fx(m) COS(GS)](Q)

1

m

where Ng = 1 or2 for a single or a coaxial ro-

)

tor, respectively, and Fx(m) and Fz(m are each rotor

forces in the shaft axes directions.

2.1 Drag vs. Power charts

To provide an insight into the problem, it is sug-
gested to examine the “Drag vs. Power Chart” as
shown in Fig. 2. This chart is drawn for the verti-
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Fig. 2 Drag vs. Power chart: General description.

cal and longitudinal equilibrium of forces (other
components will be dealt with later on) while
assuming a constant speed (Vr), a given gross
weight (GW) and a desired fuselage attitude (0r).
Note that at this stage, there are no constraints on
the selection of Or. For the sake of clarity, the
wing will not be considered for the time being.
There are two types of curves in Fig. 2. We
shall first discuss the rotor system DP line on



OPTIMUM AND DESIGN TRENDS OF COMPOUND HELICOPTERS

the right hand side. This line represents the ro-
tor system “propulsive force” (or “drag” if it’s
negative) as a function of its power consump-
tion. This rotor line is drawn for constant Lg (the
vertical force in the Z,, direction) while clearly:
Lr + Lr = GW. This line is constructed by re-
peated analyses of the rotor system which differ
only by their rotor shaft axis longitudinal attitude,
05, which is treated as a constant input for each
analysis. These are “wind tunnel” type trim so-
lutions and the way of executing such analyses is
slightly different for a single rotor and a coaxial
rotor system as explained in what follows.

For both single and coaxial rotor systems, at
each point along the rotor DP line, the rotor shaft
axis roll and heading angles are held at zero val-
ues. For a single rotor system, the calculations
are focused on determining the 3 rotor controls
09, O1¢, 015, that will satisfy the following 3 re-
quirements:

Lk + Lp=GW, (3)
Blc - BlS:O7 (4)

where B and By, are the first longitudinal and
lateral flapping harmonic coefficients, respec-
tively. Once a solution has been achieved, the

corresponding rotor’s propulsive force, (F,f erp)
and its power, Pg, are obtained and a point on the
rotor DP line may be plotted.

For a coaxial system, the calculations are fo-
cused on determining the 6 rotor controls 8F%,
GZIJCR, GIIJSR, GSR, fo, Glff that will satisfy the fol-
lowing 6 requirements:

Lr+Lr = GW, (5)
oUR = QM (6)
F=pyF = pif=pi¥=0, (@

where Q stands for the rotor torque. For intro-
ducing a lift-offset effect (see Ref. 4), one may
replace the four equations of Eq. (7) by:

R
M = Y=o (FV+E%)  @®

M = M] =0, )

where the nondimensional lift offset €; is defined
as the differential roll moment divided by the to-
tal thrust and normalized by R.

Each point on this rotor DP line is character-
ized by the (local) rotor propulsive efficiency, N,
given by

a Flg’rop _ n_R
oPg Vi

Note that the above efficiency definition does
not stand for “total propulsive force per total
power required” (i.e. FIE PV / Pg) at each point,
but rather on the “change in propulsive force per
unit change in required power” at each point.

For the examples presented in this paper, the
above DP lines of the rotor were obtained us-
ing RAPiD — Rotorcraft Analysis for Preliminary
Design. RAPiD is a desktop rotorcraft analysis
software package. It is designed to model and
analyze general rotorcraft and rotary-wing based
configurations. All results presented in what
follows were aerodynamically calculated with a
free-wake model using a 2D lookup table tech-
nique for the blade cross-sectional aerodynam-
ics. For the present purpose, rigid flapping blades
were assumed. For more details see Ref. 5.

The lines on the lL.h.s. of Fig. 2 are two typi-
cal pusher DP lines. Point P#1 indicates the fuse-
lage drag (including the hub drag) (DF) value dis-
cussed above. From that point and downwards, it
is possible to draw the pusher thrust 7p. Hence,
for any point below P#1 the vertical axis repre-
sents the value of Dr — Tp. For each level of
pusher thrust (7p), a value of pusher required
power (Pp) may be determined and a point on this
line may be drawn. For a pusher of constant effi-
ciency, such a line is a straight one (since Fig. 2 is
plotted for a constant speed). For a pusher of non-
constant efficiency (where the pusher power is a
nonlinear function of its thrust at the speed under
discussion), such a line is generally curved. Sim-
ilar to the rotor line, each point on this pusher DP
line is characterized by the (local) pusher propul-
sive efficiency, 1np, given by

