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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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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

S TR | [—



@ BELL HELICOPTER comPaNy

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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| -~ =CLOSED-FORM EQUATION ( INCLUDES O V=120 Kr
] 15000 | 1us CALCULATED BY CLOSED-FORM| __ V=140 KT
. EQUATION ALSD) e V=160 KT
] I. I I i I D‘ uzliiﬂ KT
; yhgop [AEA BARIS: REFIRENCE .l.LP‘f"GE; 18 . S v=200 K
il ,/3 12477 ¥ v=220 xr
P o
. 13000 ?"':_,/,._.-_"' P
i r/f::" /:d-'
12000 ,_-—"’!__,_-e"' SR R r‘_,——'
:' 17-:-’:‘:__-- -r{fﬂ
11000 - ﬁ,,,; e
i = )‘/ vl
1““"“% B — L/ g
- r '-] #’
: ] ' -~ / ;
8000
P > 7 I
j A /47 @
j © 7000 = .
6000 ' A
%ﬂ
: 5000 = l——
"!M 3‘:' e
5 4000 |omzst= Mrfs&
-nl"’"ﬂ'.
3000 e POWER DIVERGENCE - WING LIFT —
=" | 1S INSIGNTFICANT FACTOR AFTER
POWER DIVERGENCE OCCURS
2000 ' : ' '
1.0 1.2 1.4 1.6 1.8 2.0
NORMAL ACCELERATION - g's
i, };
© Mk Figure 10. Wing Lift Versus Normal Acceleration
. at 17000 Pounds and Sea Level.
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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

bl




@ BELL HELICOPTER commany

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
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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
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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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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 AH-1J., For the articulated rotor, a higher thrust
was predicted than was obtained. Several explanations can be
offered for the lack of correlation. One such explanation is
that two-dimensional Cp-Mach numbers were used. Another reason
is that the articulated rotor is limited by other problems
before reaching its maximum thrust capacity. Unsteady aerodynamic
effects are known to increase the attainable maximum lift
coefficient of an airfoil. The conditions under which this
occurs, i.e., high rate of change of angle of attack, do occur
on the rotor but are not considered in this simplified model.
A derivation of the equations used in the simplified math model
can be found in Appendix B along with a copy of the computer

program,
w4
5
i
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Simplified Analytical Model
for CH-3C Helicopter
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DETERMINATION OF INPUT COEFFICIENTS

The power equations were developed specifically for predicting the
total power required for the AH-1G helicopter. However, these
equations are capable of predicting the total power required for
different single-main-rotor helicopters within the accuracy
required for flight path simulation. A set of input coefficients
can be determined from the helicopter's speed-power data at
different gross weights and from certain physical parameters

of the helicopter. Below is a discussion and example of a

method to determine the input coefficients for the power equatims.

Sensitivity of Parameters

The limitations of the power equations in representing compli-
cated rotor aerodynamics for different rotor systems should be
appreciated. In scme cases, the equations may not be capable of
representing the flight test data. In general, the correlation
between flight test data and computed data is good. The follow-
ing method is only a tool to arrive at an initial starting

point. Care must be exercised in choice of the input coefficient
if the values from the INPUT program are not reasonable. By
making small changes in the input data, correlation with flight
test data can be improved.

In order to make the necessary changes in the input data, the
influence of each parameter on the power curvc must be understood.
A discussion of eachof the input parameters is given below. The
AH-1G helicopter parameters are used in the graphic representa-
tions.

1. Equivalent Flat-Plate Drag (f): This parameter represents
the contribution of the fuselage, wing, elevator, fin, and rotor
hub to the parasite drag term. The change in horsepower with
speed and f is presented in Figure 24. For example, by increas-
ing £ by 5 square feet, the horsepower curve can be increased by
142 at 140 knots to match flight test data while increasing the
horsepower at 60 knots by only 10.

2. Constant Term in Rotor Blade Drag Equation: ¢, is the con-
stant in the drag equation Cp = 8y + &pa¢. This term accounts for
the profile drag of the rotor blade at zero angle of attack.
Increases in &, primarily result in a constant shift of the

power curve. However, the effect of speed on &, is also

important and is presented in Figure 25. 1If the calculated

power differs from the flight test data by an approximately
constant value, then a change in &, would improve correlation.

3. Angle of Attack Term in Rotor Blade Drag Equation: &g is
the angle of attack coefficient in the drag equation Cp=&,+&pa2.
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This term accounts for the profile drag of the rotor blade with
angle of attack. The speed effect on is presented in Figure
26. The difference in power between dlgferent gross weights in
hover comes from the contribution of 6; and changes in induced
power. If the calculated power between two different gross
weights differs from flight test data, then a change in 0, would
improve correlation.

4. Rotor Induced Velocity: The variation of induced velocity

with airspeed is presented in Figure 27. A weighting factor is

used to increase the rotor induced velocity at low airspeeds

to improve correlation with measured data. Usually this factor

is equal to one above a speed of 60 knots. This factor varies

with airspeed and is valid for several single rotor helicopters. |

5. Compressibility Critical Mach Number: Decreases in critical

Mach number result in increased power required at high speeds ]
as shown in Figure 28. Choice of the two-dimensional critical
Mach number for a given blade section may be a good initial
value, but the final value may differ as a result of not knowing
the lift coefficient at which the blade is operating and not
knowing the rotor's aerodynamic environment. If the calculated
power does not increase as rapidly as the flight test data and
the tip Mach number is high, then decreasing the critical Mach
number will result in improved correlation.

6. Stall: The prediction of stall actually requires a very
sophisticated analysis which calculates the angle of attack at
each radial and azimuth station. The method for predicti

stall in these power equations is empirical and is a function of
a divergent value of t. versus .. The amount of stall for a
given flight condition depends on the amount by which the criti-
cal value of t. is exceeded. Therefore, the critical question
becomes the determination of this divergent t. versus | curve
for each hellcopter From the flight test data, stall is usually
seen as a rapid rise in power required at high speed. If the
tip Mach number is not high and the flight test data increases
suddenly at hlgh speeds, then lowerlng the divergent t, versus

b curve would improve correlation. The increase of stall horse-
power is a function of the amount t. exceeds the divergent value
of t. as presented in Figure 29. The divergent t. versus
curve for the AH-1G helicopter is

t = .1 + a

c -
div V1 + sou? (47)

Very recent data have indicated that blade flapping inertia
significantly affects the divergent t. versus p curve. This
effect should be investigated further.
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Methodology

The INPUT program approximates the coefficients to the power
required equations based on the given power required versus air-
speed data. The correlation between predicted and actual values

of power is given in terms of percent error. The calculated
coefficient may be refined further by the user to improve corre-
lation. It is the intent of this program to only approximate these
values while the final coefficients are determined by the user.

A flow diagram of the logic used for this program is presented
in Figure 30. A copy of this program is in Appendix C. The
required data for the program are: (1) Power required versus
airspeed for two different gross weights at the same altitude,
density, and rotor rpm; (2) hover power required out of ground
effect for the same conditions in (1); and (3) physical param-
eters of the helicopter: rotor radius, rotor chord, number of
blades, rotor tip speed, and estimated value of equivalent flat
plate drag area.

