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Chapter 1

Introduction

The NASA Design and Analysis of Rotorcraft (NDARC) software is an aircraft system analysis tool
intended to support both conceptual design efforts and technology impact assessments. The principal
tasks are to design (or size) a rotorcraft to meet specified requirements, including vertical takeoff and
landing (VTOL) operation, and then analyze the performance of the aircraft for a set of conditions. For
broad and lasting utility, it is important that the code have the capability to model general rotorcraft
configurations, and estimate the performance and weights of advanced rotor concepts. The architecture
of the NDARC code accommodates configuration flexibility, a hierarchy of models, and ultimately
multidisciplinary design, analysis, and optimization. Initially the software is implemented with low-
fidelity models, typically appropriate for the conceptual design environment.

An NDARC job consists of one or more cases, each case optionally performing design and analysis
tasks. The design task involves sizing the rotorcraft to satisfy specified design conditions and missions.
The analysis tasks can include off-design mission performance calculation, flight performance calcula-
tion for point operating conditions, and generation of subsystem or component performance maps. For
analysis tasks, the aircraft description can come from the sizing task, from a previous case or a previous
NDARC job, or be independently generated (typically the description of an existing aircraft).

The aircraft consists of a set of components, including fuselage, rotors, wings, tails, and propulsion.
For each component, attributes such as performance, drag, and weight can be calculated; and the
aircraft attributes are obtained from the sum of the component attributes. Description and analysis
of conventional rotorcraft configurations is facilitated, while retaining the capability to model novel
and advanced concepts. Specific rotorcraft configurations considered are single main-rotor and tail-
rotor helicopter; tandem helicopter; coaxial helicopter; and tiltrotors. The architecture of the code
accommodates addition of new or higher-fidelity attribute models for a component, as well as addition
of new components.

1-1 Background

The definition and development of NDARC requirements benefited substantially from the ex-
periences and computer codes of the preliminary design team of the U.S. Army Aeroflightdynamics
Directorate (AFDD) at Ames Research Center.

In the early 1970s, the codes SSP-1 and SSP-2 were developed by the Systems Research Integration
Office (SRIO, in St. Louis) of the U.S. Army Air Mobility Research and Development Laboratory.
SSP-1 performed preliminary design to meet specified mission requirements, and SSP-2 estimated the
performance for known geometry and engine characteristics, both for single main-rotor helicopters
(ref. 1). Although similar tools were in use in the rotorcraft community, these computer programs were
independently developed, to meet the requirements of government analysis. The Advanced Systems
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Research Office (ASRO, at Ames Research Center) of USAAMRDL produced in 1974 two Preliminary
Systems Design Engineering (PSDE) studies (refs. 2 and 3) using SSP-1 and SSP-2. These two codes
were combined into one code called PSDE by Ronald Shinn.

The MIT Flight Transportation Laboratory created design programs for helicopters (ref. 4) and
tiltrotors (ref. 5). Michael Scully, who wrote the helicopter design program and was significantly
involved in the development of the tiltrotor design program, joined ASRO in 1975 and ideas from the
MIT programs began to be reflected in the continuing development of PSDE. An assessment of design
trade-offs for the Advanced Scout Helicopter (ASH) used a highly modified version of PSDE (ref. 6).

A DoD Joint Study Group was formed in April 1975 to perform an Interservice Helicopter Com-
monality Study (HELCOM) for the Director of Defense Research and Engineering. The final HELCOM
study report was published in March 1976 (ref. 7). A result of this study was an assessment by ASRO
that PSDE needed substantial development, including better mathematical models and better technical
substantiation; more flexible mission analysis; and improved productivity for both design and analysis
tasks. Thus began an evolutionary improvement of the code, eventually named RASH (after the devel-
oper Ronald A. Shinn, as a consequence of the computer system identification of output by the first four
characters of the user name). RASH included improvements in flight performance modeling, output
depth, mission analysis, parametric weight estimation, design sensitivity studies, off-design cases, and
coding style. The code was still only for single main-rotor helicopters.

In the early 1980s, tool development evolved in two separate directions at the Preliminary Design
Team of ASRO. RASH was developed into the HELO (or PDPAC) code, for conventional and compound
single main-rotor helicopters. With the addition of conversion models and wing weight estimation
methods (refs. 8 and 9), RASH became the TR code, for tiltrotor aircraft. The JVX Joint Technology
Assessment of 1982 utilized the HELO and TR codes. A special version called PDABC, including
a weight estimation model for lift-offset rotors (ref. 10), was used to analyze the Advancing Blade
Concept. The JVX JTA report (ref. 11) documented the methodology implemented in these codes.

Work in support of the LHX program from 1983 on led to a requirement for maneuver analysis
of helicopters and tiltrotors, implemented in the MPP code (Maneuver Performance Program) by John
Davis. The core aircraft model in MPP was similar to that in TR and HELO, but the trim strategy in
particular was new. A design code does not require extensive maneuver analysis capability, but MPP had
an impact on the design code development, with the MPP performance and trim methods incorporated into
TR87. The sizing analysis of TR88 and the aircraft flight model from MPP were combined into the VAMP
code (VSTOL Design and Maneuver Program). VAMP combined the capability to analyze helicopters
and tiltrotors in a single tool, although the capability of HELO to analyze compound helicopters was
not replicated.

In the early 1990s, the RC code (for RotorCraft) emerged from the evolution of VAMP, with John
Preston as the lead developer (refs. 12 and 13). Some maneuver analysis capabilities from MPP were
added, and the analysis capability extended to helicopters. The models were confirmed by comparison
with results from TR and HELO. RC was operational by 1994, although HELO and RC continued to
be used into the mid 1990s. RC97 was a major version, unifying the tiltrotor and helicopter analyses.
The RC code introduced new features and capabilities, productivity enhancements, as well as coding
standards and software configuration control. Special versions of RC were routinely produced to meet
the unique requirements of individual projects (such as ref. 14).

NASA, with support from the U.S. Army, in 2005 conducted the design and in-depth analysis
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of rotorcraft configurations that could satisfy the Vehicle Systems Program technology goals (ref. 15).
These technology goals and accompanying mission were intended to identify enabling technology for
civil application of heavy-lift rotorcraft. The emphasis was on efficient cruise and hover, efficient
structures, and low noise. The mission specified was to carry 120 passengers for 1200 nm, at a speed of
350 knots and 30000 ft altitude. The configurations investigated were a Large Civil Tiltrotor (LCTR),
a Large Civil Tandem Compound (LCTC), and a Large Advancing Blade Concept (LABC). The results
of the NASA Heavy Lift Rotorcraft Systems Investigation subsequently helped define the content and
direction of the Subsonic Rotary Wing project in the NASA Fundamental Aeronautics program. The
design tool used was the AFDD RC code. This investigation is an example of the role of a rotorcraft sizing
code within NASA. The investigation also illustrated the difficulties involved in adapting or modifying
RC for configurations other than conventional helicopters and tiltrotors, supporting the requirement for
a new tool.

1-2 Requirements

Out of this history, the development of NDARC was begun in early 2007. NDARC is entirely new
software, built on a new architecture for the design and analysis of rotorcraft. From the RC theoretical
basis, the equations of the parametric weight equations and the Referred Parameter Turboshaft Engine
Model were used with only minor changes. Use was also made of the RC component aerodynamic
models and rotor performance model. The current users of RC, informed by past and recent applications,
contributed significantly to the requirements definition.

The principal tasks are to design (size) rotorcraft to meet specified requirements, and then analyze
the performance of the aircraft for a set of flight conditions and missions. Multiple design requirements,
from specific flight conditions and various missions, must be used in the sizing task. The aircraft
performance analysis must cover the entire spectrum of the aircraft capabilities, and allow general and
flexible definition of conditions and missions.

For government applications and to support research, it is important to have the capability to model
general rotorcraft configurations, including estimates of the performance and weights of advanced rotor
concepts. In such an environment, software extensions and modifications will be routinely required
to meet the unique requirements of individual projects, including introduction of special weight and
performance models for particular concepts.

Thus the code architecture must accommodate configuration flexibility and alternate models, in-
cluding a hierarchy of model fidelity. Although initially implemented with low-fidelity models, typical
of the conceptual design environment, ultimately the architecture must allow multidisciplinary design,
analysis, and optimization. The component performance and engine models must cover all operat-
ing conditions. The software design and architecture must facilitate extension and modification of the
software.

Complete and thorough documentation of the theory and its software implementation is essential,
to support development and maintenance and to enable effective use and modification. Most of the
history described above supports this requirement by the difficulties encountered in the absence of good
documentation. Documentation of the methodology was often prompted only by the need to substantiate
conclusions of major technology assessments, and occasionally by the introduction of new users and
developers. For a new software implementation of a new architectures, documentation is required from
the beginning of the development.
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Figure 1-1. Outline of NDARC tasks.

1-3 Overview

The NDARC code performs design and analysis tasks. The design task involves sizing the rotorcraft
to satisfy specified design conditions and missions. The analysis tasks can include off-design mission
performance analysis, flight performance calculation for point operating conditions, and generation of
subsystem or component performance maps. Figure 1-1 illustrates the tasks. The principal tasks (sizing,
mission analysis, and flight performance analysis) are shown in the figure as boxes with heavy borders.
Heavy arrows show control of subordinate tasks.

The aircraft description (figure 1-1) consists of all the information, input and derived, that defines
the aircraft. The aircraft consists of a set of components, including fuselage, rotors, wings, tails, and
propulsion. This information can be the result of the sizing task; can come entirely from input, for a
fixed model; or can come from the sizing task in a previous case or previous job. The aircraft description
information is available to all tasks and all solutions (indicated by light arrows).

The sizing task determines the dimensions, power, and weight of a rotorcraft that can perform a
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specified set of design conditions and missions. The aircraft size is characterized by parameters such as
design gross weight, weight empty, rotor radius, and engine power available. The relationships between
dimensions, power, and weight generally require an iterative solution. From the design flight conditions
and missions, the task can determine the total engine power or the rotor radius (or both power and radius
can be fixed), as well as the design gross weight, maximum takeoff weight, drive system torque limit,
and fuel tank capacity. For each propulsion group, the engine power or the rotor radius can be sized.

Missions are defined for the sizing task and for the mission performance analysis. A mission
consists of a number of mission segments, for which time, distance, and fuel burn are evaluated. For
the sizing task, certain missions are designated to be used for engine sizing, for design gross weight
calculations, for transmission sizing, and for fuel tank sizing. The mission parameters include mission
takeoff gross weight and useful load. For specified takeoff fuel weight with adjustable segments, the
mission time or distance is adjusted so the fuel required for the mission (burned plus reserve) equals the
takeoff fuel weight. The mission iteration is on fuel weight.

