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SUMMARY

In response to Phase I1I of Contract F33615-70-C-1052, the
necessary methodology has been developed to provide an inde-
pendent analysis capability to Air Force Studies Analysis (AFSA)
for accurately simulating the flight paths of single main rotor
helicopters. The equations developed under Phase 1 of this con-
tract have been generalized to represent other single main rotor
he licopters that are currently operational and those designed
for the near tuture.

This report reviews the necessary equations for the determina-
tion of power required ir accelerated flight and a method for
determining the input coefficients based on the helicopter's
physical parameters and power required in one g tlight. The
impact of the type of rotor system on the maximum thrust which
can be produced is examined in light of the available flight

test data. The concepts ot energy maneuverability for a heli-
copter are examined using the AH-1G he licopter as an example.
Several uapplications of these equations are considered including
terrain following, decelerating turns, and low speed maneuvering.

299-099-557 io/
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NOMENCIATURE

Disk area ( R2)

Wing area

Blade section litt curve slope

Wing lift curve slope

Number of blades or wing span

fhrust coefficient T .A( R)2,

Power coetficient P/ .A( R)3,

Rotor chord

Parasite drag (0.5.tV2)

Total aircraft energy (GWh + 0.5mv2 + 0.51 2)
Specific aircraft energy (h + V2/2¢g)
Wing efficiency factor

Equivalent flat-plate drag area
(Cp = 1.0 so that drag = 0.3:fV2)

Initial value of f schedule for compound
helicopter or initial approximation for
input coefficient program

Gross weight

Power available ai the throttle position set
Power required to maintain flight

Total rotor inertia

Wing incidence

Induced velocity weighting factor
Ky =1 - (. - 0.14)K3 |

Rotor angle of attack factor (K6CT/%a)

Wing lift

viii

Unit
fe2

/rad
/rad

-- or ft

ft
b
ft - 1b
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NOMENCILATURE

Drag divergent Mach number
Mass of helicopter

Amount by which advancing blade tip Mach
number exceeds M.,

Acceleration parallel to flight path
(linear acceleration)

Normal acceleration perpendicular to
flight path

%)
s
Energy rat. BE
Dynamic pressure (0.5¢V2)
Rotor radius or turn radius (Vz/g\/n2 )

Rotor thrust (Jbz + (nGW - Lw)z)

Change in auxiliary thrust
((Hpavail " Hpreqd)(sso}(nprop))
v

Thrust coefficient (2Ct/c.

Thrust coefficient at which stall
power occurs

Flight path velocity
Flight path acceleration or deceleration
Induced velocity

Maximum velocity desired for input
coefficient program

Velocity for minimum power
Never exceed velocity (structural limit)

Velocity parallel to thrust vector

ix

ft/sec

1b/ft2
ft
1b

1b

ft/sec
ft/sec?

ft/sec

Kt
Kt
Kt

ft/sec
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NOMENCIATURE

Speed of sound

True airspeed

Vertical velocity (positive upward)
Angle of attack

Sideslip angle

Constant part of blade Cp

a - varying part of blade Cp

aZ - varying part of blade Cp

If v, > 0, m = 0.85
If v, <0, n=0.8
Efficiency factor If P< 0, 7 =0.8

If Pg >0, 1= 1.0

Propeller efficiency factor (n = 0.85)
Pitch attitude

Advance ratio (V/&R)

Pi

Air Density

Rotor solidity (bc/TR)

Air density ratio (£/0.002378)

Roll angle

Rotor rotational speed

Unit
ft/sec
Kt
ft/sec
deg
deg
/rad
/rad?2

3.141592
slug/ft3

deg

rad/sec

|

|

i
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INTRODUCTION

Combat simulations of aircraft require knowledge of the flight

path trajectories which the aircraft may foilow. The flight

path trajectory is normally described in terms of the Euler

! ) angles (., ¢, ) which give the orientation (direction) of the

1 aircraft in space relative to some inertial reference frame and
the velocity vector of the center of gravity. The flight path

‘. trajectories which the aircraft may describe are dependent on
the performance and maneuver capabilities of the aircraft which
must be known.

There are two basic types of accelerated flight conditions which
must be considered: constant energy maneuvers and maneuvers
_ involving a loss of airspeed (kinetic energy), altitude (poten-
b tial energy), or both. Constant energy maneuvers result in
flight at constant speed and altitude. This g-capability is
power limited and is primarily a function of excess power avail-
J able and rotor disc loading. The maximum normal acceleration
[ which can be attained with constant energy flights is referred
to as the sustained g-capability. For definition of this capa-
bility, power required must be computed based on speed, altitude, L
and type of maneuver. Transient g-capability refers to the
normal acceleration attainable by the rotor. However, to oh:ain
this normal acceleration, a loss of airspeed (kinetic energy.: or
altitude (potential energy), or both occurs. For example, turns
may be made at high t-ansient g-levels and maintained as long as
altitude permits. In this sense, transient g's are unlike the
transient g's associated with fixed wing aircraft performance
which may only be sustained for seconds. The maximum transient
g depends on the rotor blade loading coefficient, i.e., thrust
divided by blade area and dynamic pressure at the blade tip. To
determine this capability, flight path decelecation (rate of
loss of energy) must be computed for the given speed, altitude,
g-level, and type of maneuver. Once the transient and sustained H
g-capability are known and the orientation from the trimmed
flight condition is known for a specified g-level, speed, alti-
tude, and type of maneuver, the flight path trajectory can then
be defined.