Power data at three speeds and two weights are required for the
actual computation of the input coefficients. These are hover,
minimum power, and maximum speed desired. At each of these
speeds a residual power is computed. This power results from
the subtraction of each component of the power equation as they
are determined from the total power. The remaining power repre-
sents the contributions of the components not yet determined.
First, the induced power is calculated and subtracted from the
total power for both gross weights. Now the difference in power
at hover between the two gross weights is due to the 65 power
term. Knowing this difference, ¢t is computed. The contribution
of ty to power is now subtracted from the residual power term.
Next the values of stall power are calculated and subtracted
from the residual power term. At Vmpy, the difference in power
(4HP) between the two gross weights will ref lect the amount of
compressibility power through the AM calculation which is a
functionof t¢, (iM = Mprp - Mor. *+ .75 tc). Now a slope of
SHP/(IMy - LMp) is computed where 1 and 2 refer to the gross
weights. Then values of M., are swept until the value of

(HP .9 - HP.1)/(&My - (M}) 1s equal to the computed value of
LHP?%LMZ - &Ml). Knowing the value of M.,, the compressibility
power is calculated and subtracted from the residual power term.

The value of ¢, is determined from consideration of the residual
power at V.. power speed for the lighter gross weight.

The power required by the input value of drag area is subtracted
from the residual power at the speed for minimum power for the
lighter gross weight. At VMpx, the power required by &6y is
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Figure 30. Flow Diagram for Input Coefficient

Program
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subtracted from the residual power term leaving the power
required for £. The equivalent drag is calculated from this
power. Finally the total power required is calculated based on
the computed coefficients and compared to the input value of
horsepower.

Items of importance to note when usi the above method are
discussed below. The value of the weighting factor used for the
induced velocity strongly affects the value of ¢5. If the values
of {7 are unreasonable, then the weighting factor K3 is probably
incorrect. Some typical values of K3 are given in Figure 31 for
different helicopters. The method by which these values are
chosen follows.

First, the power is computed for hover using standard values of
input coefficients such as the ones for the AH-1G helicopter. ‘
Then the value of K3 is increased until correlation is improved. .
However, reasonable values of &y, 065, and M., must be used. 1
This factor is used to increase the induced velocity to improve

power correlation in the low speed range and account for download
on the fuselage in hover.

Also some modification is required in the angle of attack
expression for the different helicopters. This change yields
improved correlation while maintaining reasonable values of

6o and &;. The average angle of attack of the rotor is approxi-

7
mated by (7;?). However, for the CH-BCQ%nd CH-53 helicopters,
better results were achieved by using ZI) . 1In the input

ca
coefficient program, the ahgle of attack is approximated by
(S
ca
in Figure 31.

). Values of K6 for the various helicopters are presented

The only parameter not directly determined by the INPUT program
is the amount of stall power. The user must input the divergent
t. versus . curve. The value of f is influenced by the amount
og stall power. For example, if a small amount of stall power
is calculated at Vppyx, the program will calculate a large value
of £ to match the power at that point. This f results in too
much power in the immediate speed range and the percent error
will be large. By increasing the amount of stall power, the new
f will decrease and result in improved correlation.

To aid the user in determining the proper divergent t. versus p
curve, data from Reference 18 are presented in terms of a t.
versus p curve in Figure 32. This data approximates the t. value
at which stall is encountered. This region is bounded by the
lower line for light stall (a = 12 degrees) and the upper line
(o = 16 degrees) for heavy stall. The divergent t. versus p
curve from Equation 47 is also shown.
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HELICOPTER | Ky * Kg**
AH-1G 2.14 7
UH-1H 2.30 7
CH-3C 2.50 9
CH-53 2.50 9
OH-6A 2.14 7
OH-58A 2.14 7

Figure 31. 1Typical Values of K3 and
Ke for Various Helicopters
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Results

Several current operational helicopters were considered in the
evaluation of the equations. The necessary physical parameters
for these helicopters are given in Table I. A set of input
coefficients for these helicopters is presented in Table II. !

A comparison between predicted data and flight test data for {
the various helicopters is presented in Figures 33 through 38. :
The predicted data used the coefficients presented in Table II.

This comparison was made using representative level flight

performance for the different helicopters. Based on the flight

test data used, the equations yield satisfactory results for use

in simulating flight paths of these helicopters.

Example Problem

The AH-1G helicopter is used to demonstrate the above methodology.
A sample input/output of the input coefficient program (Appendix
C) is presented in Figure 39. Power required versus airspeed

is usually presented as shown in Figure 36 or Figure 38. 1If

the data do not extend to include hover, then hovering out-of-
ground-effect power data are needed as is the case in Figure 36.
The data of Figure 36 can be reduced to dimensional terms using
the following equations:

= GW
Cp = —2—y (48)

PA(SR)?

HP 550

C ——
pA(ZR)

p - (49)

io= g‘s’R- (50)

From Figure 38, thc power required data for the AH-1G helicopter
for two differ-nt gross weights can be obtained. It should be
noted that the power data at different gross weights must be at
thebsame flight conditions, i.e., rotor rpm, density, and Mach
number .

The order in which the power required data are input is important.
A one-to-one correspondence must exist between the power required
and velocity. In addition, the first point must always be the
hover point, while the second point is the power required at the
velocity for minimum power required. The input value of m deter~-
mines which input velocity (vo) is Vypyx. In the example, m =7
means VMAX = 150 knots, m = 6 would mean VMAX = 140 knots, etc.
Intermediate velocities are used to give insight into the degree
of correlation obtained.
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Helicopter|Configuration| £ s & 6, M
‘ AH-1G Hog 19.5 .0075 0 1 .75
i OH-6A Clean 6 .0075 0 .59 75
El UH-1H Clean 20 .0075 0 .59 77
[ OH-58A Clean 9.7 .0075 0 .59 .75
E CH-3C Clean 35 .0075 0 .59 .75
: CH-53A Clean 60 .0085 0 .59 .75
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Table II1. Input Coefficients for Various
Helicopters
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The physical dimensions required (Table I) are rotor radius
(feet), rotor chord (feet), number of blades, rotor tip speed
(feet per second), K3 and Kg. Also required are altitude (feet)

‘ and temperature (degree Centigrade) for the given data. The
lower gross weight and the upper gross weight are the final data
required.

The input data are compared with the computed data using the values
of f, tg, L1, and M.p determined in the program. The actual
error and percent error are printed for each speed power polar
at both gross weights. The values of £, tg, &3, and Mqp
determined in the program and used to compute horsepower required
are printed as can be seen in Figure 39.