Flight conditions are specified for the sizing task and for the flight performance analysis. For the
sizing task, certain flight conditions are designated to be used for engine sizing, for design gross weight
calculations, for transmission sizing, for maximum takeoff weight calculations, and for antitorque or
auxiliary-thrust rotor sizing. The flight condition parameters include gross weight and useful load.

For flight conditions and mission takeoff, the gross weight can be maximized, such that the power
required equals the power available.

A flight state is defined for each mission segment and each flight condition. The aircraft performance
can be analyzed for the specified state, or a maximum effort performance can be identified. The maximum
effort is specified in terms of a quantity such as best endurance or best range, and a variable such as
speed, rate of climb, or altitude. The aircraft must be trimmed, by solving for the controls and motion
that produce equilibrium in the specified flight state. Different trim solution definitions are required for
various flight states. Evaluating the rotor hub forces may require solution of the blade flap equations of
motion.

1-4 Terminology

The following terminology is introduced as part of the development of the NDARC theory and
software. Relationships among these terms are reflected in figure 1-1.

a) Job: An NDARC job consists of one or more cases.

b) Case: Each case performs design and/or analysis tasks. The analysis tasks can include off-design
mission performance calculation, flight performance calculation for point operating conditions, and
generation of airframe aerodynamics or engine performance maps.

c¢) Design Task: Size rotorcraft to satisfy specified set of design flight conditions and/or design missions.
Key aircraft design variables are adjusted until all criteria are met. The resulting aircraft description can
be basis for the mission analysis and flight performance analysis tasks.

d) Mission Analysis Task: Calculate aircraft performance for one off-design mission.
e) Flight Performance Analysis Task: Calculate aircraft performance for point operating condition.

f) Mission: Ordered set of mission segments, for which time, distance, and fuel burn are evaluated.
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Gross weight and useful load are specified for the beginning of the mission, and adjusted for fuel burn
and useful load changes at each segment. Missions are defined for the sizing task and for the mission
performance analysis.

g) Flight Condition: Point operating condition, with specified gross weight and useful load. Flight
conditions are specified for the sizing task and for the flight performance analysis.

h) Flight State: Aircraft flight condition, part of definition of each flight condition and each mission
segment. Flight state solution involves rotor blade motion, aircraft trim, and perhaps a maximum-effort
calculation.

i) Component: The aircraft consists of a set of components, including fuselage, rotors, wings, tails, and
propulsion. For each component, attributes such as performance, drag, and weight are calculated.

j) Propulsion Group: A propulsion group is a set of components and engine groups, connected by a drive
system. An engine group consists of one or more engines of a specific type. The components define the
power required. The engine groups define the power available.

1-5 Analysis Units

The code can use either English or SI units for input, output, and internal calculations. A consistent
mass-length-time-temperature system is used, except for weight and power:

length mass time temperature weight power
English: foot slug second °F pound horsepower
SI: meter kilogram second °C kilogram kiloWatt

In addition, the default units for flight conditions and missions are: speed in knots, time in minutes,
distance in nautical miles, and rate of climb in feet-per-minute. The user can specify alternate units for
these and other quantities.

1-6  Outline of Report

This document provides a complete description of the NDARC theoretical basis and architecture.
Chapters 3—5 describe the tasks and solution procedures, while chapters 7—17 present the models for the
aircraft and its components. The cost model is described in chapter 6; the engine model in chapter 18;
and the weight model in chapter 19. The accompanying NDARC Input Manual describes the use of the
code.

1-7 References

1) Schwartzberg, M.A.; Smith, R.L.; Means, J.L.; Law, H.Y.H.; and Chappell, D.P. “Single-Rotor
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1977.

2) Wheatley, J.B., and Shinn, R.A. “Preliminary Systems Design Engineering for a Small Tactical Aerial
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3) Shinn, R.A. “Preliminary Systems Design Engineering for an Advanced Scout Helicopter.” USAAM-
RDL, August 1974.
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Chapter 2

Nomenclature

The nomenclature for geometry and rotations employs the following conventions. A vector x is a
column matrix of three elements, measuring the vector relative to a particular basis (or axes, or frame).
The basis is indicated as follows:

a) 24 is a vector measured in axes A;
b) 27F/4 is a vector from point F to point E, measured in axes A.

A rotation matrix C' is a three-by-three matrix that transforms vectors from one basis to another:
¢) CB4 transforms vectors from basis A to basis B, so 2% = CBAzA.

The matrix CB4 defines the orientation of basis B relative to basis A, so it also may be viewed as rotating
the axes from A to B. For a vector u, a cross-product matrix « is defined as follows:

0 —Uus (5
U= us 0 —Uu
—U2 Ul 0

such that wv is equivalent to the vector cross-product u x v. The cross-product matrix enters the rela-
tionship between angular velocity and the time derivative of a rotation matrix:

CAB _ _5AB/AGAB _ AB;BA/B

(the Poisson equations). For rotation by an angle « about the x, y, or z axis (1, 2, or 3 axis), the following
notation is used:

1 0 0
Xoa=10 cosa sina
|0 —sina  cosa |
[cosa 0 —sina]
Y, = 0 1 0
| sina 0 Cos & |
[ cosa sina 0]
Zo=|—sina cosa 0
0 0 1]

Thus for example, CP4 = X,YyZ, means that the axes B are located relative to the axes A by first
rotating by angle ) about the z-axis, then by angle # about the y-axis, and finally by angle ¢ about the
-axis.
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Acronyms
AFDD
ASM
CAS
CPI
EG
IGE
IRP
IRS
ISA
ISO
MCP
MRP
OEI
OGE
PG
RPTEM
SDGW
SLS
TAS
WMTO

Weights
Wp
Wg
Wwuro
Wsp
Wa
Wo
Wuer
Whay
quel
WruL
Wburn
Weib
Wcont
X

Fuel Tanks
quelfcap
‘/fuelfcap
N, auxtank
Waux— cap

Nomenclature

U.S. Army Aeroflightdynamics Directorate
available seat mile

calibrated airspeed

consumer price index

engine group

in ground effect

intermediate rated power

infrared suppressor

International Standard Atmosphere
International Organization for Standardization
maximum continuous power

maximum rated power

one engine inoperative

out of ground effect

propulsion group

referred parameter turboshaft engine model
structural design gross weight

sea level standard

true airspeed

maximum takeoff weight

design gross weight

empty weight

maximum takeoff weight

structural design gross weight

gross weight, Wo = Wg + Wy, = Wo + Woay + Whie
operating weight, Wo = Wg + Wy
useful load, Wy, = Weyr + Wpay + Whuel
payload

fuel weight

fixed useful load

mission fuel burn

vibration control weight

contingency weight

technology factor

fuel capacity, maximum usable fuel weight
fuel capacity, volume

number of auxiliary fuel tanks

auxiliary fuel tank capacity
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Power
Pregprc power required, propulsion group; Peomp + Pamsn + Pace
Preqrc power required, engine group
P..rc power available, propulsion group; min(} fpPavec, (Qprim/Qret) PD Slimit )
P..Ec power available, engine group; (Neng — Ninop ) Pav
Peomp component power required
Prnsn transmission losses
P, accessory power
Ninop number of inoperative engines, engine group
Ppsiimit drive system torque limit (specified as power limit at reference rotor speed)
Prstimit engine shaft rating
Prstimit rotor shaft rating
Engine
Peng sea level static power available per engine at specified takeoff rating
Neng number of engines in engine group
P, power available, installed; min(P, — Ploss, Pmech)
P, power available, uninstalled
Preg power required, installed; P, — Piogs
P, power required, uninstalled
Pioss installation losses
Prech mechanical power limit
SP specific power, P/ (conventional units)
sfc specific fuel consumption, «w/P (conventional units)
m mass flow (conventional units)
w fuel flow (conventional units)
Fy net jet thrust
D, ux momentum drag
N specification turbine speed
SW specific weight, P/W
Tip Speed and Rotation
Viip—ref reference tip speed, propulsion group primary rotor; each drive state
r gear ratio; Qgep/Qprim for rotor, Qypec/Qprim for engine
Qprim primary rotor rotational speed, Q = Viip_ret/R
Qdep dependent rotor rotational speed, Q = Viijp—_ret/R
Qspec specification engine turbine speed
Nopec specification engine turbine speed (rpm)
Mission
T mission segment time
D mission segment distance
dR mission segment range contribution
E endurance
R range
w fuel flow

11
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Environment
g gravitational acceleration
h altitude
Cs speed of sound
P density
v kinematic viscosity
o viscosity
T temperature, °R or °K
T temperature, °F or °C
Vi wind speed

Axis Systems

I inertial
F aircraft
A component aerodynamic
B component
\% velocity
Geometry
SL, BL, WL fixed input position (station line, buttline, waterline)
positive aft, right, up; arbitrary origin
x/L,y/L,z/L scaled input position; positive aft, right, up; origin at reference point
L reference length (fuselage length, rotor radius, or wing span)
T,Y, 2 calculated position, aircraft axes; positive forward, right, down;
origin at reference point for geometry,
origin at center-of-gravity for motion and loads
2F component position vector, in aircraft axes, relative reference point
14 length
Siwet wetted area
Motion
OF,0p, VF roll, pitch, yaw angles; orientation airframe axes F relative inertial axes
Yp turn rate
Oy, Yy climb, sideslip angles; orientation velocity axes V relative inertial axes
vl aircraft velocity
whe aircraft angular velocity
all aircraft linear acceleration
n load factor
\% aircraft velocity magnitude
Vi horizontal velocity
Vy forward velocity
Vs sideward velocity
Ve climb velocity

Vieal calibrated airspeed



Nomenclature

D,Y,L
My, My, M,
Cd, Cy
Cp,Cy,Ct
Ce,Cp, Cn
D/q

Aircraft

DL

Aref
WL
S ref
cAc

13

Aerodynamics and Loads

component velocity relative air (including interference)

dynamic pressure, 1/sp|v|?