Ar _np
oPp Vg’
For the sake of simplicity (and without lim-

iting any of the generality of the proposed anal-
ysis), in this paper, straight pusher DP lines will



be dealt with (in which case the definition of the
total pusher efficiency 7p/Pp = Mp/VF holds as
well). The aerodynamic characteristics of the
pusher propeller (such as diameter, number of
blades and chord) are not dealt with here, as
they are all embedded in its efficiency coefficient.
Weight and location of the pusher propeller are
not dealt with since longitudinal moment equilib-
rium is assumed to exist and as will be explained
later on, the specific details of such equilibrium
are decoupled from the main power issues dis-
cussed in the present paper.

Referring again to Fig. 2, clearly, in wind
axes, longitudinal equilibrium requires that the

rotor system propulsive force (F; rop ) will be
equal to the “fuselage drag minus pusher thrust”
(DF — Tp). Therefore, the left and right hand
sides of the vertical axis are labeled accordingly.
Note again, that the above fuselage drag is based
on the fuselage polars for the selected fuselage
pitch () at the present working point speed
(VF). For detailed description of Fig. 2, see Ref.
1.

2.2 Optimal Pusher Thrust level

Based on the above discussion, for any horizontal
reference line that crosses the two DP lines in this
chart, the rotor propulsive force, its power, the
pusher thrust and its power are clearly obtained.
These values may now be used for an insight into
the problem of propulsive force and power shar-
ing between the rotor system and the pusher.

In what follows, optimal pusher thrust for a
given speed is defined as the value that mini-
mizes the sum of the rotor system and pusher
powers. The optimal pusher thrust is descrip-
tively obtained by the contact point of the two DP
lines when these are moved horizontally. A more
precise determination of the minimum distance
between these two curves shows that apart from
points on the boundaries of these two DP lines,
one should look for local minima values where

I o,
oPg N oPp

(10)

Hence, at the optimal working point any (small)
amount of positive power shifted from the ro-
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tor to the pusher, will cause a reduction in the
rotor propulsive force and increment in the
pusher thrust of the same amount, and vice
versa. Equation (10) may also be interpreted as
equality of the (local) rotor and pusher propulsive
efficiencies.

A typical DP chart is shown in Fig. 3 for a full
scale configuration of GW = 89kN (200001b)
with a coaxial rotor system at Vp = 110m/s (u =
0.58 for a tip speed of 190m/s). The fuselage
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Fig. 3 Example of Drag vs. Power chart at u = 0.58
(Np = 4 per rotor, R = 8.18m, Q = 23.23 rad / s).

drag at that speed is about 15kN. As shown by
the rotor line of this chart, the rotor system pro-
vides propulsive force for 65 above 12° and the
rotor system autorotation is not achieved at the
region explored. For that case, Fig. 3 clearly
shows that the minimum total power is obtained
for a pusher thrust of about 21N, and optimal
configuration at that speed is obtained for a shaft
tilt angle of about 4°.

Two important conclusions may be drawn
here. First, pusher involvement may have an ad-
verse effect, and secondly, at high speeds, trim-
ming without a pusher is no longer possible. For
example, as shown in Fig. 3, with a pusher thrust
of less than 10 — 15kN, no trim may be achieved
for practical shaft angles.

2.3 Adding a Wing to the DP Chart

As shown, the above DP chart treats separately
the rotor system and the fuselage/pusher sys-
tem. The later may be easily extended to a fuse-
lage/pusher/wing system by shifting the pusher
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power line upwards. The magnitude of this shift
should be the amount of drag created by the wing
at that speed. This may be determined as

Lw
(“/p),,

where Ly is the amount of lift carried by the wing

Dy = (11)

and <L/ D)W is the wing lift-to-drag ratio at V.
In such a case, Egs. (3) and (5) should be modify
to

Lr+Lp+ Ly = GW.