The concepts of kinetic 4and potential energy are used to develop
the equations to compute flight path trajectories. The rotor
speed degree of freedom is not consicdered in the model because
it would unduly complicate the representation of the pilot and
would not significantly affect the accuracy of the computed
flight path trajectories in high speed flight. Detailed expla-
nation of developments of these equations can be found in Ref-
erence 1.

299-099-557 1
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ENERCY MANEUVERABI LITY

Concepts

The concepts of energy maneuverability were originally applied

to fixed wing aircraft to identify the best areas of operation

during combat. Overlays of certain charts would indicate which

aircraft had an advantage from energy considerations. These

8a concepts, when applicable, were applied to the helicopter to
determine the optimal areas of operation. These areas will be

‘ ' identified during the following discussion.

A measure of the energy state of a helicopter at any altitude-
airspeed-RPM-combination can be expressed as

E=CWh+1/2 mv2 + 1/2 1:2 (1)

The last term of the above equation is the kinetic energy of
' the rotor. Since most helicopters normally operate at constant
RPM, the rotor energy has been assumed constant for this study.

2 r A convenient term in units of feet can be derived from equation 1
‘ by dividing by the weight,GW, and neglecting the rotor energy
E . term. This term, specific energy (Eg), expresses the energy

state of a helicopter as a function of altitude and airspeed
as follows:
v2
= +
Eg h 7z (2)

Energy management involves control of the rate of transfer
between energy levels. The rate of transfer between energy
levels can be determined by taking the partial derivative with
respect to time of equation 2 which is expressed as follows:

B _3h , Vav (3)
ot at g ot

Remembering that work is accomplished in moving from one energy
level to another and that power is the rate of doing work, then
the left side of equation 3 must be equal to the excess power.
The excess power can be determined by taking the difference in
horsepower available and horsepower required at the altitude-

airspeed-g flight condition. Therefore, energy rate can be ex-
pressed as

p = aEs = (HPAVAIL ~ HPreq) 350
s ot GW
-] = Qn + !ﬂ
y !~ ot g ot

- 299-099-557 2
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From equation 4 , a value of energy rate (Pg) can be computed
for any airspeed-g-altitude condition for a given amount of
power available.

The aircraft's capability to change energy states is limited by
the power available. Excess power may be used to increase alti-
tude (potential energy), to accelerate the vehicle (kinetic
energy), or to increase the lift above the one g value to change
the aircraft's direction of flight, To change the direction of
flight, a normal acceleration is required. The optimal areas of
operation can be identified from the areas where change of direc-
tion (normal acceleration) is accomplished for minimum expenditure
of energy. The turn radius for a specified load factor is deter-
mined from the following: .

R = —2 g (5)

g /21 gtant

Associated with minimizing turn radius would be maximizing turn
rate. Turn rate is computed by

6, = anv-l (6)

The derivation of equation 5 is based on the relationship

that n = 1/cos?. A discrepancy between bank angle () data and
theory (n=1/cos¢)is shown in Figure 1 for the AH-1G helicopter
as reported in Reference 2. As a result of Figure 1, the
following analysis was suggested (Reference 3) to define the
relationship of normal load factor and aircraft attitudes. Co-
ordinated flight requires only that the ball of the turn and
bank indicator be centered. This requires a zero net side force
in the body axis system. A zero net side force can occur in the
presence of some sideslipasa result of aerodynamic side-force
characteristics. If pitch attitude, angle of attack, and side-
slip angle are considered, the analysis yields:

} 2 sin? sind tan 3 sin
n,cost = cos6 cos”y + cosg —T:KQ + T+ K (7)

tanttan a
where K = T
The complete derivation of equation 7 can be found in Appendix A.
A comparison of the test data and data from equation 7 is
presented in Figure 2 as reported in Reference 4. A large
scatter band exists, but the theory line now passes through the
center of the points.

299-099-557 3
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80 |—DATA BASIS: REFERENCE 2
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V———CIRCLES DENOTE TEST DATA

1.0 1.4 1.8 2.2

NORMAL IOAD FACTOR - g

2.6

Figure 1. Bank Angle Versus Normal load Factor

for AH-1G Helicopter.
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DATA BASIS: REFERENCE 4, PAGE 57
o 00¢
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Figure 2. Comparison of Theory and Flight Test Data for
\, 'L Bank Angle Versus Normal load Factor.
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Energy Diagram