angle-of-attack, component axes B relative aerodynamic axes A
sideslip angle, component axes B relative aerodynamic axes A

ratio flap chord to airfoil chord, ¢y /c

flap deflection

force

moment

aerodynamic drag, side, lift forces (component aerodynamic axes A)
aerodynamic roll, pitch, yaw moments (component aerodynamic axes A)
section drag, lift coefficients

component drag, side, lift force coefficients

component roll, pitch, yaw moment coefficients

drag area, SCp (S = reference area of component)

disk loading, Wp /A,et

reference rotor area, Y . f4 A; typically projected area of lifting rotors
wing loading, Wp, /Syt

reference wing area, »  S; sum area all wings
aircraft control

control matrix

component control, ¢ = STcac + ¢o

tilt control variable

aircraft hover figure of merit, W /W /2p A,/ P
aircraft effective drag, P/V

aircraft effective lift-to-drag ratio, WV/P
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Wing
w/S

%O S Uy

Nomenclature

disk loading, W = fyy Wp
design blade loading, W/pAV;3,
blade radius

disk area

solidity (ratio blade area to disk area)

design thrust of antitorque or auxiliary-thrust rotor

direction of rotation (1 for counter-clockwise, —1 for clockwise)
blade span coordinate

blade azimuth coordinate

advance ratio

inflow ratio

advancing tip Mach number

blade flap frequency (per-rev)

blade Lock number

thrust coefficient divided by solidity, T/pA(QR)?c
longitudinal, lateral flapping (tip-path plane tilt relative shaft)
blade collective pitch angle (at 75% radius)

lateral, longitudinal blade pitch angle)

drag, side, thrust force on hub (shaft axes)

roll, pitch moment on hub

shaft torque

induced, profile, parasite power

induced power factor, P; = kPiqeal

profile power mean drag coefficient, Cp, = (0/8)cimeanF'r
rotor hover figure of merit, T fpv/P

rotor effective lift-to-drag ratio, VL/(P; + P,)

propulsive efficiency, TV/P

o (Vsip = hover tip speed)

wing loading, W = fyyWp
area

span

chord, S/b

aspect ratio, b?/9



Chapter 3

Tasks

The NDARC code performs design and analysis tasks. The design task involves sizing the rotorcraft
to satisfy specified design conditions and missions. The analysis tasks can include mission performance
analysis, flight performance calculation for point operating conditions, and generation of subsystem or
component performance maps.

3-1 Size Aircraft for Design Conditions and Missions

3-1.1 Sizing Method

The sizing task determines the dimensions, power, and weight of a rotorcraft that can perform a
specified set of design conditions and missions. The aircraft size is characterized by parameters such as
design gross weight (Wp) or weight empty (W), rotor radius (R), and engine power available (Peyg).
The relationships between dimensions, power, and weight generally require an iterative solution. From
the design flight conditions and missions, the task can determine the total engine power or the rotor
radius (or both power and radius can be fixed), as well as the design gross weight, maximum takeoff
weight, drive system torque limit, and fuel tank capacity. For each propulsion group, the engine power
or the rotor radius can be sized.

a) Engine power: Determine F,,,, for fixed R. The engine power is the maxi-
mum of the power required for all designated sizing flight conditions and sizing
missions (typically including vertical flight, forward flight, and one-engine inopera-
tive). Hence the engine power is changed by the ratio max(P,eqpc/Pavprc) (€xclud-
ing flight states for which zero power margin is calculated, such as maximum gross
weight or maximum effort). This approach is the one most commonly used for the
sizing task.

b) Rotor radius: Determine R for input P.,,. The maximum power required for
all designated sizing flight conditions and sizing missions is calculated, and then
the rotor radius determined such that sthe power required equals the input power
available. The change in radius is estimated as R = Roiq+/Preqrc/ Pavpc (excluding
flight states for which zero power margin is calculated, such as maximum gross
weight or maximum effort). For multi-rotor aircraft, the radius can be fixed rather
than sized for some rotors.

Alternatively, P.,, and R can be input rather than sized. Aircraft parameters can be determined by a
subset of the design conditions and missions.

a) Design gross weight Wp: maximum gross weight from designated conditions



16 Tasks

and missions (for which gross weight is not fixed).

b) Maximum takeoff gross weight Wy,ro: maximum gross weight from designated
conditions (for which gross weight is not fixed).

¢) Drive system torque limit Ppgjimit: maximum torque from designated conditions
and missions (for each propulsion group; specified as power limit at reference rotor
speed).

d) Fuel tank capacity Wiyel—cap: maximum fuel weight from designated missions
(without auxiliary tanks).

e) Antitorque or auxiliary thrust rotor design thrust Tjesign: maximum rotor thrust
from designated conditions and missions.

Alternatively, these parameters can be fixed at input values. The design gross weight (1) can be fixed.
The weight empty can be fixed (achieved by changing the contingency weight).

A successive substitution method is used for the sizing iteration, with an input tolerance . Relax-
ation is applied to Peng 0 R, Wp, Warro, PpStimit s Wuel—cap» aNd Tyesign . Convergence is tested in terms
of these parameters, and the aircraft weight empty Wg. Two successive substitution loops are used. The
outer loop is an iteration on performance: engine power or rotor radius, for each propulsion group. The
inner loop is an iteration on parameters: Wp, Warro, Ppsiimit> Wiael—cap»> aNd Tgesign. Either loop can
be absent, depending on the definition of the size task.

For each flight condition and each mission, the gross weight and useful load are specified. The
gross weight can be input, maximized, or fallout. For flight conditions, the payload or fuel weight can be
specified, and the other calculated; or both payload and fuel weight specified, with gross weight fallout.
For missions, the payload or fuel weight can be specified, the other fallout, and then time or distance of
mission segments adjusted; or fuel weight calculated from mission, and payload fallout; or both payload
and fuel weight specified (or payload specified and fuel weight calculated from mission), with gross
weight fallout. For each flight condition and mission segment, the following checks are performed.

a) The power required does not exceed the power available: P,..,pc < (1+¢€)Pupa
(for each propulsion group).

b) The torque required does not exceed the drive system limit: for each propulsion
group Preqpra/Q < (1+4€)Ppsiimit/Qprim- Rotor shaft torque and engine shaft torque
are also checked.

c¢) The fuel weight does not exceed the fuel capacity: Wiyer < (1 + €)(Wruel—cap +
> Nauxtank Waux—cap) (including auxiliary tanks).

These checks are performed using an input tolerance e.

Sizing flight conditions typically include takeoff (hover or specified vertical rate-of-climb), one-
engine inoperative, cruise or dash, perhaps transmission, and perhaps mission midpoint hover. Sizing
missions typically include a design mission and a mission to determine fuel tank capacity.

3-1.2 Component Sizing

3-1.2.1 Engine Power

The engine size is described by the power P..., which is the sea-level static power available per
engine at a specified takeoff rating. The number of engines N, is specified for each engine group.
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If the sizing task determines the engine power for a propulsion group, the power P.,,, of at least one
engine group is found (including the firstengine group). The total power required is Pp; = r Y Neng Peng »
where 7 = max(P,cqpa/Pavpa). The sized power i8S Pijsed = PpG — Y gixeq Neng Peng » Where the sum is
over the engine groups for which the power is fixed. Then the sized engine poweris Peng = fpn Psized/Neng
for the n-th engine group (with f, an input ratio and f1 = >_, ; ,eq [ for the first group).

3-1.2.2 Main Rotor

The main rotor size is defined by the radius R or disk loading W/A, thrust-weighted solidity o,
hover tip speed Vi, and blade loading Cy /o = W/pAV;3 0. With more than one main rotor, the disk
loading and blade loading are obtained from an input fraction of design gross weight, W = fyWp. The
air density p for Cy /o is obtained from a specified takeoff condition.

If the rotor radius is fixed for the sizing task, three of (R or W/A), Cw /o, Viip, o are input, and the
other parameters are derived. Optionally the radius can be calculated from a specified ratio to the radius
of another rotor.

If the sizing task determines the rotor radius (R and W/A), then two of Cy /o, Viip, o are input, and
the other parameter is derived. The radius can be sized for just a subset of the rotors, with fixed radius
for the others. The radii of all sized rotors are changed by the same factor.

3-1.2.3 Antitorque or Auxiliary Thrust Rotor

For antitorque and auxiliary thrust rotors, three of (R or W/A), Cw /o, Viip, o are input, and the
other parameters are derived. Optionally the radius can be calculated from a specified ratio to the radius
of another rotor. Optionally the radius can be scaled with the main rotor radius. The disk loading and
blade loading are based on frTgesign, Where fr is an input factor and Tyesign is the maximum thrust from
designated design conditions and missions.

3-1.24 Wing

The wing size is defined by the wing area .S or wing loading W/S, span (perhaps calculated from
other geometry), chord, and aspect ratio. With more than one wing, the wing loading is obtained from
an input fraction of design gross weight, W = fyWp.

Two of the following parameters are input: area (or wing loading), span, chord, and aspect ratio;
the other parameters are derived. Optionally the span can be calculated from the rotor radius, fuselage
width, and clearance (typically used for tiltrotors). Optionally the span can be calculated from a specified
ratio to the span of another wing.

3-1.2.5 Fuel Tank

The fuel tank capacity Wryel—cap (maximum usable fuel weight) is determined from designated
sizing missions. The maximum mission fuel required, Wiyel—miss (€Xcluding reserves and any fuel in
auxiliary tanks), gives

quol—cap = max(ffucl—capqucl—missa qucl—miss + Wrcscrvc)

where frel—cap > 1 18 an input factor. Alternative, the fuel tank capacity Weyel—cap can be input.
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3-1.2.6 Weights

The structural design gross weight Wgp and maximum takeoff weight Wy,ro can be input, or
specified as an increment d plus a fraction f of a weight W:

dspew + fspawWp

Wep =d W =
sD spaw + fspaw { dspaw + fspew (Wp — Whiel + fiuel Wiuel—cap)

dwwyro + fwmroWp

dwyro + fwmro(Wp — Wiwel + Weuel—cap)

This convention allows the weights to be input directly (f = 0), or scaled with Wp. For Wgp, W is
the design gross weight Wp, or Wy, adjusted for a specified fuel state (input fraction of fuel capacity).
Alternatively, Wsp can be calculated as the gross weight at a designated sizing flight condition. For
Wwnrro, W is the design gross weight Wp, or Wp adjusted for maximum fuel capacity. Alternatively,
Warro can be calculated as the maximum gross weight possible at a designated sizing flight condition.

Wyro = dwmro + fwmroW = {

3-1.2.7 Drive System Rating

The drive system rating is defined as a power limit, Ppgiimit. The rating is properly a torque limit,
Q@ pstimit = Ppsiimit/ et , DUt is expressed as a power limit for clarity. The drive system rating can be
specified as follows:

a) Input Ppsiimis -

b) From the engine takeoff power rating, Pp siimit = flimit Y Neng Peng (Summed over
all engine groups).