The sensitivity of each of the parameters as related to magnitude
can be seen in Figures 24 through 28. Some variation from the
computed values may be used with little change in the power
required. This is the reason for the differences in the values ¥
of Table II for the AH-1G and the value calculated by the INPUT
coefficient program. Also it should be understood that a set
of coefficients do not define a unique solution, i.e., there
could be several sets of coefficients which could result in
approximately the same degree of correlation.
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APPLICATIONS

Terrain Following

The equations developed above can be integrated into a terrain
following model to generate an accurate flight profile. An
example of such a terrain following model can be found in
Reference 25. 1In this model, the aircraft's terrain following
ability can be investigated as a function of (1) the aircraft's
characteristics, (2) terrain following subsystem, (3) load
tactor limits, (4) command clearance altitude, (5) command speed,
(6) terrain type, and other operational parameters. The pilot
logic was developed from an energy viewpoint alcong with some
logical decisions about how the pilot flies the helicopter. The
pilot logic is shown in Figure 40. The helicopter will always
be in one of the six areas of speed and power illustrated in
Figure 40. Equation 1 (Figure 40) was derived from F = mV and

P = F:-V relationships. It is used to determine the linear
acceleration (or deceleration). The difference between the
required and set power determine /P. Equation 2 (Figure 40)
shows the use of the weighting function. This function attempts
to recognize that pilots do not correct in the same way for both
large and small deviations from the command speed. The weighting
function is compared to unity before use in equation 2, and

the smaller value is used. An example of the flight profile

generated from this terrain following model is shown in Figure
4.

Decelerating Turns

The question of penetration distance and time to execute a 180-
degree turn at constant altitude are frequently used in compari-
son of different helicopters. The following methodology was
developed for prediction of distance and time for a decelerating
turn.

The pilot can choose to decelerate at constant altitude in order
to supply additional power for a high-g turn. The time history
of the flight path must be constructed of a series of circular
arcs since speed, radius, and g-level are varying throughout the
turn. The procedure is described below.

(1) Determine the variation with speed of the maximum
transient thrust capability of the rotor (see
Maneuwerability Limits). Divide this by the weight
to get the V-n curve. This maximum thrust capability
may be limited by rotor instabilities like flutter or
weaving, or by loads, vibration, or stall -- depending
on the specific rotor system.

(2) Determine the power requ:red at the maximum rotor
thrust using the power equations.

299-099-557 66



|
;

TS T T

R T

PWR REQUIRED \
|
DECELERATE : DECELERATE
(1) ! (1)
|
|
MAXIMWM | IS S S
AVALLABLE™ ACCELERATE I DECELERATE
(2) : (2)
|
|
MINIMUM _l _
DESIRABLE™ ACCELERATE l ACCELERATE
(1) &P < MIN DES | (1)
(2) 4P > MIN DES |
)
|
]
COMMAND
. _ LP
(1) v = =
2
* _ AP s vcom
(2) v = ] v
tol

Figure 40.

299-099-557

@ BELL HELICOPTER company

Pilot Logic for Terrain Following Model.
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Computed Performance
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{3) Determine how deceleration varies with speed using
equation 39,

(4) Seclect the time interval to be used, One second is
usually sufficient,

(5) Determine the average deccleration for the first time
interval. Then compute the average speed and determine
the radius of turn from

R = vl i201)

(6) The amount ot arc traversed in the first time interval
is given by d./dt = V/R for a /t of one second. If
computed instcad ot graphically constructed, the
penetration distance is calculated as follows:

. = . o : ’
penetration distance Vt cos ("heudlng Change) t

(7) For the next time point the entry speed is the exit
speed of the first time intervial. Return to (5) and
continue until the desired heading change is achieved.

An example of a 180-degree decelerating turn is shown in Figure
42. A comparison of predicted data using the above procedure
and measured data from Reference 7 for the AH-1G helicopter is
presented in Figure 42. Entry airspeed for the above example
was 159 knots.

Low Speed Mancuvering

The helicopter has a capability of accelerating in any direction
from hovering flight. This can be used to increase the surviva-
bility at very low speeds since changing the direction and
magnitude of flight path acceleration complicates the ground
gunner's problem. Using the methodology from preceding sections
and observing physical laws, a method (Reference 26) for deter-
mining the capability of the helicopter to accelerate both
vertically and horizontally at the same time is presented. In high
speed flight at moderate altitudes, maximum zZ-capability can be
used since the power required can be supplied by loss of energy
(altitude or airspeed). However, rotor maximum g-capability
cannot be used effectively in low speed flight since kinetic,
potential and rotor energy levels are low and nearly constant.
Theretore, low speed maneuvers are done at constant power.
Horizontal acceleration is most cfficiently done by tilting the
rotor thrust vector so that the horizontal component acts to
accelerate the helicopter as illustrated in Figure 43, The main
rotor thrust must be increased to maintain altitude. This
requires an excess of power above that required to hover and is
the means by which excess power is converted to accelerative
force.
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1.18 g 1.0 g

Figure 43. Thrust Vectoring for Linear Acceleration.
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The power required by a typical high-performance helicopter

in forward flight is illustrated in Figure 44, The effects of
normal acceleration on power are iudicated by the lines of con-
stant g. The pilot may elect to use the normal acceleration
capability to accelerate vertically (increase rate of climb or
arrest rate of descent) or to accelerate parallel to the ground
while maintaining a l-g vertical component of the thrust vector.
The power-limited g-capability may be determined from the data of
Figure 44 by noting the g- cap&bxlxtv at each speed at a constant
power level. Turning flight requires acceleration normal to

the flight path and the power required that is associated with
producing increased thrust. Level flight acceleration.requires
power (equation 39). Thus, the maximum acceleration, V, is
determined by the excess power available and the velocity. It
should be noted that the predicted, V tends to infinity as V tends
to O which is a limitation of the v equation. A graphical
presentation of the V equation is given in Figure 45 for a
helicopter of 12,500 pounds gross weight.

The preceding discussion has assumed that there is no gain or
loss of altitude (potential energy). The power required to

climb is given by equation 28. To account for climb and descent
effects, the power computed by equation 28 is ndded to (descent)
or subtracted from (climb) the maximum power available. A
horizontal line is drawn across Figure 44 at the new power avail-
able and the corresponding acceleration capabilities are
determined as before. For example, a 10 ft/sec rate of climb
would require 267.4 horsepower for the example helicopter. The
maximum power available then would be 1830 - 267.4 = 1562.6
horsepower. The normal acceleration in hover would then decrease
from 1.18 to about 1.05 in a 600 ft/min vertical climb.

The power-limited linear (flight path) acceleration at a specified
value of normal acceleration can be determined from the data of
Figures 44 and 45. For example, if the helicopter is banked 45°,
sustaining 1.41% g in level flight, the power required at 60 knots
is 1110 horsepower from Figure 44. This gives an excess of

720 horsepower which may be used to increase flight path velocity.
Entering Figure 45 with 720 horsepower at 60 knots gives about
0.31 g (5.9 %t/sec) linear acceleration. This normal and linear
acceleratior is approximately correct except that the vector sum
of 1.414%4 and 0.31 is 1.447. Since the power required data of
Figure 44 refers to the total thrust produced, the vector sum of
the normal and linear acceleration must be used to obtain the
power required. This involves reentering Figure 44 at the higher
normal acceleration (1.447) and obtaining the power required.
Figure 45 then shows a linear acceleration attainable of 0.29.
This iterative process continues until accelerations are deter-
mined which are compatible with power and vector summation
constraints. Figure 46 is a combination of Figures 44 and 45
which indicates the approximate combined acceleration capability
if the vector sum is not included.
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To determine accurately the combined acceleration capability,
the data of Figure 46 are replotted in Figure 47 at speeds of
interest. The curves starting at the 1.0, 1.2, 1.4 and 1.6 g
values of n are constructed from the geometric relationships of
a right triangle as indicated. The values of n, and n at

the points where the parabolas intersect the speed lines obtained
from Figure 46 satisfy both power an? geometric constraints.