The energy diagram is constructed from energy rate at maximum
power (P.) versus airspeed and altitude for a specified value

of normai acceleration (n). Lines of constant specific energy
(Eg) and energy rate (Pg) are presented for the AH-1G helicopter
in Pigures 3, 4, and 5. The units of energy rate (Pg) are feet
per second and indicate that the aircraft has the necessary
energy to change its cnergy state. For example, a P, value of
30 feet per second could result in an acceleration o? 4.2 knots
per second at 80 knots or a vertical rate of climb of 1800 feet
per minute. Normal acceleration could be increased until the
power required equal’. 1 the excess power reflected in the Pg
value (equation 4 . Therefore, the energy rate contours give a
measure of the atility of the aircraft to change its energy
state, by incrcasing altitude or airspeed, or increasing load
factor or any combination of the above. A minimum time to climb
trajectory can be determined by locating the points of tangency
between energy (Eg) and energy rate (Pg) contours as detailed in
Reference 5. In Figures 3 and 4 the contour defined by Pg=0
identifies the steady state operating boundary of the aircraft.
The aircraft cannot operate outside this contour without losing
energy, either in the form of altitude, airspeed, or both. On
the left the boundary is the hover ceiling. On the top the
boundary is the service ceiling. On the right, the boundary is
the power limited airspeed.

The energy diagram can be constructed for different values of
load factor. An energy diagram for the AH-1G helicopter for a
load factor of 1.5 is presented in Figure 5. The negative
values of energy rate (Pg) indicate that the power supplied by
the engine is insufficient and that either altitude or airsneed
or both must be lost in exchange for the total required vower.

A maneuver in the area of negative energy rates (Pg) uses the
rotor's transient g capability which may be limited by blade
stall, rotor instabilities, pilot comfort or vertigo at high
turn rates, or vibration. The power required for transient g
maneuvers is quite high and energy is lost rapidly. The rotor's
capability to absorb power in a cyclic-only maneuver diminishes
because it approaches the autorotative flow state at high angles
of attack. Additional power may always be absorbed by increasing
collective pitch but rotor loads may increase.

Maneuver Diagram

The maneuver diagram can be used to identify the region where
the aircraft can maximize change of direction for the least
expenditure of energy. The ability to change direction is ex-
pressed in terms of maximum turn rate and minimum turn radius
at a given energy rate. Turn rate-velocity diagrams showin
lines of constant energy rate (Pg), constant turn radius (R%,

299-099-557
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and constant normal acceleration (n) for the AH-1G helicopter
: t for gross weights of 7500 and 9000 pounds are presented in
i : Figures 6 and 7. For the helicopter, turn rate is a maximum for
a given energy rate (Py) at low airspeeds. Turn rate maximums
for a given energy rate are easily identified from Figures 6 and
[ 7. Minimum turn radius occurs at the point of tangency between
the constant energy rate contours and lines of constant radius.
Figures 6 and 7 indicate these values occur a. low airspeed.
] For the helicopter, operation in these regions would always re-
quire altitude (potential eneryy) or a positive value of excess
1 energy rate since kinetic energy is so low. The variation of
' power required with airspeed for a nelicopter is such that power
: increases as airspeed decreases fcr airspeeds below about 50
knots. A more important paruameter than turn radius to the heli-
copter pilot is normal acceleration. The region where normal
acceleration is maximum at a given energy rate is identified on
Figures 6 and 7. The intersection of the zero energy rate line
with the lines of constant normal acceleration define the
steady-state g boundary. Operation outside of this line will

4 require a corresponding loss of altitude or airspeed or both n
i to provide the necessary energy rate required. The impact
3 ! of normal acceleration and turn radius at a given energy rate
] L. can be determined from Figures 8 and 9 for the AH-1G helicopter.
l . These figures show the airspeed at which the pilot can execute a

specified turn radius and still retain an energy level.

These charts primarily reflect the sustained g capability rather
than the transient g capability of the helicopter. Simply by m
increasing the installed power the zero energy rate line would

‘ move up in Figures 8 and 9 allowing a higher normal acceleration
versus speed. Since the helicopter can operate outside the zero
energy rate line by trading energy, either potential or kinetic
or both, the maximum rotor thrust which can be produced is
important. The maximum rotor thrust which can be produced is a
function of the type of rotor system and is discussed in a later
section. This maximum rotor thrust boundary is equivalent to the
stall and structural boundary on a V-n diagram for a fixed wing
aircraft. A copy of the computer programs used to generate the
above charts can be found in Appendix A.
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DERIVATION OF EQUATIONS

The necessary equations are developed below for accurately simu-
lating the flight trajectories of single-main-rotor helicopters.
Maneuverability limitations associated with different types of
rotor systems are considered. A technique for simulating a
particular compound helicopter is presented as a guide and

the importance of the assumptions concerning the compound helicop-
ter are emphasized.

Technical Approach

Normal acceleration is induced in fixed wing aircraft by applying
longitudinal control or flap deflection to change the wing lift
coefficient. The equivalent procedure for helicopters is to
change main rotor blade lift coefficient. This is usually
accomplished by longitudinal cyclic and collective pitch control.
Normal acceleration may be induced by the use of either of these
controls, independently or together. Cyclic control is usually
used alone to produce normal acceleration at high speeds in
maneuvers such as pullups, pushovers, and banked turns. It
becomes difficult to induce g at low speeds by use of cyclic
pitch alone, and so both the collective and cyclic control are
used.