¢) From the power available at the transmission sizing conditions and missions,
Ppsiimit = fiimit (Qret/Qprim) Y Neng Pav (largest of all conditions and segments).
d) From the power required at the transmission sizing conditions and missions,
Ppstimit = flimit (Qref/Qprim) Y Neng Preq (largest of all conditions and segments).

with fiimit an input factor. The drive system rating is a limit on the entire propulsion system. To account
for differences in the distribution of power through the drive system, limits are also used for the torque
of each rotor shaft (Prsiimis) and of each engine group (Pgsiimit). The engine shaft rating is calculated
as for the drive system rating, without the sum over engine groups. The rotor shaft rating is either input
or calculated from the rotor power required at the transmission sizing flight conditions. The power limit
is associated with a reference rotational speed, and when applied the limit is scaled with the rotational
speed of the flight state. The rotation speed for the drive system rating Ppsiimit 1S the hover speed of the
primary rotor of the propulsion group (for the first drive state). The rotation speed for the engine shaft
rating Pgrsimis 1S the corresponding engine turbine speed. The rotation speed for the rotor shaft rating
Prsiimit 1S the corresponding speed of that rotor.

3-2 Mission Analysis

For the mission analysis, the fuel weight or payload weight is calculated. Power required, torque
(drive system, engine shaft, and rotor shaft), and fuel weight are then verified to be within limits.
Missions can be fixed or adjustable.

3-3 Flight Performance Analysis

For each performance flight condition, the power required is calculated or maximum gross weight
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is calculated. Power required, torque (drive system, engine shaft, and rotor shaft), and fuel weight are
then verified to be within limits.

3—-4 Maps

3-4.1 Engine Performance

The engine performance can be calculated for a specified range of power, altitude, and speed.

3-42 Airframe Aerodynamics

The airframe aerodynamic loads can be calculated for a specified range of angle-of-attack, sideslip
angle, and control angles. The aerodynamic analysis evaluates the component lift, drag, and moments
given the velocity. The aircraft velocity is here v, = CF4(v00)7; interference velocity from the rotors
is not considered. From the angle-of-attack « and sideslip angle 3, the transformation from wind axes to
airframe axes is CF4 =Y, Z_; (optionally CF4 = Z_3Y,, can be used, for better behavior in sideward
flight). The loads are summed in the airframe axes (with and without tail loads), and then the wind axis

loads are:
-D M,

—L M,

The center of action for the total loads is the fuselage location z¢,s.. The ratio of the loads to dynamic
pressure is required, so a nominal velocity v = 100 (ft/sec or m/sec) and sea level standard density are
used.



20

Tasks



Chapter 4

Operation

4-1 Flight Condition

Flight conditions are specified for the sizing task and for the flight performance analysis. For each
condition, a flight state is also defined. For the sizing task, certain flight conditions are designated to
be used for engine sizing, for design gross weight calculations, for transmission sizing, for maximum
takeoff weight calculations, or for rotor thrust sizing. The flight condition parameters include gross
weight and useful load. The gross weight can be specified as follows, consistent with the sizing method.

a) Design gross weight, W, (calculated or input).

b) Structural design gross weight, W, or maximum takeoff weight, W10 (which
may depend on Wp).

¢) Function of Wp: W = d + fWp (with d an input weight and f an input factor).
d) Function of Wsp (W = d + fWgp); or function of Wy, 70 (W =d + fWyro).
e) Input W.

f) Gross weight from specified mission segment or flight condition.

g) Gross weight maximized, such that power required equals specified power:
Preqpc = fPawpc + d (in general, min((f Poypa + d) — Pregpe) = 0, minimum over
all propulsion groups) with d an input power and f an input factor; default d = 0
and f = 1 gives zero power margin, min(Py,pe — Pregra) = 0.

h) Gross weight maximized, such that transmission torque equals limit: zero torque
margin, min(Piimi; — Preq) = 0 (mininum over all propulsion groups, engine groups,
and rotors).

i) Gross weight maximized, such that power required equals specified power or
transmission torque equals limit (most restrictive).

J) Gross weight fallout from input payload and fuel weights: W = Wo + Wpay +
Whyel -

Only the last four options are available for W, design conditions in the sizing task. The gross weight can
be obtained from a mission segment only for the sizing task. Optionally the altitude can be obtained from
the specified mission segment or flight condition. The secant method or the method of false position is
used to solve for the maximum gross weight. A tolerance e and a perturbation A are specified.

The useful load can be specified as follows, consistent with the sizing method and the gross weight
specification.

a) Input payload weight W, , fuel weight fallout: Wee1 = Wg — Wo — Whay.
b) Input fuel weight W1, payload weight fallout: W, = Wa — Wo — Wiyer.
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¢) Input payload and fuel weights, gross weight fallout (must match gross weight
option): Wg = Wo + Wpay + Whyel -

The input fuel weight is Wiyel = min(duel + fuet Wiuel—caps Wiuel—cap) + 2 Nauxtank Waux—cap - FOr fallout
fuel weight, Nauxtank 1S changed (optionally only increased). If the auxiliary tank weight is greater than
the increment in fuel weight needed, then the fallout fuel weight We,e1 = W — Wo — Whay can not be
achieved; in such a case, the fuel weight is capped at the maximum fuel capacity and the payload weight
changed instead. The fixed useful load can have increments, including crew weight increment; equipment
weight increment; and installed folding, wing, wing extension, and other kits. These increments are
reflected in the fallout weight.

4-2 Mission

Missions are defined for the sizing task and for the mission performance analysis. A mission
consists of a specified number of mission segments. A flight state is defined for each mission segment.
For the sizing task, certain missions are designated to be used for engine sizing, for design gross weight
calculations, for transmission sizing, or for fuel tank sizing. The mission parameters include mission
takeoff gross weight and useful load. The gross weight can be specified as follows, consistent with the
sizing method.

a) Design gross weight, W, (calculated or input).

b) Structural design gross weight, W p, or maximum takeoff weight, Wy,ro (which
may depend on Wp).

¢) Function of Wp: W = d + fWp (with d an input weight and f an input factor).
d) Function of Wsp, W = d + fWsp; or function of Wyro, W =d + fWarro.

e) Input .

f) Gross weight maximized at specified mission segments, such that power required
equals specified power: P..qpc = fP.opc + d (in general, min((f Pyypa + d) —
P,.qpc) = 0, minimum over all propulsion groups) with d an input power and f
an input factor; default d = 0 and f = 1 gives zero power margin, min(P,,pgc —
Pregpc) = 0.

g) Gross weight maximized at specified mission segments, such that transmission
torque equals limit: zero torque margin, min(Pimit — Preq) = 0 (mininum over all
propulsion groups, engine groups, and rotors).

h) Gross weight maximized at specified mission segments, such that power required
equals specified power or transmission torque equals limit (most restrictive).

i) Gross weight fallout from input initial payload and fuel weights: Wg = Wo +
Wpay + quel .

j) Gross weight fallout from input initial payload weight and calculated mission fuel
weight: W = Wo + Woay + Wiyl

If maximum gross weight is specified for more than one mission segment, then the minimum takeoff
gross weight increment is used; so the power or torque margin is zero for the critical segment and positive
for other designated segments. Only the last five options are available for Wy, design conditions in the
sizing task. The secant method or the method of false position is used to solve for the maximum gross
weight. A tolerance e and a perturbation A are specified.

The useful load can be specified as follows, consistent with the sizing method and the gross weight
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specification.

a) Input initial payload weight W, , fuel weight fallout: Wi = W — Wo — Way.
b) Input fuel weight Wk, initial payload weight fallout: Wyay = We — Wo — Wiyer.
c¢) Calculated mission fuel weight, initial payload weight fallout: Wy, = We —
Wo — Whuel.

d) Input payload and fuel weights, takeoff gross weight fallout (must match gross
weight option): Wg = Wo + Woay + Wiyel -

e) Input payload weight and calculated mission fuel weight, takeoff gross weight
fallout (must match gross weight option): W = Wo + Wpay + Wiyl

The input fuel weight is W1 = min(dpuel + fruet Wiuel—caps Winel—cap) + 2 Nauxtank Waux—cap- If the
fuel weight is not calculated from the mission, then the mission is changed. The fixed useful load can
have increments, including installed folding kits; other increments are specified for individual mission
segments.

The takeoff gross weight is evaluated at the start of the mission, perhaps maximized for zero power
margin at a specified mission segment (either takeoff conditions or midpoint). Then the aircraft is
flown for all segments. For calculated mission fuel weight, the fuel weight at takeoff is set equal to the
fuel required for the mission (burned plus reserve). For specified takeoff fuel weight with adjustable
segments, the mission time or distance is adjusted so the fuel required for the mission (burned plus
reserve) equals the takeoff fuel weight. The mission iteration is thus on mission fuel weight. Range
credit segments (defined below) can also require an iteration. A successive substitution method is used
if an iteration is required, with a tolerance e specified. The iteration to maximize takeoff gross weight
could be an outer loop around the mission iteration, but instead it is executed as part of the mission
iteration. At the specified mission segment, the gross weight is maximized for zero power margin, and
the resulting gross weight increment added to the takeoff gross weight for the next mission iteration.
Thus takeoff gross weight is also a variable of the mission iteration.

Each mission consists of a specified number of mission segments. The following segment types
can be specified.

a) Taxi or warm-up (fuel burned but no distance added to range).

b) Distance: fly segment for specified distance (calculate time).

c) Time: fly segment for specified time (calculate distance).

d) Hold: fly segment for specified time (loiter, so fuel burned but no distance added
to range).

e) Climb: climb or descend from present altitude to next segment altitude (calculate
time and distance).

f) Spiral: climb or descend from present altitude to next segment altitude; fuel
burned but no distance added to range.

For each mission segment a payload weight can be specified; or a payload weight change can be specified,
as an increment from the initial payload or as a fraction of the initial payload.

The number of auxiliary fuel tanks can change with each mission segment: N,,xtank 1S changed
based on the fuel weight (optionally only increased relative to the input number at takeoff, optionally fixed
during mission). For input fuel weight, N,.xsank 18 specified at takeoff. For fallout fuel weight, the takeoff
fuel weight is changed for the auxiliary fuel tank weight given N, yxank (fixed Wa —Wpay = Wo + Wiyer).
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If the auxiliary tank weight is greater than the increment in fuel weight needed, then the fallout fuel
weight Wi, = We — Wo — Wi,ay can not be achieved; in such a case, the fuel weight is capped at the
maximum fuel capacity and the takeoff payload weight changed instead. For fuel tank design missions,
Nauxtank and fuel tank capacity is determined from Wr,.;. Optionally the aircraft can refuel (either on the
ground or in the air) at the start of a mission segment, by either filling all tanks to capacity or adding a
specified fuel weight. Optionally fuel can be dropped at the start of a mission segment. The fixed useful
load can have changes, including crew weight increment; equipment weight increment; and installed
wing extension and other kits.