Note that for the sake of simplicity, a weight
penalty due to the wing size is not included. In-
clusion of such a penalty requires a relatively
small augmentation of the gross weight. Figure
4 is drawn for a coaxial configuration and has
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Fig. 4 Power consumption of a coaxial helicopter
configuration with slowed rotor, a pusher and a wing
at 110m/s (N, = 3 per rotor, R = 5.29m, Q =
23.8...35.88rad/s).

two roles. The left hand side of it shows the
pusher power required for a configuration with
a wing that takes various levels of lift. These
lines are drawn by Eq. (11) with vertical sepa-
ration that corresponds to the wing lift level and
for (L/ D)W = 15. Hence, any parallel line corre-
sponds to a different value of Lyy (GW > Ly > 0).
As shown, as a fixed wing aircraft (Ly = GW),

this configuration requires about 1600kW where
a pusher thrust of about of 12.5kN is required.

) // 1500
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The right hand side of this chart is also plotted
for various Ly (by assuming that Lg is negligi-
ble and therefore Lg = GW — Ly /) and for differ-
ent rotational speed. As shown, minimum total
power of about 2000kW 1is obtained for Ly =
0.7GW with a pusher thrust of about 14.5kN
(for Q = 26.80rad/s and 65, = 2°). This clearly
demonstrates the penalty of having a rotor at rel-
atively high forward flight speed compared with
the “ideal” fixed wing aircraft at that speed. The
substantial influence of the rotational speed is
also evident. As shown, for such a configuration
and speed, both pusher and a wing are essential
as the power required for Ly which is lower than
0.3GW 1is not of practical magnitude.

2.4 Efficiency of Compound Helicopter vs.
Fixed Wing

In order to compare the efficiency of a
compound-helicopter (CH) and a fixed-wing
(FW), we define the “total compound configura-
tion efficiency” as the ratio between the net (min-
imum) power required (due to the fuselage drag
only) to the total power consumed, namely:

DFVF
Pr+Pp’

Along the same lines, “fixed wing effi-
ciency”, for the case where a wing supplies lift
and the pusher supplies propulsive force (and no

rotor exists) may be defined (for the case of a
pusher with linear 7p vs. Pp dependency) using

Tp/Pp =Mp/VF as:
(“/n),,

NcH =

DrpVF
Dr+ LGW % W F
()
w
which for the typical values of np ~ 0.85,

(L/ D)W ~ 15 and % ~ 9 yields a relatively

high value of ngw ~ 0.53.

3 Trade-offs
Trends

Optimization and Design

The problem of minimizing the total power re-
quired for a compound helicopter has been tradi-



tionally handled by standard optimization tools.
These may vary between simple modifications
of design variables for minima search (“paramet-
ric study”) up to a formal optimization of a cost
function over the entire range of the design vari-
ables. In this paper, we demonstrate two different
levels of optimization. First, a “global search”
level is presented. Then, two versions of a “local
search” level are offered. All versions in this lo-
cal search level are based on initial configurations
obtained by the global search. Local search is
based on “random local search” or “derivatives-
based local optimization” procedures as will be
clarified later on.

Similar to the previously discussed numeri-
cal analyses, in this section we shall present re-
sults of detailed trim cases in hover and forward
flight that were obtained by RAPiD. These are
6DOF analyses where rotor aerodynamics is de-
termined by a free-wake model and a 2D lookup
table technique. Fuselage aerodynamics is based
on experimental polars.

Since optimizing a configuration is required
over a wide range of speeds, an optimization
method that accounts for trade-offs between
hover and various forward flight speeds is essen-
tial. For that purpose, Pareto Frontier (see e.g.
Ref. 6) based methodology was adopted. Hence,
to build a 2D Pareto frontier, one may set two
different criteria by which each feasible configu-
ration should be compared with other configura-
tions. In this paper, these criteria were selected
to be the hover power required and the forward
flight power required. To cover a wide range
of forward flight speeds, we have created a 2D
Pareto frontier for selective forward flight speeds
(while each of them is matched against hover)
as will be shown in what follows. The analysis
was therefore focused on hover and cruise speeds
of 30,50,70,90,110m/sec (~ 58 to 213 kts). In
this context, the notion “configuration” stands for
a predetermined set of coaxial/single rotor sys-
tem with/without a wing with/without a pusher.
Within this set, the optimization is searching for
the best set of “design parameters” while all other
are considered constants.