For example, from Figure 46 the indicated linear acceleration
capability in level flight (n=1.0) at 30 knots is 0.74g. This
is point A on Figure 47. The rest of the 30-knot line of Figure
47 is determined by reading corresponding values of n and n,
(linear acceleration) from Figure 46 along the vertical 30-Lnot
line. Where the 30-knot line intersects the geometric curves
previously described, both power and geometric constraints are
satisfied. Point B on Figure 47 indicates a level flight
acceleration of 0.56 g at 30 knots. The normal and linear
acceleration capability for the example helicopter is given in
Figure 48.

In hovering flight the above method fails since the linear
acceleration equation is infinite. The maneuvering limits near
hover are determined by the horizontal and vertical acceleration
which results from directing a thrust vector of constant length,
1.18 g for the example case. The magnitude of this thrust is
determined by power available as indicated in Figure 44. The
result is a circular arc with a radius equal to the g capability
with V = 0. The above combined acceleration capability is
graphically portrayed in Figure 49 for low speed flight. Figure
50 is a similar presentation which shows data from hover to
maximum speed. The kinetic energy available at high speeds
enables considerably higher g-levels to be sustained for short
periods to make rapid changes in the flight path. The power
required for these maneuvers is provided by loss of speed
(kinetic energy) during the maneuver. Altitude (potential
energy) can be lost to gain power for maneuvering at g-levels
outside the envelope indicated in Figure 50.

At this time, no flight test data are available to validate this
theory.

Survivability

Survivability studies require some tvpe of flight path deter-
mination. The impact of the accuracy of these trajectories
varies depending on the survivability model itself. This
simplified method for determination of flight trajectories offers
accurate representation of the flight path trajectories for
minimum computer run time and computer storage space.
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Flight Test

The evaluation of the maneuver capability of a helicopter in
flight test often results in data which reflect pilot technique
more than the actual capability of the helicopter. From
Reference 4, return-to-target maneuvers were performed by three
different pilots using the AH-1G helicopter. A standard devia-
tion of 1.01 seconds was calculated for level turns. From a
statistical viewpoint, this is a very large scatter band. The
large variations observed in the test results degrade precise
guantitative comparisons of maneuvering performance. If one is
faced with comparing the maneuver capability of two different
helicopters, the influence of pilot technique may reduce or
augment the helicopter's performance. For this reason, a method
is needed for the evaluator to compare maneuver capability of
different helicopters independent of pilot technique. The
analytical methods to predict acceleration, deceleration, and
turning performance are presented in the preceding sections.
These parameters, combined with conventional performance
parameters, define the total performance capability of the
helicopter. Almost all maneuvers are corbinations of one or more
of the above basic maneuvers, and energy met hods may be used to
combine these basic maneuvers. The total performance capability
of different helicopters may be quickly compared by the overlay
of the energy diagram such as Figures 3 and 4. 1In addition,
since power required at different altitudes is calculated by the
power equations for the energy diagram, the fuel flow can be
determined depending on the engine. Then a chart of specific
range and endurance may be constructed as a function of altitude
and airspeed as shown in Reference 27. To properly consider
differences in gross weights and loading conditions with differ-
ent helicopters, it would appear reasonable to compare total
performance at a gross weight where both contigurations can
exert the same maximum ''g" load. For example, consider a compari-
son of thecharts at a 'g" load of 1.5. The energy diagram for
the AH-1G helicopter at a 'g'" load of 1.5 is given in Figure 5.
This would assure the evaluator of a given level of maneuvera-
bility while comparing other aspects of performance. Since the
techniques used to develop g-capability are primarily based on
energy and momentum considerations, the efforts of different
configurations on performance parameters are minimized.
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RECOM"ENDAT I ONS

1. Additional work should be initiated tor continued develop-
ment of the low speed maneuvering theory.

2. The existing theory should be validated with flight test
data and the rotor degree of

treecdom added to the equations
tor low speed.

3. Methods of improving the helicopter's capability in the low-
speed regime should be investigated.

Investigate further the effects of blade flapping inertia on
the maximum t. versus . relationship.
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DERIVATION OF BANK ANCLE, LOAD FACTOR RELATIONSHIP

Equation (7) was derived from equations on page 116 of Reference
17 as tfollows:

Assume ,the ajrcraft is turning about a vertical axis. Thus,
Euler and . are zero and the body angular rates become

p = -. sin
q = v cos sin: (A-1)
R = : cos COSy
where
p = roll velocity = pitch attitude
q = pitch velocity + = roll attitude
r = yaw velocity / = yaw attitude

These angular rates are then substituted into the generalized
equations of force equilibrium:

X - mg sin- = m(4+qw-ru)

Y + mg cos: sin: m(v + ru - pw) (A-2)

Z + mg cos: cos! m(w + pv - qu)

where

torce on vehicle in X direction
force on vehicle in Y diraction
force on vehicle in Z direction
aircraft mass

velocity in X direction
velocity in Y direction
velocity in Z direction

£<o 3 NX

Assume, for coordinated flight, that Y = 0, Also assume no
change in linear velocities so that u, v, w are zero. Thus,

g cosS sint = ru - pw = u.(cos=~ cos? +sin€ tana; (A-3)

if we define

tana

1l
el=

and

tany

n
i<
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u’

Now solving equation A-3 for T

il (A-4)

when

K = tan® tand
cos .

Use equation A-1 in the Z force equation and substitute eqiation
A-4 for u./g. Equate Z/mg to -n:

-u v+ sin® tang u « cos' sinv

n = 7 = = - cos” cos¢ (A-5)
Then,
s 2, sin: | sin: tan, sin{
n cos: = cos cos": * cos) ¢ ¢ T+ K (A-6)
Consider the following:
1. If ¢ = p = = 0, then the usual equation is obtained.