For calculation of the time or distance in a mission segment, a headwind or tailwind can be specified.
The wind velocity is a linear function of altitude h: V,, = +(max(0, dwing + fwinah)), With the plus sign
for a headwind and the minus sign for a tailwind. For example, California-to-Hawaii 85" percentile
winter quartile headwind profile is V,, = 9.59 + 0.001494 (with altitude A in ft).

Mission fuel reserves can be specified in several ways for each mission. Fuel reserves can be
defined in terms of specific mission segments, for example 200 miles plus 20 minutes at speed for best
endurance. Fuel reserves can be an input fraction of the fuel burned by all (except reserve) mission
segments, SO Wriel = (1 + fres)Wohum- Fuel reserves can be an input fraction of the fuel capacity, so
Wiel = Whurn + fresWruel—cap. If more than one criterion for reserve fuel is specified, the maximum
reserve is used. Time and distance in reserve segments are not included in endurance and range.

To facilitate specification of range, range calculated for a group of segments (typically climb and
descent segments) can be credited to a designated distance segment. For mission analysis, missions can
be fixed or adjustable. In an adjustable mission, the fuel is input, so the time or distance in specified
segments is adjusted based on the calculated fuel burned. If more than one segment is adjusted, all must
be distance or all must be time or hold. Each segment can have only one special designation: reserve,
adjustable, or range credit.

A segment with a large distance, time, or altitude change can be split into several segments, for
more accurate calculation of the performance and fuel burned. The number of segments n can be input,
or calculated from an input increment A: n = [z/A] 4 1, where the brackets indicate integer truncation,
and z is the total distance, time, or altitude change. Then the change for each split segment is A = z/n.

Table 4-1 summarizes the time 7', distance D, and range dR calculations for each segment. The
segment fuel burned is dWy,,n, = Tw, where w is the fuel flow. The horizontal velocity is V},, and the
vertical velocity (climb or descent) is V... The altitude at the start of the segment is h, and at the end of
the segment (start of next segment) he,q. The wind speed is V,,, and the ground speed is V;, — V,,. The
air distance is calculated from the time and speed (D/V}), without the wind speed.

In an adjusted mission, the distances or times are changed at the end of the mission such that
the sum of the fuel burned increments will equal the difference between takeoff fuel weight (plus any
added fuel) and the calculated mission fuel: > dWyyn = > wdT = > wdD/(Vy, — Vi) = AWpyer- The
increments are apportioned among the adjusted segments by the factor f, determined from the ratio of
the input distances or times: dD = fAD or dT' = fAT. Hence AD = AWga /(Y fir/(Vi — Vi) oF
AT = AWhyeal /( f w) . For a segment that is a source of range credit, the range increment is set to zero
and the distance D is added to Dy, Of the destination segment. For the destination segment, the range
contribution remains fixed at the input value, but the time and hence fuel burned are calculated from
(dist — Dotner). It is necessary to separately accumulate Dyiper from earlier segments and Doype, from
later segments; Do, from later segments are estimated initially from the last iteration. At the end of
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the mission, the times and fuel burned are recalculated for all range credit destination segments.

Table 4-1. Mission segment calculations.

segment kind time T' distance D range dR
taxi time 0 D
distance D/(Vi, — Vi) dist D
time time T(Vi, — V) D
hold time 0 D
climb (h — hena)/Ve TV = Vu) D
spiral (h — hena)/ Ve 0 D
range credit

source T D 0

destination D/(Vi, = Vi) dist — Dother dist
adjusted

distance T+dD/(Vy, — V) D+dD =D+ fAD Diew

time T+dl' =T+ fAT D+dT(Vy, — V) Dyow

hold T+dl'=T+ fAT 0 Diyew

The segment time, distance, and fuel burned are evaluated by integrating over the segment duration.
This integration can be performed by using the horizontal velocity, climb velocity, and fuel flow obtained
for the flight state with the gross weight and altitude at the start of the segment; or at the middle of the
segment; or the average of the segment start and segment end values (trapezoidal integration). The gross
weight at the segment middle equals the gross weight at the segment start, less half the segment fuel
burned (obtained from the previous mission iteration). The gross weight at the segment end equals the
gross weight at the segment start, less the segment fuel burned. With trapezoidal integration, for the
output the flight state is finally evaluated at the segment middle.

The mission endurance (block time), range, and fuel burned are £ = > T, R = > dR, Whym =
> dWhum (sum over all non-reserve segments). The reserve fuel from mission segments is Wy =
> dWhum (sum over all reserve segments). Optionally the reserve fuel is the maximum of that from
mission segments and the fraction fiesWhurn, Or the fraction fresWeyel—cap. The calculated mission fuel
is then Wiye1 = Whurn + Wies-

A fuel efficiency measure for the mission is the product of the payload and range, divided by the
fuel weight: e = WyayR/Whum (ton-nm/lb or ton-nm/kg). A productivity measure for the mission is
p = WpayV/Wo (ton-kt/Ib or ton-kt/kg), where Wy is the operating weight and V' the block speed; or
P = WopayV/Whurm (ton-kt/lb or ton-kt/kg). The Breguet range equation R = RF'In(W,/W) is obtained
by integrating dR = — RF (dW/W) for constant range factor

_L/D. WV/P

RF
sfc sfc

The endurance E = EF 2(y/Wy/W; — 1) is obtained by integrating dE = —EF~/Wo(dW/W3/2) for

constant endurance factor
g LD VW/Wo _ W/ P\ W/ W,
T sfe \% o sfe
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Figure 4-1. Takeoff distance and accelerate-stop distance elements.

Constant RF implies operation at constant /D, = WV/P. Constant EF implies operation at constant
(L/D)VW |V = W3/2/P (or constant Ci/ ?/Cp for an airplane). It follows that overall range and
endurance factors can be calculated from the mission performance:

B R
o anO/Wl
E

(V)

where Wy = W, is the takeoff weight, and W, = W, — Wyhum.

RF

EF =

4-3 Takeoff Distance

The takeoff distance can be calculated, either as ground run plus climb to clear an obstacle or
accelerate-stop distance in case of engine failure. The obstacle height A, is typically 35 ft for commercial
transport aircraft, or 50 ft for military aircraft and general aviation. This calculation allows determination
of the balanced field length: engine failure at critical speed, such that the distance to clear the obstacle
equals the distance to stop. Landing and VTOL takeoff calculations are not implemented, as these are
best solved as an optimal control problem.

The takeoff distance consists of a ground run, from zero ground speed to liftoff speed Vo, perhaps
including engine failure at speed Vg ; then rotation, transition, and climb; or decelerate to stop. Figure
4-1 describes the elements of the takeoff distance and the accelerate-stop distance, with the associated
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speeds. The ground is at angle - relative to the horizontal (inertial axes), with v positive for takeoff up
hill. The takeoff profile is defined in terms of ground speed or climb speed, input as calibrated airspeed
(CAS). The aircraft speed relative to the air is obtained from the ground speed, wind, and ground slope.
The aircraft acceleration as a function of ground speed is integrated to obtain the ground distance, as
well as the time, height, and fuel burned. Usually the speed increases from the start to liftoff (or engine
failure), but the calculated acceleration depends on the flight state specification. The analysis checks for
consistency of the input velocity and the calculated acceleration (on the ground) and for consistency of
the input height and input or calculated climb angle (during climb).

The takeoff profile consists of a set of mission segments. The first segment is at the start of the
takeoff, V' = 0. Subsequent segments correspond to the ends of the integration intervals. The last
segment has the aircraft at the required obstacle height, or stopped on the ground. The mission can
consist of just one takeoff; more than one takeoff; or both takeoff and non-takeoff segments. Takeoff
segments contribute to the mission fuel burned, but do not contribute to the mission time, distance, or
range. The takeoff distance calculation is performed for a set of adjacent segments, the first segment
specified as the takeoff start, and the last segment identified as before a non-takeoff segment or before
another takeoff start. The takeoff distance is calculated if a liftoff segment (with V7o) is specified;
otherwise the accelerate-stop distance is calculated. Table 4-2 summarizes the mission segments for
takeoff calculations. There can be only one liftoff, engine failure, rotation, and transition segment
(or none). The engine failure segment must occur before the liftoff segment. Rotation and transition
segments must occur after liftoff. All ground run segments must be before liftoff, and all climb segments
must be after liftoff. Takeoff segments (except start, rotation, and transition) can be split, in terms of
height for climb and in terms of velocity for other segments. Splitting the takeoff or engine failure
segment produces additional ground run segments. Separately defining multiple ground run, climb, or
brake segments allows configuration variation during the takeoff.

Table 4-2. Mission segments for takeoff calculation.

takeoff distance accelerate-stop distance
start V=0 start V=0
ground run v ground run v
engine failure Ver engine failure Ver
ground run 1% brake Vv
liftoff Vio brake V=0
rotation Vr

transition Vrr

climb, to A Ver

climb, to h, Ver

Each takeoff segment requires that the flight state specify the appropriate configuration, trim option,
and maximum effort. In particular, the number of inoperative engines for a segment is part of the flight
state specification, regardless of whether or not an engine failure segment is defined. The engine failure
segment (if present) serves to implement a delay in decision after failure: for a time ¢; after engine
failure, the engine rating, power fraction, and friction of the engine failure segment are used (so the
engine failure segment corresponds to conditions before failure). The number of inoperative engines
specified must be consistent with the presence of the engine failure segment. The takeoff is assumed
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to occur at fixed altitude (so the maximum-effort variable can not be altitude). The flight state velocity
specification is superseded by the ground or climb speed input for the takeoff segment. The flight state
specification of height above ground level is superseded by the height input for the takeoff segment.

The ground distance, time, height, and fuel burned are calculated for each takeoff segment. The
takeoff distance or accelerate-stop distance is the sum of the ground distance of all segments. Takeoff
segments do not contribute to mission time, distance, or range.