Two types of maneuvers were simulated as reported in Reference 1
to determine if any difference existed in power required and
angle of attack caused by control technique. The power required
for a symmetrical pull-up and decelerating turn were compared for
the same speed and g level. The resulting power differences were
small and indicated that either control technique would be
satisfactory for defining the power required in accelerated
flight. Description of the method of simulation of these
maneuvers can be found in Reference 1.

Power Equation - Pure Helicopter

A set of closed form equations have been determined for pre-
dicting power required as a function of the flight condition,
normal acceleration, and certain physical parameters of the
helicopter. The development of these closed form equations is
presented below.

The power required to overcome the flat-plate drag is expressed
as:

D = 0.5f0v2 (8)
HP, = é%% (9)
299-099-557 15
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The £ in equation 8 is the equivalent (Cp=1l) flat-plate drag
areca which includes the contribution of the fuselage, wing,
elevator, fin, and rotor hub. D is the total drag of the
helicopter. The contribution of rotor induced power is repre-
sented as follows:

HP; = —5op~ (10)

This induced power is linearly dependent on the rotor induced
velocity. Wing induced drag is not currently included but may
be added easily if a large wing is used on the helicopter. A
weighting factor (Kj) is used on this term to improve correla-
tion with measured data in the low speed range. This factor is

expressed as:
XPressed as: k. =1 - (u - 0.14)2.14

1
=1+ .3(1 - ) b o< 0.1
11
K1 = 1.0 ¢ > 0.14 CL2P
The total velocity parallel to the thrust vector, V_, is
expressed as: P
_ DV T
VP—T"' (12)

20AVV2 + 0. 866Vp2

The first term on the right hand side of equation 12 is the
component of the free stream velocity, V, parallel to the thrust
vector. The second term is the induced velocity and is based on
momentum theory.

i T
V. =
L o2cavve . 0.866Vp2

(13)

The induced velocity is computed by solving equation 12 for V..
Since V is usually much greater than V,, a close approximatiog to
Vi, the second term of equation 12, is given by setting V_, = O
After V, is determined, thenVj is determined from equatioﬁ 13.
The rotor thrust, T, used in the above equations is determined
from

T= /o2 + (nou-i)> (14)

where L, is the wing lift.

299-099-557 16
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The wing lift is based on the following assumptions:
1. Wing has fixed incidence.

2. Wing is positioned in the downwash of the primary
lifting rotor.

The wing lift equation is derived as follows:

L

w - A3 (15)

1 = C
w fus

V.
+ iw = tan'l(j;) (16)

Substituting equation 16 into equation 15, and assuming Vi/V to
be a small angle,

V.
= , i
L, = quaw(cfus M 'V') (17)
The induced velocity of the main rotor is approximated by

nGW - Lw
Vi = A (18)

nGW - Lw
L, =982, Cfus * tw — GgA (19)
The main rotor induced velocity factor is defined as that fraction
of the main rotor induced velocity which impinges on the wing in

the vertical plane. A main rotor induced velocity factor of 0.5
is assumed for this wing.

Now equation 19 hecomes

nGW - Lw
L, = A8 pus * 1y - -'_EEK_"') (20)
Solving equation 20 for I,
qA A, nGw (21)
v Ay e - §)
e

299-099-557 17
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Equation 21 is based on linear theory. From a least squares
curve fit technique, it was found that better correlation with
C81 (Reference 6) computed values of wing lift was obtained if
the wing-rotor interference term was increased by 17 percent.
Therefore, wing lift is calculated by,

Loe WAl (L L.inew
W ( Aa, f w 8qA (22)
L
)

Correlation between equation 22 and C81 values of wing lift
is shown in Figure 10.

The power required to overcome wing induced drag is:

(HPi) = -_L‘.’_vz_ (23)

The blade profile power is:

Q +5. a+f cz)bcR 3
_ 0 "1 2 2 ("R)
pr = 8 (l"‘L‘.QL ).’. 10N (24)

The ‘g, *1, and ?2 in equation 24 represents the constants in
the drag expression for the rotor blade profile at a Mach number
of 0.75/R/Ng. The *, term is zero when a symmetrical airfoil

is used.

Drag increases rapidly at high Mach number which results in an
increase in power required by the rotor. This compressibility
power is a function of the Mach number of the advancing blade
tip, the airfoil section of the tip, and the tnrust coefficient.
The Mach number of the tip of the advancing blade is given by
SR(1+.)/Vge If this number is below a critical value, the
compressibility power is zero. The critical value is determined
by evaluating Mcr at an ¢ of 3.5t./a for the blade tip airfoil
section, The 3.5t./a corresponds to the average angle of attack
of the rotor and t. = 2C1/7, the blade loading coefficient. If
the velocity of the tip 1s greater than the critical value, then
the amount above M., is determined by the equation:

_ ‘R(l+.)
M = —= - Mcr + 0.75t¢ (25)

s

299-099-557 18
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The compressibility power is then a function of the amount by
which the tip Mach number exceeds M., as calculated by:

oA(SvR)3
550

HP, = AM3 [0.0033 - £M(0.022-0.11/M)] (26)

Equation 26 is an empirical expression based on level flight
compressibility correction for an NACA 0012 airfoil.