n cos; = 1

2. If ¢ =, 0, then 1 + K is unity and the third term of

>

equation A-6 is zero.
Since
sin2: + 0052: =1
then
n cosy = cos*
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I
ENERGY DIAGRAM PROGRAM
/¢ ENERGY NANEUVERAUILITY MY DIAGRAM ¢/
i /¢ Input sectlone/;
PUT LISTC'IE 0021 gnd nO4Y, dcl 1ine 1% a(md.anfnd *);
GEY List(i,ny;”
hene};
wenel; _— _ P,
VECLARE a(21) , an(wy) ;
o 1F allucalf) THEN FREE f,ran;
ALLUCATFE fih,w ),rgﬁ(l,n};
TECLARE ¢ DEC(6) CONTROLLED , ran DEC(S) CONTROLLED ;
DLCLARE asiulv EXT  ENTRY;
_ GEYT LIsT(rad,chord,blede,topd drag.walab, 12
GEY LI1LT(uat,ata):
GET LIsT{vinc,vinit,ninc,hinlt);
/® LO'C!"!IU" of lnge/s
, 0o’ J o] Y0 e
wo sl Ty noll
. he(l=1)e'Inceniniy; e —
-Ind-(l-.wuuunh)s'h)ﬂs 2501
tslevate2?s 1
5'-0“4-.000006!])”'!11
slgnedstd/theta;
tethataetsl;
N dvssel, ullsubepqre(tl; —. ot .= e —
drhasstpne Ju2sle;
veleyincejeyiniteving;
—— CALL gadudv(radachurdablade.tand drag malgh val 1f drho.dus,dhady oo
IF ioesuue TilfR GO TO ¢30;
hpnaelluy;
. 6O 1) cbl; . ) . . R P
c30: ae-, uz-(--'auu)ouoo
chl: userspe( -un-dhn)/(ﬂnul;h);
f LAAPRO LN ¥
El ol
. Enu 2
ke /* tint hasliwm valua of pa al sach weloclty incramentey;
g c9: Ju je1 TU ne};
cl: wolel TO el
ali)ef(l,jl);
END o/
CALL order{x,n);
‘ ran{l, j)=s(n); R e S S
rant2,;)=x(1);
END cY;
/* deterningtlon of range af pse/;
cl0: 00 jel TO n;
an(jleran(l,j);
END clu; e e
CALL orter{xn,n);
usiaxean(n};
—_wnaxetrunciysaxe.iealgnloanaxll;
clS: DO j=l Tu »;
xn(jleran(2,j);

END cl5; . - D o - e o

CALL order{xn,n);

psnlnexn(l);

sUn=truncluanlne Seslgnlnsnlnll;

wraxetrunc{aman/S)ey;

xiitnatrune(amin/5)e5;

ane{aax=-amin}/5; v S R

aneans];

PUT LIST(an, xmax,xmin);

IF allocalpsc) THEN FREE psc,ve,he;

ALLUCATE psc(an),ve(an,n), hclan,n);

DECLAKRE psc DEC(6) CONTROLLED + vc DEC(6) CONTROLLED , hc DEC(6) CONTROLLED ;

sce{; e i

ec,hc-o

psc(l)manax;
cl6: _ PO l6=2 TU an;

sclib)=psc(l6=1)-5;

HU clb;

{* psc sweepe/; . R - . R
cll: DO i6=]1 TO an;

/* veloclty grid sweene/;

_ﬂ.l__llwl.i'l 10 i

|F ran(1,})>=psc(16) THEN GO TO d1;
IF ran(1,je1)>epsc(16) THEN GO TQ d23 - - = o _amw=
60 TO cly;

d1: {F ran(1,j¢1)>psc(i6) THEN GO YO d3;

vel(lb,l)avinge(jollovinlt-vincy

he{16,))=y;

299-099-557 88




- @ BELL HELICOPTER COMPANY

[ )
GO TU cly;
dy: vc::s j)wlnc'(nu(ll) FULIA0CEeL, Jedd=000 )3 enlanga}aninltanings -
hetlo
GO TU cls;
| ¥ — 1 ron(hl))
L vc(l6,jlevineeJovinitevine;
hc(lb,j)eu;
G0 TU cls; .
ds; DO 12 TO
AF ful,})cepsc(18) THEN GO TO d5;
ac —_— 0T aL 5
d5: "o, {ch(lb) THEN GO TO d§;
vcl(lb,jlevincejoviniteving;
hctie,J)e{{-])ehlnceninit; . x
Qu Tu cls;
de; velle, jlevincejoviniteving;
e hc(lb ) eulnge( (- JlopacC Rl 1S (00 Leod S3ntL) Jilohlneatiadiohbndgp—oa—
0 Tu cls;
al: ND s
cliy €NU al; N o P
END cl7;
31 H W lbe} Ty on;
4°d Ju_n-di
VF osc(lb)cef(l,j)Ansc(16)>of (1, jol) THEN GO TO ¢50;
60 1O ¢bl;
31} vc(:b Jol)-vlnc'(fu.J) oac(162)/(f(1,})-FL1,jedd)evince)evinltoving - -~ - —
oo TO c;h
c5l: IF osc Ib)>-'(l JIApsc(16)<af(],]e1) THEN GO TO ¢52;
Qv TV chis
351 vc(ls,j)-vlnc-(poc(ls) FU1L,000/0001,)01)=0(1,)))evince)evinlt=vine;
31 ¥ END by,
EHU c5b; N . R
/*  uwutpute/,
NT LiaTi! *);
T LTt a8 ML he'ls
2 clv: UL) lh-l T on'
j c13; un jel Tu n;
JF vellv, j)e0ahe(16./)°0 THEM GO YO 1l . > S SO
x tmi Y |nu.f(.uc(l6) vells,}), ncus,umnz);
. m2g

JHAGE

- .a -.._-‘.- covesnrre aw

cll: €L c23;
END c2%;
/¢ this subroutine arranges & caluan array fato values of sseonding-orderess -
order: PROCEUURE (dx,dm);
bé: 00 i2=1 70 dm;
15ai2e];
(3 1] 00 diei$ TO d;
IF dx(12)<=da(dl) THEN GO TO bh;
)

tampsds(il);

qx(i2)=da(d));

dn(d))etemp;
Y

N0 b6,

NG order;

830101 PRUCENURE (r,c,b,wre,fl,gwl,vl,nl, rho,vs, hp);
/* THIS SUBROUTINE CALCULATES POWER REQUIRED FOR ENERGY MANEUVERABILITY e/;
—eonstanty—for-normeri—heHcoptery st ser—tyver V7Y

. - get
815 de|Uu=.0075;
de|2e1;
8%6.28; == e
ficroe, 75;
klel;
hdeols
/' compute some constants e/;
80: pl®3,1415926535;
.- aplereel; e e
g*hec/{pler);
nond'-rho-aru'wr"l,

1559

ctc-7/(sl¢'a),
f=f1;

-——=  gwegwl) ozeo_ ooy
veyle®],6878;
musv/wr;
PR 1) et e
frou=y ) oir iy

1P mud, 14 THEN Kle};
muleiwee?;
. x3owre{loemu)/vs; T T T T
nenl;
/- comnum soue more constants ¢/

"y o; Sephaoveyes
ctenepw/nondf; .
ctpesart(xbext/(nondfenondf)ectect);
xlexbev/(ctpenondf); i
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a2ectpenondf/(2erhocaren);
/¢ conpute Induced velocity from momentum theory equations ¢/;

IF v>42,2 THEN GO TO s17;
viel, U3 7esqre(x);
1F ve) THEN GO0 TO 311 : N ’ T
sl7;s vinea2/v;
(1 1] viexlen2/(veve g6evinevin)ee,$5;
vivini ;o0 MeN-00

AL AR 2221
coyntecountel;
IF count>e0 THEN GO TO :0;

i vine,bevie woving B Sples s

GO Tu 9;

810: ruv LIST('calculation non-convergent, Induced veloclty to 0');
vv"l “m
GO TU 812;

sils visylexl;

/e compute power required gectton v/ ———
/e fiat plate drag nowar /;
sld: holuhtvlisu,

- {nducedt nower—vry
npz-nx-c‘n-nonuv-vl/ssu,
/e hlads prufile drag nower at zero 1ift */s

hpledeluesigenondne{ ey, 0omo2yrey -~ —— -
/¢ blade proflle drag nowar caused by angle of attack o/;
tcedectn/slg;