4-3.1 Ground Run

The takeoff starts at zero ground speed and accelerates to liftoff ground speed Vo (input as CAS).
Possibly an engine failure speed Vepr < Vi is specified. Start, liftoff, and engine failure segments
designate events, but otherwise are analyzed as ground run segments. The decision speed V; is ¢,
seconds after engine failure (typically #; = 1 to 2 sec). Up to ¢; after engine failure, conditions of the
engine failure segment are used (so the engine failure segment corresponds to conditions before failure).
The aircraft acceleration is obtained from the thrust minus drag (7" — D in airplane notation), plus a
friction force proportional to the weight on wheels (W — L in airplane notation):

Ma=T-D-pW-L)=> F,—py F.

from the force components in ground axes (rotated by the ground slope angle ¢ from inertial axes).
Table 4-3 gives typical values of the friction coefficient . The velocity of the aircraft relative to the
air is obtained from the ground velocity V, wind velocity V,, (assumed parallel to the ground here),
and the ground slope: Vj, = (V 4+ V,,)cosvg and V., = (V + V,,)sinvg. The takeoff configuration is
specified, including atmosphere, in-ground-effect, gear down, power rating, nacelle tilt, flap setting,
and number of inoperative engines. An appropriate trim option is specified, typically fixed attitude
with longitudinal force trimmed using collective, for a given longitudinal acceleration. Perhaps the net
aircraft yaw moment is trimmed with pedal. The maximum-effort condition is specified: maximum
longitudinal acceleration (ground axes) for zero power margin. The aircraft acceleration as a function
of ground speed is integrated to obtain the segment time, ground distance, height, and fuel burned:

tG_/dt /—d —/dv Z ai )quvl Y At

seg

B B  [ovdv d(vz)i 1,1 1 B vy + 1
SG—/”dt—/”%dv—/T—/ TR CrRir [CE D B G e

seg seg

hag =0

wG:/wfdtZZ(W)At

seg

Trapezoidal integration is used; each segment corresponds to the end of an integration integral.

Table 4-3. Typical friction coefficient .

surface rolling braking
dry and hard 0.03-0.05 0.30-0.50
grass 0.08 0.20

ice 0.02 0.06-0.10
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4-3.2 Brake

After engine failure, the aircraft can decelerate to a stop. The operating engines are at idle. Reverse
thrust is not permitted for the accelerate-stop distance calculation. The braking configuration is specified.
Typically no trim option is executed; rather the aircraft has fixed attitude with controls for zero rotor
thrust (such as zero collective and pedal). The aircraft acceleration as a function of ground speed is
integrated, as for ground run.

4-3.3 Rotation

Rotation occurs at speed Vg; usually Vg = Vo isused. The duration ¢ is specified, then sg = Vgtg,
hr =0, wgr = wytg are the ground distance, height, and fuel burned. Typically tr = 1 to 3 sec.

4-3.4 Transition

Transition from liftoff to climb is modeled as a constant load factor pull-up to the specified climb
angle v, at speed Vrg. Usually Vrr = Vi is used, and typically nrr = 1.2. From the load factor
nrr = 1+V2,/gRrr, the flight path radius is Rrr = V2, /(9(nrr—1)) and the pitchrateis = Vyr/Rrg.
Then

tTRZV/éZWRTRZW Vrn
Vrr g(nrr —1)
STR — RTR sin’y
hTR = RTR(]- - COS’)/)
wrr = WftTr
are the time, ground distance, height, and fuel burned.
4-3.5 Climb

Climb occurs at angle v relative to the ground and air speed Vi, from the transition height hrg
to the obstacle height h, (perhaps in several climb segments). The climb configuration is specified,
including atmosphere, in-ground-effect, gear down or retracted, power rating, nacelle tilt, flap setting,
and number of inoperative engines. An appropriate trim option is specified, typically aircraft force and
moment trimmed with attitude and controls. The climb angle and air speed can be fixed or a maximum-
effort condition can be specified. The maximum-effort options are fixed air speed and maximum rate of
climb for zero power margin; or airspeed for best climb rate or best climb angle with maximum rate of
climb for zero power margin. Not implemented is a maximume-effort calculation of maximum flight path
acceleration for zero power margin, for specified climb angle; this calculation would require integration
of the acceleration as a function of flight speed. For the climb segment, the input V-, is the magnitude
of the aircraft velocity relative to the air, and the climb angle relative to the horizontal is 6y = v + 5.
Hence from the maximum-effort calculation, the climb angle relative to the ground is v = 6y — v and
the ground speed is Vgrouna = Vor, cosy — V,, (from the wind speed V,,). Then

tCL - SCL/Vground
scr = (h — hlast)/tanfy
her =h

wep = Wrtcr
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are the time, ground distance, height, and fuel burned.

4-4 Flight State

A flight state is defined for each flight condition (sizing task design conditions and flight performance
analysis), and for each mission segment. The following parameters are required.

a) Speed: flight speed and vertical rate of climb, with the following options.

1) Specify horizontal speed (or forward speed or velocity magnitude), rate
of climb (or climb angle), and sideslip angle.

2) Hover or vertical flight (input vertical rate of climb; climb angle 0 or
+90 deg).

3) Left or right sideward flight (input velocity and rate of climb; sideslip
angle +90 deg).

4) Rearward flight (input velocity and rate of climb; sideslip angle 180
deg).

b) Aircraft motion.

1) Pitch and roll angles (Aircraft values or flight state input; initial values
for trim variables, fixed otherwise).
2) Turn, pull-up, or linear acceleration.

c¢) Altitude: For mission segment, optionally input, or from last mission segment;
climb segment end altitude from next segment.

d) Atmosphere:

1) Standard day, polar day, tropical day, or hot day at specified altitude.
2) Standard day, polar day, or tropical day plus temperature increment.
3) Standard day, polar day, or tropical day and specified temperature.
4) Input density and temperature.

5) Input density, speed of sound, and viscosity.

e) Height of landing gear above ground level. Landing gear state (extended or
retracted).

f) Aircraft control state: input; or conversion schedule.

g) Aircraft control values (Aircraft values or flight state input; initial values for trim
variables, fixed otherwise).

h) Aircraft center-of-gravity position (increment or input value).

For each propulsion group, the following parameters are required:

i) Drive system state.
J) Rotor tip speed for primary rotor:

1) Input.
2) Reference.
3) Conversion schedule or function speed.
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4) Default for hover, cruise, maneuver, OEI, or transmission sizing con-
dition.

5) From input Cp /o = to — uty, or u, or M, (where p is the rotor advance
ratio, and M,; is the rotor advancing tip Mach number).

And for each engine group of each propulsion group:

k) Number of inoperative engines.
1) Infrared suppressor state: off (hot exhaust) or on (suppressed exhaust).
m) Engine rating, and fraction of rated engine power available.

Aircraft and rotor performance parameters for each flight state:

0) Aircraft drag: forward flight drag increment, accounting for payload aerodynam-
ics.
p) Rotor performance: induced power factor x and profile power mean c,.

The aircraft trim state and trim targets are also specified.

The aircraft performance can be analyzed for the specified state, or a maximum-effort performance
can be identified. For the maximum effort, a quantity and variable are specified. The available maximum-
effort quantities include:

a) Best endurance: maximum 1/w.

b) Best range: 99% maximum V/w@ (high side); or low side; or 100%.

c¢) Best climb or descent rate: maximum V, or 1/P.

d) Best climb or descent angle: maximum V,/V}, or V/P.

e) Ceiling: maximum altitude.

f) Power limit: zero power margin, min(P,,pg — Pregprg) = 0 (minimum over all
propulsion groups).

g) Torque limit: zero torque margin, min(Quimit — Qreq) = 0 (Minimum over all
propulsion groups, engine groups, and rotors; Qjimi; €xpressed as power at reference
rotation speed).

h) Power limit or torque limit: most restrictive.

i) Wing stall: zero wing lift margin, Cpmax — Cr, = 0 (for designated wing).

j) Rotor stall: zero rotor thrust margin, (Cr /0 )max — Cr /o = 0 (for designated rotor,
steady or transient limit).

Here w is the aircraft fuel flow, and P the aircraft power. The available maximum-effort variables
include:

a) Horizontal velocity V}, or vertical rate of climb V, (times an input factor).
b) Aircraft altitude.

¢) Aircraft angular rate, § (pull-up) or ¢ (turn).

d) Aircraft linear acceleration (airframe, inertial, or ground axes).

If the variable is velocity, first the velocity is found for the specified maximum effort; then the performance
is evaluated at that velocity times an input factor. For endurance, range, or climb, the slope of the quantity
to be maximized must be zero; hence in all cases the target is zero. The slope of the quantity is evaluated
by first-order backward difference. For the range, first the variable is found such that v/« is maximized
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(slope zero), then the variable is found such that V/w equals 99% of that maximum. Two maximum-
effort quantity/variable pairs can be specified, and solved in nested iterations. The secant method or
the method of false position is used to solve for the maximum effort. The task of finding maximum
endurance, range, or climb is usually solved using the golden-section or curve-fit method. A tolerance
e and a perturbation A are specified.

Given the gross weight and useful load (from the flight condition or mission specification), the
performance is calculated for this flight state. The calculated state information includes weight, speed
and velocity orientation (climb and sideslip), aircraft Euler angles, rotor tip speeds, and aircraft controls.

A number of performance metrics are calculated for each flight state. The specific range is the ratio
of the speed to the fuel flow: V/w@w (nm/Ib or nm/kg). From the Breguet range equation, it follows that
the range for fuel equal 1% of the gross weight is

L/D, 1
Rl%GW:/ 111( >

sfc .99

where L/D. = WV/P. A fuel efficiency measure is the product of the payload and specific range:
e = Wpay(V/w) (ton-nm/lb or ton-nm/kg). A productivity measure is p = Wy, V/Wo (ton-kt/lb or
ton-kt/kg), where Wy, is the operating weight.

The aircraft weight statement defines the fixed useful load and operating weight for the design
configuration. For each flight state, the fixed useful load may be different from the design configuration,
because of changes in auxiliary fuel tank weight or kit weights or increments in crew or equipment
weights. Thus the fixed useful load weight is calculated for the flight state; and from it the useful load
weight and operating weight. The gross weight, payload weight, and usable fuel weight (in standard
and auxiliary tanks) completes the weight information for the flight state.