It should be indicated again, that each point
along the Pareto frontier stands for a configura-
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tion. Hence, studying the changes of particular
characteristics along the frontier shows the de-
sign changes (i.e. trends) required to achieve the
power trade-offs between configurations that are
better for hover and those that are better for for-
ward flight (while all configurations can be oper-
ated in both regimes).

3.1 Global Search

For initial demonstration of the optimization pro-
cess, we have selected a configuration of a pusher
powered coaxial system with a wing. All con-
figurations involved were of a gross weight of
9000kg (~20,0001b) and operated at sea level.

At this stage it is important to note that the
trim requirement for a configuration to become
feasible may be too restrictive. In many cases,
trim was not achieved due to non-trimable pitch-
ing moment that is a result of unsuitable wing or
rotor hub location relative to the center of grav-
ity, and small modifications in these parameters
could allow trimming. This issue stresses again
the advantages of preliminary analysis using the
the DP chart methodology presented earlier that
does not account for the configuration pitching
moment while the pusher thrust is not randomly
selected but obtained as the value that minimizes
total power.

To draw the Pareto frontier we have elim-
inated all points that are dominated by other
points. To further explain, we shall define H(I)
as the hover power of design “I" and F(I) as
the forward flight power of it. Then, by look-
ing at two designs “A" and “B", one may de-
fine Ay =H(B) —H(A) and Ar = F(B) — F(A).
Subsequently, design “A" dominates design “B"
if Ay > 0 and A > 0. In a rare cases where
Ag = Ar = 0, these two designs are equivalent
in terms of power consumption in both hover and
the forward flight speed under discussion, and
one should select a dominant design based on
other criteria.

Figure 5 shows the corresponding Pareto
frontier for Vg = 30,50,70,90,110m/s in addi-
tion to all feasible configurations that were cre-
ated in this process. As shown, there is a clear
trade-off between hover and forward flight power
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consumption. For example, at Vg = 70m/s, a
configuration that requires about 1000kW for
both hover and forward flight is feasible. How-
ever, reducing the hover power to 600kW will
cost about 1400&W in forward flight, and any re-
duction in forward flight power will cause a sub-
stantial increase in hover power. This trend is
similar for higher speeds while hover power in-
crease is less sharp. Hence, hover-cruise trade-
offs are more limited at relatively low speed
cases.

3.2 Local Search and Optimization

To refine the Pareto frontier that has been ob-
tained by global search one may apply a search
for local minima (if they exist) over the entire
Pareto frontier or only over areas of interest along
it.

Random local search is similar to the global
one but is based on random selection of configu-
ration in a smaller range around some initial con-
figuration. When such a technique is employed,
almost all trial configurations converge for trim.
Hence, improved frontier may be obtained when
the initial configuration is one that was located
on the Pareto frontier as obtained by the global
search.

In addition, derivatives based local search

may be applied. Fig. 6, shows derivatives with

/ FPareto frontier (k)
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Fig. 6 Influence of small design changes about a
point on the Pareto frontier.

respect to various design parameters. Each finite
(small) change in a design parameter {; (such as
radius, pusher thrust, average chord, chord taper,
twist, rotational speed, etc.) results in a change in
both hover and forward flight power. These may
be plotted as two points (that stand for positive
and negative perturbations) at the end of line seg-
ments that passes through the initial point (these
are almost straight lines since the changes are
small).

All points obtained by the one or more ver-
sions of the local search may be considered now
as new candidates for the frontier, and they will
replace all existing points on the frontier that they
dominate.

When the above technique is applied and a
new frontier is obtained, the process may be re-
peated for all or some of the points on the new
frontier. Such an update of the frontier creates
an improved frontier at each stage. As already
indicated, this technique may also be directed
towards region of interest on the frontier if de-
sign of a configuration in that region of power
consumptions (in hover and forward flight) is re-
quired.

3.3 Design Trends

Design trend of the pusher thrust is shown in Fig.
7. As shown, for a configuration that is better
in forward flight, less pusher thrust is required.
Design trend of the required lift offset is shown
in Fig. 8. clearly, lift offset reduces the required
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4 Analytical Modeling of the Lift offset effect

Operating a rotor with non-zero lift offset is
achieved by creating a non-zero roll moment
while keeping zero pitch moment. Lift offset is
fundamentally created by a larger lift on the ad-
vancing blade relative to the retreating blade lift.
Hence, when a non-negligible roll moment is in-
volved, such operation is practical only in config-
urations that consist of two main rotors (coaxial,
tandem etc.) where each rotor creates an equal
and opposite roll moment. Generally speaking,
in such configurations, the roll moments are af-
fected by the mutual interaction between the ro-
tors and therefore, different controls are required

Lift Offset
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to achieve a balanced system. Yet, the phenom-
ena associated with the power consumption in the
presence of lift offset may also be studied for one
of the rotors that produces roll moment with no
interaction effects. For more details and related
discussion - see Refs.4,7-9.