————trerte, {v, tranrrtieetemryYY
hoged;
hnkedel2esigenondne(led. 6omul)e{ctectc)eed/n;

1F tc<teert THEN GO TO 319; C - = o

daltcetc-tccrt;
hpeel00uOedetteee],$;
/* corpressihlility powar e/;
19 IF x3>cro THEN GO T0O l);
dcpey; . -
GO 10 gInvy ) “"m A
s13 deliaadencros,75e(2ectn/sig);
dcomdeimes3ea( ,0033-daime(, 032-.1!'dolm)),

"D'Fﬂl‘hnl';;;:hoi'ﬁDS'nDl}
END 283010;
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MANEUVER DIAGRAM PROGRAM

e ENEAGY SAMEL FRABICITY  MANEUVER 01 AGRAM o/;
_4® Ineut sectluue/,

P T LILIC It 2] and roky, del Vine 19 at(m), antn) ');

GET LUWTe L),

[T

wenel;

St AGE a(dL) , anlel)
C— Woallowatltd Juin pill 1 rang

ALL CATE *n, w),ranii,w);
SETLA b Fe) CUNTHOLLED , ran DEC(6) CONTROLLED ;
UECCARE assull EXT  ENTHY,
GEY LiuTirad,crurt,nlade,tsnd, drag, walgh,h};
GEY Ll Tiauat, etal;
- &b LisTivlultevlac,aingdy

/o caletatlor of oa At mach grld polnte/;
e FEEEE R SFENT Y
[3Y] we =) T el o = 5
tfejellel)e tur;
13t ce(le, . el Yien, 008 256);
——lalBuelsdiilibe

treraele dsguitalyilen;
Sigrelet /b etag
tetimtaoinl;

teystn,nlt Stuesyre{t),
1rocasly, e Lulsle:

e~ wwlovlucoyexiulizulac,

CALL asSui.lrat, chard, hlade,tsnd, x‘r.|,-0l¢h vel,Vf, drho,dvs,dhn);
th o e ., TuEn G0 10 €30,

RY-T L PO o - — i - ey —
IR SV N

<30 pae- udels=5,00)e1100;
b It peBssvtllpatdapiilotosmal gl

i, deus,

En o3

Lle ca;

/e thet aal ur. value of ps at each veloclty incremente/;

c9: ‘ ol T, el
——61-6———&& lo. lu wels -
b1, ),
L T/

CALL uwrderia,wd;
rarll, Yesl )
rari{l, . Yea(l";

—_—— —— b L - - e m——

(o leter jnatluoe uf mn‘- of pse,;
cl0: 3 o,el I

nu(}inran(l”;,

£ rlu;

CALL srder{xn,n);

— Aeastaniely -

xaavtrunc{nsane,Seslgninsmax));
cls: D opel 10 ng;

aniyleran(d,ji;

En'y el

CALL arder(an,n};

-—m»dn-mﬂh e
clnagrync(nsmine, ;-slgn(ugr‘ln))
‘vm:-lrunr(A an/Shey;
sinetrunclamin/b)ed)
ane{xraaa=ain)/9;
ansanel;
PuUT LISTCan, xax, anin);
1F allura(psc) THEN FREE psc,ve,nc;
ALLOCATL psclan),velan,n),nclan,n);
DECLA®E pse bEC(6) CONTRULLED , ve DEG(6) CONTROLLED , me DECIS) CONTROLLED ;
pscey;
ve,ncey;

— poelilomany -~ o e
cl6: DO Ihe2 TY an;
psclit)ense(lb=1)-5;
€N clb) . R
/® psc sweepe/;
cl?: nu teel T an;

— fo velocity grid-mepety—— —— —
al: Ly el TO n;

tel;

13 rm—(l,;n-me(lb) THEN 60 10 41y

1° rar(l,je1)>=psc(lb) THEN 60 TO d2;

G T cla;

——vtr——  F ranll, joiirnvelio) THEN-GO-T0—dds
vr.(Ih,j)-vlnrﬂ(jOl)winll-vlnc;
neliu,jie=l;
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0 10 clyy o e e oo e R = =
vell6,})ovince(osc(i16)=F(1,)))/(fCte1,}ol)=0C1,)))ovincojoviniteving;

nclin, })el;

0930

dl:

—tr-—veti6,

(1]
cldt

IF ran(1,))>pesc(16) THEN GO TO db;

ve(lb,})evincejevinit-vinc;

nclle,])ely CRCI - —_
GV T0 cl8;

(1]

o] Y<nsc(I8) THEN GO TO d¢)
ve(lo,jlovineotovinttovings -
ncllib,})ele(l=1)ening

GO TU cluy

At A Add ) A AALAR Jun g oYy
nc(Ib,i)-nlnc'fl(|-l,j)-plc(li))/(!(l-l.j)-f(l,]))Onlnc0(l-l)01)
G0 70 cld8;

END db; T T T - =
END al;
ENV "7;_

oo 3o
LA SRA At SR S

. TIVY

| c5%:

[ (3 1']]

-y
DU jel TO nely
IF pac(16)<af(l,})Ansc(1G)>ef(1,}e)) THEN GO 70 ¢50;
on 1O edl = .
velln, Jel)ovinee(P(1,})=nsc(16))/(f(),j)=Ff(1,}e))evince)evinit=vine)
ﬂt('h.j'l).ll
™w

chls
oI
. cShs

€0 cSe;

I1F psc(16)>ef(1, J)Ansc(16)¢af{], ]Jol) THEN GO TO c52;

GO TN cSé;

vc(:b, Yovincelnscti6)=6€1,; 1 1M (641 301 )=8(1,} ) donvincajovialtoning - - ——-
nc(lv,jrel;

END c55;

i T
8 (13 1)

Im2y

clly

1 5

b7:

oND YT

/e outpute/;

PUT LISTL®  ps ve ne
00 to=} YO an: =
bU jel 10 n;
IF ve(lb,j)e0Anc(16,))<"1 THEN GO TO cll;

thd psthd *);

pathdepsc(ib)ethd/(57,3032,2))

IF nellb,))e] THEN thded;

PUT IMAGE (DETEHEY, vet 6, § 1 rnetit;1irent, pethels imdds —
ITMAGE ;

END ¢23;

END e ;

GEY LIST(e, tinc, tinlt);
00 tel TO tel;
thdstince(f=1)etinlt;
DO je3 TO nel;

AL ARAALLAAD bt 24004000021
Ife((thdevele, 000915)sedel)0e, §;
PUT (MAGE(thd,vel, if)(im});

' =

imby

. b6t

TTTOTTTTTEND DS T T

) £ DO AT=TS TU aMy

END WY

DO (=1 TO nel;

U0 Jel TO ne};
1fels(t-1)ontnEy
velsvince(j=1)evinlt;
thd=lu32,1e(1fe1f=1)ee . 5/ve);

. .