4-5 Environment and Atmosphere

The aerodynamic environment is defined by the speed of sound c,, density p, and kinematic viscosity
v = pu/p of the air (or other fluid). These quantities can be obtained from the standard day (International
Standard Atmosphere), or input directly. Polar day, tropical day, and hot day atmospheres can also be
used. The following options are implemented:

a) Input the altitude hgeom and a temperature increment AT'. Calculate the temper-
ature from altitude and pressure from temperature for the standard day (or polar
day, tropical day, hot day), add AT, and then calculate the density from the equa-
tion of state for a perfect gas. Calculate the speed of sound and viscosity from the
temperature.

b) Input the pressure altitude hgeor, and the temperature 7 (°F or °C). Calculate the
pressure (from temperature vs. altitude) for the standard day (or polar day, tropical
day, hot day), and then the density from the equation of state for a perfect gas.
Calculate the speed of sound and viscosity from the temperature.

¢) Input the density p and the temperature 7 (°F or °C). Calculate the speed of sound
and viscosity from the temperature.

d) Input the density p, sound speed ¢, and viscosity n. Calculate the temperature
from the sound speed.
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Here hgeom 18 the geometric altitude above mean sea level.
The gravitational acceleration g can have the standard value or an input value.

The International Standard Atmosphere (ISA) is a model for the variation with altitude of pressure,
temperature, density, and viscosity, published as International Standard ISO 2533 by the International
Organization for Standardization (ISO) (ref. 1). The ISA is intended for use in calculations and design
of flying vehicles, to present the test results of flying vehicles and their components under identical
conditions, and to allow unification in the field of development and calibration of instruments. The ISA
is defined up to 80 km geopotential altitude and is identical to the ICAO Standard Atmosphere up to 32
km.

Dry air is modeled in the ISA as a perfect gas with a mean molecular weight, and hence a gas
constant R, defined by adopted values for sea level pressure, temperature, and density (pg, Ty, po). The
speed of sound at sea level ¢, is defined by an adopted value for the ratio of specific heats . The variation
of temperature with geopotential altitude is defined by adopted values for vertical temperature gradients
(lapse rates, L) and altitudes (h;). The variation of pressure with geopotential altitude is further defined
by an adopted value for the standard acceleration of free fall (¢). The variation of dynamic viscosity u
with temperature is defined by adopted values for Sutherland’s empirical coefficients 5 and S.

The required parameters are given in table 4-4, including the acceleration produced by gravity, g.
The temperature 7" is in °K, while 7 is °C (perhaps input as °F); T' = T,, + 7. The gas constant is
R = po/poTy,and pyg is actually obtained from S and 3. The ISA is defined in SI units. Although table 4-
4 gives values in both SI and English units, all the calculations for the aerodynamic environment are
performed in ST units. As required, the results are converted to English units using the exact conversion
factors for length and force.

The ISA consists of a series of altitude ranges with constant lapse rate L, (linear temperature change
with altitude). Thus at altitude A, the standard day temperature is

Tsta = Ty + Ly(hg — hs)

for hy > hy. The altitude ranges and lapse rates are given in table 4-5. Note that h is sea level, and h, is
the boundary between the troposphere and the stratosphere. This altitude £, is the geopotential height,
calculated assuming constant acceleration due to gravity. The geometric height h is calculated using an
inverse square law for gravity. Hence hy = rh/(r + h), where r is the nominal radius of the Earth. The
standard day pressure is obtained from hydrostatic equilibrium (dp = —pg dh,) and the equation of state
for a perfect gas (p = pRT, so dp/p = —(g/RT)dhg). In isothermal regions (L, = 0) the standard day
pressure is
Pstd _ ,—(g/RT)(hg—hs)
y2

Dstd T 79/RLb
[ <Tb)

where py, is the pressure at hy,, obtained from these equations by working up from sea level. Let Ty, po, po,
¢s0, o be the temperature, pressure, density, sound speed, and viscosity at sea level standard conditions.

and in gradient regions (L; # 0)
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Then the density, sound speed, and viscosity are obtained from

o (2) (5)

B (T/ 1)/
H=Ho (a(T/T0)0+ 1— a)

where pg = ﬁTg’ /2 /(To + S) and a = Ty /(Tp + S). For the cases using input temperature, T’ = T,er0 + 7.
The density altitude and pressure altitude are calculated for reference. From the density and the standard
day (troposphere only), the density altitude is:

B T p 1/(g/R|Lo|-1)
hg=—|1—|—
|L0| £0

From the pressure p = pRT and the standard day,

L :E - <£>1/(Q/R|LU|) :E . (ﬁ z)l/(g/R|LU|)
"Ll bo |Lo| po To

is the pressure altitude.

The polar and tropical days are atmospheric models that describe realistic profiles of extremes
of temperature and density, needed to calculate performance in near-worst-case conditions (ref. 6).
These atmospheres are hydrodynamically balanced and can be used in calculations involving engine
performance and aerodynamic characteristics, including calculations of true vertical velocity (ref. 4).
Tables of air properties for the polar and tropical days are given in MIL-STD-3013A, based on MIL-
STD-210A. The break points in the lapse rates are evident in MIL-STD-210A, in terms of degrees C
as a function of altitude in ft (geopotential altitude in MIL-C-5011B). The pressure ratio at sea level is
d = 30.268/29.92 = 1.0116 for the polar day, and § = 1 for the tropical day. The altitude ranges and lapse
rates are given in table 4-6 for the polar day, and in table 4-7 for the tropical day. Figure 4-2 compares
the temperature profiles. The air properties for the polar and tropical days are calculated from h;, Ly,
and Ty, using the equations of hydrostatic equilibrium, as for the standard day. The primary data for the
polar and tropical days are the altitude in ft and temperature in °C; h; in km and L, are derived using
the exact conversion factor for length.

The conditions of the standard day, polar day, and tropical day are applicable to free air conditions.
Temperatures close to the surface of the earth, even at high elevations, can be considerably higher than
those for free air. The hot day is a model of ground-level atmospheric conditions, to be used for takeoff
and other ground operations at elevations up to 15000 ft (ref. 6). The hot day properties are statistically
sampled and are not hydrodynamically balanced, hence should be used for approximately constant
altitude conditions (ref. 4).

The origins of the hot day are in ref. 2, which has 103°F for sea level, and a lapse rate —3.7°F per
1000 ft (geometric) to 40000 ft. The pressure in the table is from the equations for equilibrium, which
gives the pressure altitude; these data are not used further. According to MIL-STD-210A (paragraph
3.1.1), the pressure (hence pressure altitude) as a function of altitude was obtained from statistics. Up
to 15000 ft, the ratio of geometric altitude to pressure altitude is 1.050. The —3.7 geometric lapse rate



Operation 35

standard day
40.
polar day
tropical day
20. hot day
o 0.
on
Q
=
£ 20
<
5]
o
=
2 -40. - -
-60. ~
-80. ' '
0 5 10 15 20. 25 30

altitude (km)

Figure 4-2. Temperature as a function of altitude.

plus the mapping of geometric to pressure altitude gave °F vs. pressure altitude, rounded to 1 decimal
place. Then °C was calculated from °F, rounded to 1 decimal place. The pressure ratio ¢ followed from
the pressure altitude. The geometric altitude (to 35000 ft) in MIL-STD-210A was calculated from the
temperature and the —3.7 lapse rate, rounded to 100s. MIL-C-5011B has same data as MIL-STD-210A,
but does not give geometric altitude, and truncates the table at 15000 ft. MIL-STD-3013A took °C
(already rounded to 1 decimal place) vs. pressure altitude (ft) from MIL-STD-210A as the temperature
profile up to 15000 ft, and calculated °F (2 decimal places, so no more loss of information) from °C. The
geopotential altitude was calculated from °C and —3.7°F lapse rate, rounded to 100s; but these altitude
information is not meaningful, since the are not in equilibrium; only the pressure altitude is used. Thus
the hot day model has a sea level temperature of 39.4°C (102.92°F). Curve fitting the data to 15000 ft
gives a lapse rate of —7.065°C per 1000 m = —2.1534°C per 1000 ft (table 4-8).

Given the pressure altitude h, the hot day temperature and pressure ratio are

71hot = Tb + Lb(h - hb)

—g/RLy
Dhot Ly g
~ (14 —h>
Do < To

using the standard day L, = —6.5. A constant lapse rate fits the tabular data for the hot day atmosphere
to only about 0.1°C. Thus the tabular data can be used directly instead (table 4-8, from MIL-C-5011B),
with linear interpolation to the specified pressure altitude. MIL-STD-3013A has the same data, but only
for altitudes a multiple of 1000 ft.
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Table 4-4. Constants adopted for calculation of the ISA.

parameter SI units English units
units A m ft

units 7 °C °F

m per ft 0.3048

kg per Ibm 0.45359237

Ty 288.15 °K 518.67 °R

Thero 273.15 °K 459.67 °R

Do 101325.0 N/m? 2116.22 Ib/ft?

00 1.225 kg/m3 0.002377 slug/ft3
Cs0 340.294 m/sec 1116.45 ft/sec

Lo 1.7894E-5 kg/m-sec 3.7372E-7 slug/ft-sec
S 1104 °’K

8 1.458E-6

5y 14

g 9.80665 m/sec? 32.17405 ft/sec?
r 6356766 m 20855531 ft
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Table 4-5. Temperatures and vertical temperature gradients: standard day.

level base altitude h;, lapse rate L, temperature 7,
km °K/km °K °C °F

troposphere -2 -6.5 301.15 28 824
0 troposphere 0 -6.5 288.15 15 59
1 tropopause 11 0 216.65 -56.5 -69.7
2 stratosphere 20 +1.0 216.65 -565 -69.7
3 stratosphere 32 +2.8 228.65 -445 -48.1
4 stratopause 47 0 270.65 -2.5 27.5
5 mesosphere 51 -2.8 27065 -25 275
6 mesosphere 71 2.0 21465 -585 -733
7 mesopause 80 0 196.65 -76.5 -105.7

Table 4-6. Temperatures and vertical temperature gradients: polar day.

base altitude h;

lapse rate L,

temperature 75

pressure ratio

ft km * °K/km * °K °C °F* 5 =p/po

0 0 6.326 246.15 -27 -16.6 30.268/29.92
3111.871 0.948 -1.083 252.15 -21 -58

9172.604 2.796 -5.511 250.15 -23 -94

28224.543  8.603 -0.476 218.15 -55 -67.0

83363.393 25.409 0 210.15 -63 -814

* derived

Table 4-7. Temperatures and vertical temperature gradients: tropical day.

base altitude h;,

lapse rate L,

temperature 75

pressure ratio

ft km * °K/km * °K °C °F * 0 =p/po
0 0 -6.687 30525 321 89.78 1

55000 16.764 4374 193.15 -80 -112.00

70000 21.336 2.401 213.15 -60 -76.00

100745 30.707 235,65 -375 -35.50

* derived

Table 4-8. Temperatures and vertical temperature gradients: hot day.