In a rotor system that consists of two rotors,
lift offset is defined as the differential moment
divided by the total thrust of the system and the
rotor radius. To supply an insight into the mech-
anism, we examine a rotor in edgewise flight
where the nondimensional lift offset should be
defined as

& = CMx
Cr’
where Cys, and Cr are the roll moment and thrust
coefficients, respectively.

Hence, strictly speaking, the above definition
is valid for a coaxial system when the interaction
between the rotors is not accounted for. In a case
of coaxial rotor system (or for two tandem rotors
that are closely spaced) that are operated in hover
or low speed forward flight, the thrust on both ro-
tor may be different but roll moment trim will still
require equal (and of opposite sign) roll moments
of both rotors. However, lift offset in hover and
low speed is not of interest in the present context
of using lift offset to extend the flight envelop for
high speed edgewise flight in terms of power con-
sumption.

Consider a rotor of radius R and N,, blades of
constant chord ¢ in edgewise forward flight, V.
The rotor rotates at a constant angular velocity,
Q, and the disk is tilted forward at op.

To demonstrate the lift offset effect, we as-
sume that the lift coefficient radial and azimuthal
distribution is of the form

(12)

c1(F,w) = 7 (1 4 Agsiny), (13)
where c? is the average value of the blade tip lift
coefficient and Ay serves as its sine amplitude.
Both c? and A, are independent of 7 and y and
will be determined by the %T and é;, of the case
under discussion. The power of the radial varia-
tion, n, is an assumed parameter (not necessarily
an integer) that describes the lift coefficient ra-
dial distribution while analytical considerations
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shown later on require n > % As a reference, it
should be noted that in hover, n = 1 corresponds
to a linear lift distribution along the blade (i.e.,
ideal constant thrust per unit disk area and uni-
form inflow).

With the sectional free stream velocity

U = 7+ usiny, (14)

the nondimensional lift per unit blade length
takes the form

aL/
or _ Ly,
pngg EU2 (15)

The above definitions enable to express and
analytically evaluate the thrust coefficient as

| 1
Cr=oc’ + + ] :
r=0¢q {2(11—#3) 2 +z) u An+1)
(16)
from which c? 1s extracted as a function of %T and

may be written as
0 CT 1

c =—
" 6

(7)

1
[2(n+3) +“2(n+2) +u 4(n+1)]

Roll (left) and pitch (up) moments are then
determined and analytically evaluated as Cy;y = 0
and

dn+d) Py TH

Hence, the lift offset defined by Eq.(12) is di-
rectly extracted from Eqgs. (16),(18) as

A 1 3A;
CMx - GC? |: s

A 1 2 3A
S +‘Ll _|_l1 S
2 = 4(n41r4) 2(n+3) 216(nl+2) , (19)

As
2n3) M) T I

from which the lift coefficient sine amplitude is

obtained as
03 “z(n+3) +u? 4(n+1)

I 3
4(nt4) /"2(n+2) +u? 16(n+2)

A = (20)

As expected, introducing lift offset in hover
increases the lift coefficient variation over the
disk. For example, for n = 1 (linear lift radial dis-
tribution that corresponds to ideal constant thrust

W} a9 °

per unit disk area and uniform inflow), one ob-
tains

C 5
cl _ngr (1+§e~Lsin\|l), 1)

which is bound to increase power consumption
as will be discussed later on. Similar behavior is
obtained for very low advance ratios.