The thrust coefficient also is used to compute the stall power.
The value of the thrust coefficient at which the power increases
due to the partially stalled rotor is referred to as the divergent
thrust coefficient ([tc] giy). If the thrust coefficient is less
than {tc]div. then the stall power is a function of the amount
the thrust coefficient exceeds the [t.]4jy as expressed by:

HPsTALL = [3“10(%‘ ltcldiv)] 32 (427D

The above expression is empirical and was determined by computing
the best fit to flight test stall power data reportedin Reference 4.

The last contribution to the power equation comes from considera-
tion of vertical velocity. This term can be expressed as:

_ VGV
v 5507

HPV (28)

If Vv > 0 then » = 0.85 and if Vv < 0 then ~ = 0.80.

The sum of the above components compose the total power required
to perform a specified maneuver. This power may be provided from
the engine, deceleration, sink rate, or any combination of these
sources. The first reported flight test data in terms of power
required to perform a maneuver can be found in Reference 4 for the
AH-1G helicopter. Correlation between power data calculated using
the closed form equation and the flight test data is shown in
Figure 11 for the AH-1G helicopter.

Power Equations - Compound Helicopter

Simulation of flight paths for compound helicopters is complicated
by the addition of auxiliary propulsion. Many different main
rotor collective settings and auxiliary propulsion combinations
may be used to obtain a trim flight condition. Other primary
differences in flight simulation between pure and compound
helicopters are in pitch attitude, use of auxiliary propulsion

to accelerate, and the change in normal acceleration with angle of

299-099-557 20
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FOR DIMENSIONAL DATA: AH-1G !
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Figure 11. Minimum Equivalent Power Required

in Maneuvering Flight for the
AH-1G Helicopter
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attack. The equations used below for a compound helicopter are
valid only for certain assumptions. However, this technique is
included as a guide for simulation of different compound

t helicopters.

Bell Helicopter Company computer program C81 (Reference 6) was
) used to obtain these data for a compound helicopter. The follow-
’ ing assumptions were imposed on the simulation of the compound
helicopter (Reference 1, Appendix A). For speeds less than 100
l knots, no auxiliary thrust was allowed to trim the math model in
level flight. At 100 knots, the collective pitc was set at 1l
degrees and the math model trimmed through the use of auxiliary
thrust as its speed increased. The auxiliary thrust schedule
i required by the math model to trim in level flight at speeds
greater than 100 knots was Jlixed. Specifically, variations in
i auxiliary thrust from that value required to trim at a speed are
: not allowed,

In the stundard helicopter, propulsive force is provided by
increasing collective and tilting the rotor forward to obtain
greater forward speed. For the compound helicopter, propulsive
force is provided by auxiliary thrust at speeds greater than 100
d ‘ knots since collective is not allowed to increase with speed.

1 Since an auxiliary thrust control is not available in the current

Air Force model, the propulsive force (auxiliary thrust) of the

P [ compound helicopter must be specified independent of any pilot
| control. The propulsive power term in the power equation is a
function of the equivalent flat plate drag area (f). By express-
ing the auxiliary thrust as an equivalent flat plate drag area
representing the propulsive force of the main rotor, an equiva-
lent flat plate area was determined for a specified speed. From
the above method, an equivalent flat plate drag variation with
speed was determined as presented in Figure 12.

The total power required for the compound helicopter is then the
sum of the individual power components as defined in equations
9, 10, 23, 24, 26, 27, and 28. The f-variation to be used

in equation 9 is shown in Figure 12. The limitations of this
technique should be realized and care exercised when simulating
a compound helicopter which varies auxiliary propulsion in a
different manner than assumed above.

The efficiency of the propeller (r - ) is assumed to be constant
and equal to 0.85. prop

The wing effectiveness in normal acceleration is considered below.
The normal force is approximated by

nGWw =T + Lw (29)

——

.- 299-099-557 22

2 i e Rk AL e B D i F



¢
i’ @ BELL HELICOPTER COMPANY
|
{, f SCHEDULE
_ v f
| 100 | 10.57
' 120 | 14.49 AUX_TIRUST
) 32 140 15.13 : N =
| 160 | 20.41 prop /-1
: oy 100 | 22.69 e
(<9 28 200 25.36 ]
| \ 220 | 25.53 =
L r N L
| g -
! }
(= 20 —— |
. s e
E H /V‘i?”{f - VARIATION WIT:! SPEED
= j 16 |— -~ !
PV h . _/V// | |
1 i g ’
12 s
s gk
= ;e
,‘ g 8 |~ [
| M
g > s LA DATA BASIS: REFERENCE 1, PAGE A-1l
! e 7
, B N
. / 4
0 —— f TO MATC!
~[«¥__ ROTOR POWER
-4 > . -
- - o - - _
-8
100 120 140 160 180 200