IHAGE ;

e, -

£ND blO;
/e this subroutine arranges & column array
124

Into values of ascending ordere/;

00 12°1 TO dm;
15a1201;

IF 8n(12)C=da(d)) THEN GO TO bd;
tempeda(i2);

[LX]

[LASR SR LAT LRAH
du(d))etemp;
END b3;
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SIMPLIFIED THRUST MODEL

Below is a derivation of the equations used in the simplified
math model.

The thrust for a given number of blades (b) can be calculated by
R

R
T =/ bqC, cdr =/ 3} ;vnch cdr (B-1)
0 0

where Cp is the section lift coefficient and Vp is the velocity
normal to that section. The velocity normal to the blade is

Vn = Rx +V sin . = (x + . sin -) R (B-2)

where x = r/R and r is the distance out the blade and .. = V/¢R.

Substituting equation B-2 into B-l and noting that dr = Rdx,
the expression for thrust becomes

1
; Ry
P& M/ (x + 4 sin -)2 CL dx (B-3)

O X

Expressing equation B-3 in terms of coefficient of thrust, we
have:
1

Cp® L 5 = bzf\"/ (x+.sin )%c, dx (B-4)
AC<R) 0 'Y

From equation B-4 we are ready to calculate the thrust
coefficient as follows:

2C 2bcR 1
tc=7.l=—Fc-r/ (x + 4 sin v)ZCde
A 0 X
1
=/ (x + . sin ')ZCL dx (B-5)
) X

Then to calculate t for each p we would use the maximum

Cmax
lift coefficient at each blade station. This can be expressed
as follows: 1

. 2
t = (x + ¢ sin .)° C dx (B-6)
Cmax .,p Lnax
0 x
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From Figure 21 the retreating side of the blade is partially in
the reversed flow region. The locus of this region is defined
by

X = -u sin. (180° < + S 360°) (B-7)

Then cquation B-6 would be integrated from x = -. sin .
to x = 1.

The effect of pitch rate on maximum rotor thrust is determined
as follows:

M = 21 uq sin /
cor nondimensionally as
G == e 12d 1D (B-8)
M 2 :
q I,

The total rotor moment of the advancing blade i:r expressed as
follows:

1
G cw ([ cresin Po xax]cZge Gl
OTAL o max
Cr Ru
where v = 'f 5 Ib is the blade inertia and a is the lift

b

curve slope.
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SIMPLIFIED MAXIMUM THRUST PROGRAM

/% TCeu BY NUMERICAL INTEGRATION AND TABLE LOOK=UP FOR CLof(MACH) o/;
—DECLARE a'{nv) . ah(8) . 1(6) , cim(21) 5
al(2),a1()=0;
ah(1),aht3)e];
dpsi= 1705329281,
GET LIST(OPT);
IF UPTel THEN GO TO s2;

__lh__ GET L1ST(aluds

(23]

GET LiST(rwnaa,pr, R, omagar,c,rho,vs,s,lbhlade);

GET LIST(KK);

PUT LIST('Y);

IF KKl THEN PUT LISTCYFULL UPLOAD (N REVERSE FLOW AEGION' T

IF KKe=]1 THEN PUTY Ll T('FULL DOWNLOAD IN REVERSE FI.OH REMON )
JE KKl i
PUT LIST('?);

PUT LIST('THE FOLLOWING IS A LIST OF THE CL DATA TABLE USED FOR COMPUTATION');
PUT LIST('MACH MO.. . CLMAR')y
D0 aeu TU 20;

PUT IMAGF (Lo, US,cim(Ze2))(1M)-

END L)

PUT LIST('Y); U

PUT LIST(MY);

INDe, ;
scerhicwasiasi/lblad;; ;

NUResoepar/vs;

onegaromegar/R;

orepr/5l.3; el ¥ nmniamal A e S aees e ee

DO 11=1 7O 1};

nus,le(il=1);

———1F wudaunax IHFM GO IO KK2.

tcel;

ou 12e1 TC 19;

asledpsie(l2-1); e e
psldal0e(i2-1);

ngpeauesininsl);

e Ksbtasurssloloal )/ (onegasganl ]

8$!

a1(1Y,ah(2),a1(3),nh(&)»msp;

0o l)-l TO &

intey o e — e e e e
1F KK-U’«I!-ZII!-l THEN GO 10 ll“

sllexll138);

ahhasli{13);

ali s

dxe,ie(ahlieall)

Ly leel TO 11;

aoxlledae{f=1)s B N S e o e o
qlel;

IF 1552 THEN qlea;

4F 130213k THEM gluglakKy

GZea=nsp;

racheabis (1) eMOR;

CALL TAULE(wachel,elmdy . . R =
Intelntecledreqlenleql; ‘
EN} s6;

${13)mine;

END 85

Inty=0;

Intbey; e —— — e e s
5umi(3)el(l)ex;

00 lbhel T0 11;

xn,le(l0=1);

Glesensn;

nachsiiteql;

CALL TABLE(mach el @dmdyp ———  — — e
q2s.leclenleql;

IntS=int5eq2;

[ 3124

+nto=intboqiony —
IF Inti> 134 TMEH GO TO 10,

END s9;

intSeintd=qiy =
Intbeintbeulex;
q3eidk=Int6;

s

sil:

3
xoldexy;
xex0eq3/(q2exely);
IF n=x0sy THEN GO TO 8134 == — e
ql=aenisp;
machsifUReql;
——Cﬁll 'Aul &4 - ‘l -l—‘A
u!-(x-uu)-clcul-qh
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(33 1] tintieintGeqlen)

-—— —— 4loldsqly
Q3= l34-tintb

IF abs(q3) <, 00001 THEN GO YO 812y

x-x-(:-nold)tq!/(q!-q!old);
xoldegi;

- ——80 TU 87
3121 1(G)eint6eq2en;
i(5)=intSeal;

VF 1201(12010 THEN aksl;
testceabe(1(1)s1(2)ei53)s

——— - =—4F  {NDe} THEN—PUT—HAGELpeid

[RY} 1MAGE 3

st pslees, =, goo,===== to balance
————— P+ N0y

END sb;
GO TO 816;

—-tocwteeliy
316 tcetc/36;
PUT IMAGE(mu,tc)(12);

Tay TRUL S
.‘ m.-.---' “ c-- ommee
FUT LISTC'');

—END- 333
GO TO »2;
TABLE! PROCEDURE _(dmach,dcl, dcim);

tSwtrumct

IF 1521 TNEN ISIH;
= m- I1e15-1;

END TABLE;

END ;
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APPENDIX C
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INPUT COEFFICIENT PROGRAM

/¢ INPUT COEFFICIENT DETERMINATION FOR AFSA CONTRACT o/
DECLARE hp*(7) . ho!(?) . hotl(T) , hpl2(D) , ve(D) , hnl(" . ()

hold hpldyhned
L4

GET l.lSl‘(n),
GET LIST(hpl, hp2,ve);

- GET Llﬂ(r,cy-.w,“. Sy dy

GET LIST(h,vat);
G!T I.lSY(l\d,;HZ)}

3363500)0054-3561+

teoate273.16;
theta=t/284.16;

vessh.Bl1)66esen sl

sigpedstd/theta;
rhoul;n' Qu237s8;

160365626

a-S.ZIJ
areaepleres?;

sigehec/(pier)y
nondf erhotareaswree?;
nondn-nondh-rl”ﬂl

raakb il

Cieeniinondts”
ctiegwi/nondf;