A measure of the azimuthal variation of the
lift coefficient may be easily defined since ¢;
maximum and minimum values are always ob-
served at y = +m/2. One may therefore define
the maximal difference in ¢; at the blade tip as

Aci=c(F=1,y=—-%)—¢;(F=1,y=17%) which
according to Eq.(13) becomes
Ac; = 204, (22)

Figure 9 shows the blade tip lift coefficient

1.6 4 Lift coefficient (c,)
8,200 %,

1.4+ n=1
¢, =0.006
124 =007
N,=5
n=0.6
],
0.8 &,=03
0.6 x'-‘ / \
; 0.6 F N

‘.‘4 eL— | H
0.4 \/\// &, =044

T 1
b4 2n

Fig. 9 Tip cross-section lift coefficient vs. azimuth
angle for various lift offset values.

distribution as function of the azimuth angle for
four values of lift offset values. As shown, op-
erating a rotor with nonzero lift offset requires
much lower lift coefficients. For a specific lift
offset value the lift coefficient is constant and
constitutes the minimal (positive) value required.
Even for the case shown in Fig.(9), operating
with zero lift offset is questionable due to the rel-
atively high lift coefficients required, but it is def-
initely possible to double the disk loading if lift



offset is introduced. This characteristic of the lift
offset will be proved in what follows to have a
major contributions to the lower values of power
required.

Figures 10 provides correlation of the present

0.6 M 2C 7 Reference [9]
. - — — Upper rotor prediction
fffff Lower rotor prediction
0.5 f
Present analytic model A
0.4 — - — Upper rotor prediction

Lower rotor prediction

n=031

Advancing side

0.1- Retreating side

1.0 0.5 0.0 0.5 1.0
Radial station, 7

Fig. 10 Cross-sectional lift vs. radial station, corre-
lation with Ref.9 for u=0.31 (n =1).

method results with those that were generated
by a detailed comprehensive numerical model-
ing presented by Yeo and Johnson in Ref.9 for
u=0.31. As shown, the present model provides
a very good approximation to the actual lift distri-
bution. It well provides differential lift on the ad-
vancing and retreating sides that fundamentally
creates the lift offset. Note that the slightly differ-
ent lift distributions over the upper and lower ro-
tors are due to the small differences in the thrust
coefficients obtained in Ref.9. Hence, Figs. 10
serves also as demonstrators to the fact that the
phenomena associated with lift offset in coaxial
configurations are primarily associated with the
lift distribution over each one of the rotors and
that the interactional effects should be considered

OMRI RAND, VLADIMIR KHROMOV

as minor in view of the present attempt to analyt-
ically explain the associated phenomena.

5 Conclusion

This paper presents a study of design and opti-
mization aspects of compound helicopter config-
urations with an emphasis on the role of an axial
thruster and a wing in addition of design trends.
A Drag vs. Power (DP) chart is proposed for the
examination of the associated characteristics of
the rotor system, the fuselage, the thruster and the
wing. Such a point of view results in important
insights into various aspects of the problem and
became instrumental during the global optimiza-
tion process as well. DP charts demonstrate the
trade-offs in this extremely involved and complex
optimization problem and are applicable for both
single and coaxial rotor systems.

DP charts clearly show that for a given for-
ward speed, the optimal pusher thrust level is a
function of both the propulsive efficiency of the
rotor system and the propulsive efficiency of the
pusher. In the general case, both efficiencies are
nonlinear functions (in the present context, the
rotor system efficiency is a nonlinear function
of its propulsive force for a given lift and the
pusher efficiency is a nonlinear function of its
thrust level - both at a given forward flight ve-
locity).

The present effort also offers a generic and
fully nonlinear optimization process. In this pro-
cess, initial collection of configurations is con-
structed by randomly selection of the design vari-
ables. Then, a Pareto frontier is assembled for
various forward flight speeds power vs. hover
power. While all configurations on the Pareto
Frontier are feasible for both hover and forward
flight, examination of the configurations along
the frontier yields the required design trade-offs
between configurations that are more efficient in
hover and those that are more efficient in forward
flight.

It was shown that the rotor DP line as a
function of its parameters and in particular its
lift level, flight velocity, tilt angle and rotational
speed, is the most important data required for
preliminary optimization of the whole system.
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Such data should be provided by suitable anal-
ysis schemes. Since various nonlinear behavior
of such DP lines were examined in this study, it
is reasonable to conclude that the overall insight
provided will be valid over a wide range of con-
figurations.

Overall, by providing insight into the prob-
lem, the methodology presented in this paper is
capable of challenging some common intuitive
design trends for compound helicopter configu-
rations.
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