TRUE AIRSPEED - KT

Figure 12. Equivalent Flat Plate Drag Area Versus True Airspeed.
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Differentiating equation 15 with respect to fuselage angle of attack,
and using equation 16:

‘. dL,
¥ a-a—f-qAa

w W

i
1+ Rt% - %Ita"-l("’e‘)]

Assuming a fixed incidence wing and assuming V;{/V is a small angle,

(30)

: | .
oo ravi o (31)
i E - O.f W af
From equation 18 and 29
I ov,
T = TAY (32)
i. Equation 30 now becomes
N de ( ar/aaf
[. an =qAaa |l - W—) (33)
‘ ’ Differentiating equation 29 and substituting equation 33
' 3T/ 3¢
dn _ 178T f
; 33; - EW[Scé * QA A, ( " "TAq )] (34)
i

T e first term of equation 34 represents the increase in thrust,
a.d the last term represents the decrement of wing lift caused by
increased rotor induced velocity,

From linear theory, the rotor thrust change with angle of attack
at a constant collective pitch is

% = %&[m(rn)z] (35)

If collective pitch is reduced in high g maneuvers, a greater
change in angle of attack will be required for the same g load
than if the collective pitch is fixed. This is one way the
division of lift between the wing and the rotor in maneuvering
flight may be controlled.

Substituting equation 35 into 33 and using twice the dV{/dT deriva-
tive (which assumes fully-developed rotor wake on the wing), the
wing contribution becomes

dLW ca )

T - Ml -5 (36)

299-099-557 24
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The term in parentheses may be thought of as the wing's '"'g-
effectiveness' which is zero if u = ~a/4, and becomes increasingly
] positive at higher speeds. Since a is typically about 2-, if
i. ~ = 0.065, the zero lift value of p is 0.102, which corresponds
to a speed of about 45 knots. At this low speed the small angle
assumption (equation 17) is imprecise enough that an exact
solution of equation 17 demands the use of tan-l (Vi/V). The
g-effectiveness of the wing would be 0.75 at 180 knots and only
0.5 at 135 knots. Thus it is apparent that a wing is effective
in maneuvering flight only at high forward speeds.

Acceleration and Deceleration

Level acceleration and level deceleration are integral components l
of the maneuver capability of a helicopter. The prediction of
deceleration is important in determining the amount of power
which can be gained to perform a transient maneuver.
{
|

: The time to accelerate from V] to V3 is determined by the specific
é excess power, Pg, and the speed, V, as follows:
; Vo .

A1

o

‘. where ~ is an efficiency factor. This equation is obtained
from elemental power and force, F, relations

F

o 4V
dt

1

dv ‘
P F'V = mV T i
Since power available has an important effect on acceleration
time, care must be taken in specifying the power applied versus
time when correlating with flight test data. Level acceleration
data for the AH-1G helicopter can be found in Reference 7. A
comparison of predicted and measured data for a level accelera-
tion from 4O to 100 knots is shown in Figure 13. The horsepower
. applied versus time used was taken from a representative time
nistory in the above report. An efficiency of 1.0 was used.

ok Sk eadiam e, i S e e diel

» During deceleration, it is assumed that all the power required
to sustain level flight is used to generate a decelerative force.
- In other words the power supplied by the engine to the rotor is
a4 fL i zero and the rotor is autorotating. The time to decelerate from
" V2 to V] is

299 -099-557 25
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- f e w
n req
V2

where » is an efficiency factor. An efficiency (v) of 0.8 is
used to allow the pilot a rotor overspeed margin A comparison
of predicted and measured data for a level deceleration from 113
knots to 40 knots for the AH-1G helicopter is shown in Figure 14.
The measured data can be found in Reference 7. It should be
noted that these data re for zero sideslip and higher decelera-
tion can actually be obtained Ly sideslipping.

For simulating flight paths, the amount of excess power available
determines the acceleration as follows

. rgP
o =S
If this horsepower required is greater than the horsepower i

available (P 1is negative) then the above equation will predict
the corresponging deceleration. Proper attention should be
given to the efficiency factor (r) of 1 for acceleration and
0.80 for deceleration, The limitation of equation 39 is that

as V approaches zero V becomes infinite. This is discussed
further on page 76.

Alpha Equation - Pure Helicopter

The angle of attack is needed for survivability and terrain
following studies. A closed form expression for the angle of
attack variation with velocity and g-level has been determined
by empirical techniques which use the angles of attack computed
by C8lL as target values. The equation is:

8.643[2.&78(n-1)2 + 10.“22(n-1)]—41235%:;

(V)"

0.8V ;
[£o 5y (akad |
17.639V [ap - tan <—V—> - 1.5

-1

. ;
- S1ln
o+ o)

The first term of equation 40 represents the change in a caused
by normal acceleration with correction for altitude, velocity,
gross weight, and drag. The second term represents the variation
in angle of attack with velocity in one-g level flight. The
third term accounts for the change in a for climb (positive) and
descent (negative). The last term represents the change in a for
a pilot—induced acceleration or deceleration. It should be

(94
1

(40)

299-099-557 27
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emphasized that this term is zero if the acceleration or decelera-

tion is not pilot induced. A flight condition where this occurs

' is when the horsepower required is greater than the maximum

‘. horsepower available. This change in ¢ results from the differ-
ence of applying the force for acceleration or deceleration at

i the center of gravity or at the rotor hub (pilot induced).