/0 CALCULATION OF +HDVOED—PONER—oy s
ctpectl;
00 I=l T0 m;

musv/wr;
CALL vind;

klol=(mu=; 1o )oids
IF mu),le THEN klel;
hpll{l)aklectpenondfev!/$50;

M .

ctpect;
DO e} 70 m;

Py

veve(l)el, 6478
muev/wr;

CALI. vlnd,

a3

——te};

— ==~ €ND el;

o ottt Foleds
l:’ mu>,14 THEN kl=1;
hplz(l)-kl'cunr\ondf'vllssﬁl

00 121 TU m;
hncl(l)-hvlfl)-hpll

(
a4
¢

1);
b
\E

r Pt crr—here

END o
/e ClLCULATlOM UF DELTA 2.¢/;

dhp-hncz( 1)=hpcl(1);
vevc(l1)e1.6874;

TUSVYIWT 7
mu2snuei;

klsgigenondpe(lek,6emu2)e(ctcoctl)ee2/8;
k2sglgonondpe( Joh, femre et cteecttee
delleihp/(k2-kl);

/' CAI.CUI.ATIOH UF HP STALL ¢/;

v-vc(n)'l.hllu;
musy/wr;

muZeruiw;
hpdedrlZesigenondpe(leb, Somu2)e(ctloctc)eel/y;
hpcl{m)shpcl(m)=hpd;

hpdedel2esigenondpe(leb, 6omu2)e(ct2ecte)eed/y)
hpe2 (i) ehpe2(m) -hpd;

tcls2ectl/stg;

tc2e24ct2/slg;
teertes,10,.2/sqre(1e50omul);
IF tcldtccrt THEN GO TO eb;

qEITreivIviceT (7
hpss200uUedelteeel,5;
hpel(m)ehpel(m)=hps;

GO TO a5; -
hpsel;
IF te2¢tcert THEN GO TO ef;

299-099-557
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Hetreste? tLLT Ly
hps=1000Usdeltceel,5)
hnc2 (n)shpe2(m) =hps;

GO TO a7;
hpssy;
/* CALCULATIUN UF mcro ¢/;

‘APAnpEZINnYaNnCItMYY

IF hp>V THEN GO TO «23)
meros, !
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m————en

TTTTT G0 TO 24y e
[13]] dme, 75e(tcl=tecl)y
dpehne100000/nondp;
—___gnamwnpyomy
ked;
s meron,l§;
“"#li - mcrommcro-,005)
st delnle(lorw)owr/ve=mcroe,75etcl;
delml2e(lemu)ewr/va=mcroe,750tcd;
MR PTVATIMIVY IR OO TSR TNV SR T I v twe )
& dcpledsimleede(,0033-deim2e(,.022~, lhdolnl))t
depledeplel00000;
T T depledenlslonooey
depdns(depl= dcpl)/(dclml deiml);
IF k=] THEN GO TO sb;

LA IR 2 Y
GO TU »2;
sls dcndmledcpdm)
T 7T 7T meromicro+,005)
kel;
GU TU ),

L1 WErETaTnar .
depledeplenondn/i00000;
hpel(m)shpel () =denl;
/% CALCULATION OF del10 ¢/} A I T e o

[ T{}] vevc(2)el,0878;

nusy/wr;
ale(lenu)our/viy
IF as<mcro THEN GO TO e21;
delnesl-ncroe, 750(2ect2/slg);
depsdnalnsele( ,0033-daTnd(,022+,110461M) )} == =EEESE = — =
] dhpedepenondp;
hpel(2)=hpcl(2)=dhn;

odl: My mauenu}
hpdz-dnuul;-nonan-( lou.hmuz)-(etc'etl Yeed/4)
A ' L hntfe, 5erhoevevevefa/ss

T hpeshpel(2)=hpfehpdl} -~ "~~~ -
i kleglgsnondpe(les,6emul)/8;
delyshpe/kl;

AL A]

mu2mauemu;
hpd-dow-slpmndp-(lu.i-muz)llx
hpfcehpel(m)=hpd;
kle, S'rhow'v'vli!h
fahpfc/kl
—liE {* CALCULAHON OF_TOTAL POWER ¢/;
YT ke0;
ctectl;
—_—t 00 1=1 T0 m;
vevc{1)e1,3V77;
muev/wr;
mu2eiwrivg
e, yarhpevevef
censsart(abeni/ (nondfenondf)ectect))
—_— hpdledelOeslgenondpe(les,6emul)/ )
hpd2edeliesigenondpe(le
hpi=-xkov/550;

5 S _ . teslect/aly)

! teerte,le, Z/I'lrl(hu'm!))
IF tectecrt THEN GO TO ell)
dealtcete-teert,
hpseZul0ledelteee].5;

GO TO »12;
alls hps=0;
x3s(letn)ewr/vs;
el IF x3>mcro THEN GO TO elb)
LI'H
GO TU el5;
3 LY delmex3~mcros,75%tc
—— depedeimes e, oou-dclm( 022~,11¢deim)),
el5) hpesdcpenondp;
CALL vind; ke
kl'j-(cng-.‘ Jok3;

Sa iF >, lé THEN kiel;
hp3skiectpenondfevl/550;

. hpteshpdlehpdZeliplehphehpsshpe;

a 1F kel THEN GO el&;

L errorsipl(f)-hpt;

- *

CIveL/e)

PUT HHAGE(gwl,ve Jhp Jhpt,e-ror,peFcIUIALY)

imly 1MAG

. gM® mzeee, _M® ===,es JIgo w-ese == hpge e====,== @rrore e=-=,== pErce® -===,~=
GU T0 all;

-
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ol .nor-hpul)-hnu
l ] mml n- Ve 0 0%, .

im2s IMAGE)
~ gu® Sss=e, Y® --.‘-- hpe ec=ss,ee J‘. esnen ae  QGPPOP® eccc,cc  PYPLS coco, s
olh ENL o
14 k-l YNIN a0 10 20,
hel:
1 ctect?;

G0 YO ef;
—-8202...__PUT IMAGE(delQ,del2)(im3))
Im}: IMAGE)
delos ,===+ delle ~, o=
i ————PUT_iMAGE(cro )(ImA))
i (L 1] 1MAGE;
meros o= te oo o=
— 8T0P
vind: nucwuat .
\ countel;
! 1F w=0Q YHEM yoL 6R7H:
! she, Serhoevevefo;
n-uw/(ctp-mndnx
——  ———_a2ectpeonaondf/(2er h
1F v>42,2 THEN GO To [
| viel, on-unmn
! IF veQ THEN G0 7O sl};

sl vineal/v;
(11 vieglex2/{veve, ul'vln-vln)".h
) —_— 8 0.s81l:
i countucountel)
i IF count sl THEN GO TO 810
Y

'h._nglo dexlng
Q0 T
sl '\" LISY('CALCULATIM NON CONVERGENT INDUCED VELOCITY TO 0'),

H ‘ nlefs
Q0 YO 817;
' sijt visyleal;
L
! 2t tND vind)
i
i
i
[} ‘.‘
| E
;
§
! {
¢
LS
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