The constants in the angle of attack expression were determined
to best fit the data computed by the C81 computer program (Ref-
erence 6) for the AH-1G helicopter. An example of the correla-
tion between angle of attack data calculated using the equation
and the C8l data is shown in Figure 15. It is recognized that
the coefficients of equation 40 are for a specific helicopter,
but may be used for different helicopters since most helicopters
have similar attitude variations with the parameters in the
equation. If angle of attack data are available from flight
i, test for a specified helicopter, then the coefficients of
equation 40 can be modified to give a better fit while retain-
ing the basic form of the alpha equation.

Alpha Equation - Compound Helicopter

A closed form expression for the angle of attack variation with
velocity and g level has been determined by empirical techniques
which use the angles of attack computed by C8l (Reference 6) as
target values. This equation applies only to the compound
helicopter specified in Reference 1, Appendix A, but represents
the basic form of the alpha equation for a pure helicopter with
different coefficients. This equation is presented only as a
guide for simulating a compound helicopter., The equation is

JE G
a = 11.5671 [O.8667(n-l)2 " 6.8717(n-1)]——°—1—6
(-'v)"

pE, -1 0.8vv
- 10.8159V -G-w—+2.5778-tan 7 + /.af 4l)

For speeds less than 100 knots, /c_. from pilot-induced
acceleration or deceleration is as follows:

-1 v

ba = - sin (L42)
£ AL
ng L+ (m)
For speeds greater than 100 knots, fag from pilot-induced
acceleration or deceleration is as follows:
LT v
to, = aux o T pro (43)
2 aux aux
09z 9

299-099-557 29

B P T T C—— N e



l @ BELL HELICOPTER cOMPANY

4 :
o EEE \ T T o |
A _ ——ctl
12 - ——CLOSED-FORM EQUATION ]
, & DATA BASIS: REFERENCE 1, PAGE 17
‘ 10 1.8 ¢ e
E e = I
E \
) o El—— l.6 ¢ [
A \ 1\\\
' 4 W,
X \
| :
{ E 2 I— 5 \
<
& i
0
X w Y
! § 1.2 g\ N\N\
. < -2 N
g -4 \ \{k - k{‘-. =
7 1.0 g \\ ~<b
E -6 - . I -
—— "}
s
4 .8 _ ""'>
& O 80— — X
— =
B == =1 _h)%.....__
- Sne—— =~
0.6 g | T —
-12 [ g s
f
0.4 g b
-14
60 80 100 120 140
2 TRUE AIRSPEED - KT

q 8 i
Moo, b Figure 15. Fuselage Angle of Attack Versus True

v Airspeed for Symmetrical Pullups and
- Pushovers at 7500 Pounds and Sea Level.

1 299-099-557 30




’ )
i BELL HELICOPTER cOMPANY
1.

The effect of the change of angle of attack on auxiliary thrust
can be expressed as follows:

e 0T ux 1.1222 1.132

~22X = 0.0046224(n) 0.u426

+1.52446(n) V +337.4(n) (44) |

| The above equation is based on data computed by C81 (Reference 6). .f
r A transition between Adg, and dag, (equations 42 and 43) is provided .

to avoid a discontinuity between the bag, for pure helicopter and

the Aaf2 for compound helicopter. The equation for transition is |

as follows:

(. te, = [1 - 0.05 (V-135.04)] ro. + (0.05)(V-135.04)rc (45)
£ 8 B

The above equation is valid between 80 and 100 knots only. The
limitations of the above equation should be realized and care

‘ exercised in using the equation for simulating a compound

i helicopter different from the one in Reference 1, Appendix A.

’ However, the above technique can be made to simulate different ;
compound helicopters if a small amount of C81 data which repre-

¥ { sent the specified compound helicopter is available. The
‘ i technique is still useful even though it requires some dependence
ke on C8L or flight test data.

Maneuverability Limits

The g-capability of a fixed-wing aircraft in maneuvering flight
! is usually determined by consideration of structural, aerodynamic,
: and power limitations. The same limitations apply to a heli-
copter, in a slightly different manner., The structural limita- 1
tion for the helicopter is primarily determined by vibration and
" fatigue life of rotor system components. The resulting limit is
referred to as the Ving speed (never-exceed velocity).

The aerodynamic limits for the helicopter are not as straight-
forward as those for a fixed-wing aircraft. Once stall is
encountered in a fixed-wing aircraft, lift no longer increases
with increasing angle of attack. Stall is not as well defined
in a helicopter as in a fixed-wing aircraft. Blade stall is
encountered on some parts of the rotor while other parts will not i
be stalled. Because stall has different effects on different

n rotor systems, the ''stall limit" can vary widely among rotor- :
craft. An attempt was made to define the "stall limit" for the

- different rotor systems based on data available from published
literature.

The data for each rotor system are reduced to a rotor blade

loading coefficient (t.) versus advance ratio (u) curve. This

coefficient is calculated by dividing rotor thrust (which is

approximately equal to the load factor times the weight) by the |
blade area (bsR) and the average dynamic pressure at the blade !
tip 0.5P (TR)“:

i

. i
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t i. 2C
| t, = noh = .l (46)

| : ©  0.5%(°R)® (bcR)  °

A brief discussion of the effect of the type of rotor system on
the thrust load limit follows.

Systems that use moveable control surfaces on the main rotor

blade are susceptible to partial loss of control and blade
torsional instabilities when producing high thrust. A single

Hp rotor helicopter which uses this type of system is the HH-2C,
Based on data from Reference 8, blade stall may be encountered

if the to-p curve indicated in Figure 16 is exceeded. Intentional
approaches to or inducement of retreating blade stall is a
prohibited maneuver as stated in the flight manual.

; Fully articulated rotors exhibit large flappiung and lead-lag
. blade motion and are susceptible to blade torsional instabilities
(Reference 9) when subjected to high thrust. Several helicop-
ters use this type of rotor system. For the CH-3C helicopter,
blade stall may be encountered if the t¢-. curve shown in Figure
17 is exceeded based on data taken from Reference 10. The flight
: manual states that control difficulties will arise if the stall
il is allowed to fully develop. For the CH-53 A/D helicopter, the
: tc-: curve shown in Figure 18 represents the flight condition
where stall may be encountered based on data of Reference 11.
However, the primary indication of blade stall is shown on a
cruise guide indicator. These values indicate the degree of
acceptable vibration that will sustain component service life.
The OH-6A helicopter uses this type of system also. The t -u
N curve is shown in Figure 19 for blade stall on the OH-6A helicop-
;i ter based on data from Reference 12. The above data which were
taken from respective flight manuals are assumed to be
representative data of the particular type of rotor system.
However, it is recognized that the data may be conservative.

Y
»
-

[ ] The thrust load limit of hingeless rotor systems has not been
. very well defined because of limited flight test experience. To
i date, the limit that is most often encountered is a structural

i load limit in some component of the rotor system,

Teetering rotor systems may induce a vibratory response of the
fuselage at high thrust. These systems rely on a rotor-pylon
isolation system to minimize this vibration and show a high
tolerance for blade stall. The maximum thrust achieved for the
AH-1J helicopter expressed in terms of t. versus u is presented
in Figure 20 (References 13 and 14). The stall alleviating 4
effects of pitch rate (Reference 15) minimize the oscillatory
thrust excitation especially for rotors with high flapping

- inertia. Thus, vibration has been shown by flight test to
. i decrease with increased normal acceleration at advance ratios
4 e above 0.3 (Reference 16). !
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Figure 16. Rotor Thrust Limits for
HH-2C Helicopter ]
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Figure 17. Rotor Thrust Limits for 1
CH-3C Helicopter
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Figure 18. Rotor Thrust Limits for
CH-53A Helicopter
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Figure 19. Rotor Thrust Limits for
OH-6A Helicopter
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Figure 20. Rotor Thrust Capability
for AH-1G6/J Helicopter
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The above data on the different types of rotor systems indicate
the average blade loading which should not be exceeded for the
various reasons stated above. A t.-u curve can be used as a
basis for comparison of the transient g-capability of different
rotors and helicopters by taking the ratio of maximum t., for
the speed and type of rotor, to the t. in one-g flight at the
altitude of interest,

Simplified Maximum Thrust Model

The above data indicate that the thrust limitations of different

rotor systems are based on considerations of vibration, control-

i | lability, and fatigue life. 1In the event that flight test data

; i. are not available to identify this limit, a method is needed to
give a reasonable approximation, An aerodynamically limited

1 value of thrust coefficient (tc) at different advance ratios (u)

{ can be computed if the variation of maximum lift coefficient with
Mach number for the blade section is known. The mathematical

. model for this computation is illustrated in Figure 21. 1In the

! reverse flow region, zero rotor lift is assumed. In the retreat-

d ing blade region, the bhlade sections are assumed to be at the
maximum lift coefficiert for the local Mach number. The lift in
the advancing blade region is computed using the maximum lift
coefficient out to the blade station at which the resulting lift
moments of the advancing and retreating blades are equal and

1 opposite. The lift is assumed to be zero outboard of that

station. The effect of pitch rate on the rotor is accounted for

by increasing the pitching moment which the rotor must balance.

This causes a reduction of stall on the retreating blade and an

increase of thrust on the advancing blade.

The results of this simplified mathematical representation are
: shown in Figures 22 and 23 for the AH-1J helicopter and the CH-3C
d helicopter. The results of this model are not satisfactory for
predicting the maximum thrust for a teetering rotor system such
as used by the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>