base altitude h;,

lapse rate L,

temperature 75

pressure ratio

fit km * °K/km °K °C oF * 8 =p/po
0 0 7,065 31255 394 10292 1
15000 4572 28025% 7.0% 44.78

* derived
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Table 4-9. Temperature table for hot day (from MIL-C-5011B).

pressure altitude temperature

ft km * °K °C °F *
0 0 312.55 394 102.92
500 0.152 311.55 384 101.12
1000 0.305 310.45 373 99.14
1500 0.457 309.45 36.3 97.34
2000 0.610 308.35 352 95.36
2500 0.762 307.25 341 93.38
3000 0914 306.25 33.1 91.58
3500 1.067 305.15 320 89.60
4000 1.219 304.05 309 87.62
4500 1.372 302.95 29.8 85.64
5000 1.524 301.85 28.7 83.66
5500 1.676 300.75 27.6 81.68
6000 1.829 299.65 26.5 79.70
6500 1.981 298.55 254 77.72
7000 2.134 29745 243 75.74
7500 2.286 296.35 232 73.76
8000 2438 295.25 22.1 71.78
8500 2.591 294.15 210 69.80
9000 2.743 293.05 19.9 67.82
9500 2.896 291.95 18.8 65.84
10000 3.048 290.85 17.7 63.86
10500 3.200 289.85 16.7 62.06
11000 3.353 288.85 15.7 60.26
11500 3.505 287.75 14.6 58.28
12000 3.658 286.75 13.6 56.48
12500 3.810 285.65 12.5 54.50
13000 3.962 284.55 114 52.52
13500 4115 283.55 104 50.72
14000 4267 28245 93 48.74
14500 4.420 281.35 82 46.76
15000 4572 280.35 72 44 .96

* derived
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Solution Procedures

The NDARC code performs design and analysis tasks. The design task involves sizing the rotorcraft
to satisfy specified design conditions and missions. The analysis tasks can include off-design mission
performance analysis, flight performance calculation for point operating conditions, and generation of
subsystem or component performance maps. Figure 5-1 illustrates the tasks. The principal tasks (sizing,
mission analysis, and flight performance analysis) are shown in the figure as boxes with dark borders.
Dark arrows show control of subordinate tasks.

The aircraft description (figure 5-1) consists of all the information, input and derived, that defines
the aircraft. The aircraft consists of a set of components, including fuselage, rotors, wings, tails, and
propulsion. This information can be the result of the sizing task; can come entirely from input, for a
fixed model; or can come from the sizing task in a previous case or previous job. The aircraft description
information is available to all tasks and all solutions (indicated by light arrows).

Missions are defined for the sizing task and for the mission performance analysis. A mission consists
of a specified number of mission segments, for which time, distance, and fuel burn are evaluated. For
specified takeoff fuel weight with adjustable segments, the mission time or distance is adjusted so the
fuel required for the mission (burned plus reserve) equals the takeoff fuel weight. The mission iteration
is on fuel weight.

Flight conditions are specified for the sizing task and for the flight performance analysis.

For flight conditions and mission takeoff, the gross weight can be maximized such that the power
required equals the power available.

A flight state is defined for each mission segment and each flight condition. The aircraft performance
can be analyzed for the specified state, or a maximum-effort performance can be identified. The
maximum effort is specified in terms of a quantity such as best endurance or best range, and a variable
such as speed, rate of climb, or altitude. The aircraft must be trimmed, by solving for the controls
and motion that produce equilibrium in the specified flight state. Different trim solution definitions are
required for various flight states. Evaluating the rotor hub forces may require solution of the blade flap
equations of motion.

The sizing task is described in more detail in chapter 3. The flight condition, mission, and flight
state calculations are described in chapter 4. The solution of the blade flap equations of motion is
described in chapter 11. The present chapter provides details of the solution procedures implemented
for each iteration of the analysis.

The nested iteration loops involved in the solution process are indicated by the subtitles in the
boxes of figure 5-1, and illustrated in more detail in figure 5-2. The flight state solution involves up
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Figure 5-1. Outline of NDARC tasks.

to three loops. The innermost loop is the solution of the blade flap equations of motion, needed for an
accurate evaluation of the rotor hub forces. The next loop is the trim solution, which is required for
most flight states. The flight state optionally has one or two maximum-effort iterations. The flight state
solution is executed for each flight condition and for each mission segment. A flight condition solution
or any mission segment solution can optionally maximize the aircraft gross weight. The mission usually
requires an iterative solution, for fuel weight or for adjustable segment time or distance. Thus each flight
condition solution involves up to four nested iterations: maximum gross weight (outer), maximum effort,
trim, and blade motion (inner). Each mission solution involves up to five nested iterations: mission
(outer), and then for each segment maximum gross weight, maximum effort, trim, and blade motion
(inner). Finally, the design task introduces a sizing iteration, which is the outermost loop of the process.
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Figure 5-2. Design and analysis tasks, with nested loops and solution methods.
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5-1 Iterative Solution Tasks

5-1.1 Tolerance and Perturbation

For each solution procedure, a tolerance e and a perturbation A may be required. Single values are
specified for the task, and then scaled for each element tested or perturbed.

The scaling is based on a reference weight W (design gross weight, or derived from aircraft
Cr/o = 0.07), areference length L (fuselage length, rotor radius, or wing span), and a reference power
P (aircraft installed power, or derived from P = W/W/2pA). Then the force reference is F' = W,
the moment reference is M = WL/10, and the angle reference is A = 1 deg. The velocity reference is
V' = 400 knots. The angular velocity reference is Q@ = V/L (in deg/sec). The coefficient reference is
C = 0.6 for wings and C' = 0.1 for rotors. Altitude scale is H = 10000 ft. Acceleration scale is G = g
(acceleration due to gravity). The range scale is X = 100 nm. These scaling variables are referred to in
the subsections that follow, and in tables 5-1, 5-3, and 5-4.

5-1.2 Size Aircraft

The sizing task determines the dimensions, power, and weight of a rotorcraft that can perform a
specified set of design conditions and missions. The aircraft size is characterized by parameters such as
design gross weight, weight empty, rotor radius, and engine power available. The relationships between
dimensions, power, and weight generally require an iterative solution. From the design flight conditions
and missions, the task can determine the total engine power or the rotor radius (or both power and radius
can be fixed), as well as the design gross weight, maximum takeoff weight, drive system torque limit,
and fuel tank capacity. For each propulsion group, the engine power or the rotor radius can be sized.

A successive substitution method is used for the sizing iteration, with an input tolerance e. Relax-
ation is applied to P.ne or R, Wp, Warro, Posiimits Wivel—cap» aNd Tdesign. TWO successive substitution
loops are used. The outer loop is an iteration on performance: engine power or rotor radius, for each
propulsion group. The inner loop is an iteration on parameters: Wp, Wyro, Ppsiimit> Wivel—cap» and
T4esign- Either loop can be absent, depending on the definition of the sizing task. Convergence is tested
in terms of these parameters and the aircraft weight empty Wx. The tolerance is 0.1 Pe for engine power
and drive system limit; 0.01We for gross weight, maximum takeoff weight, fuel weight, and design rotor
thrust; and 0.1 Le for rotor radius.

5-1.3 Mission

Missions consist of a specified number of segments, for which time, distance, and fuel burn are
evaluated. For calculated mission fuel weight, the fuel weight at takeoff is adjusted to equal the fuel
required for the mission (burned plus reserve). For specified takeoff fuel weight with adjustable segments,
the mission time or distance is adjusted so the fuel required for the mission (burned plus reserve) equals
the takeoff fuel weight. The mission iteration is thus on fuel weight. Range credit segments can also
require an iteration.

A successive substitution method is used if an iteration is required, with a tolerance e specified.
The principal iteration variable is takeoff fuel weight, for which the tolerance is 0.01We. For calculated
mission fuel weight, the relaxation is applied to the mission fuel value used to update the takeoff fuel
weight. For specified takeoff fuel weight, the relationship is applied to the fuel weight increment used
to adjust the mission segments. The tolerance for the distance flown in range credit segments is Xe. The
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relaxation is applied to the distance flown in the destination segments for range credit.
5-14 Maximum Gross Weight

Flight conditions are specified for the sizing task and for the flight performance analysis. Mission
takeoff conditions are specified for the sizing task and for the mission analysis. Optionally for flight
conditions and mission takeoff, the gross weight can be maximized, such that the power required equals
the power available, min(P,, pg — Pregrc) = 0 (zero power margin, minimum over all propulsion groups);
or such that the power required equals an input power, min((d + f Povpa) — Pregpg) = 0 (minimum over
all propulsion groups, with d an input power and f an input factor; this convention allows the power to
be input directly, f = 0, or scaled with power available).

The secant method or the method of false position is used to solve for the maximum gross weight.
A tolerance e and a perturbation A are specified. The variable is gross weight, with initial increment of
WA, and tolerance of 0.01We. Note that the convergence test is applied to the magnitude of the gross
weight increment.

5-1.5 Maximum Effort

The aircraft performance can be analyzed for the specified state or a maximum-effort performance
can be identified. The secant method or the method of false position is used to solve for the maximum
effort. The task of finding maximum endurance, range, or climb is usually solved using the golden-
section or curve-fit method. A tolerance ¢ and a perturbation A are specified.

A quantity and variable are specified for the maximum-effort calculation. Tables 5-1 and 5-2
summarize the available choices, with the tolerance and initial increment used for the variables. Note
that the convergence test is applied to the magnitude of the variable increment. Optionally two quantity/
variable pairs can be specified, solved in nested iterations. The two variables must be unique. The two
variables can maximize the same quantity (endurance, range, or climb). If the variable is velocity, first
the velocity is found for the specified maximum effort; the performance is then evaluated at that velocity
times an input factor. For endurance, range, or climb, the slope of the quantity to be maximized must be
zero; hence in all cases the target is zero. The slope of the quantity is evaluated by first-order backward
difference. For the range, first the variable is found such that V/w is maximized (slope zero), and then
the variable is found such that V/w equals 99% of that maximum; for the latter the variable perturbation
is increased by a factor of 4 to ensure that the solution is found on the correct side of the maximum.

5-1.6 Trim

The aircraft trim operation solves for the controls and motion that produce equilibrium in the
specified flight state. A Newton—Raphson method is used for trim. The derivative matrix is obtained by
numerical perturbation. A tolerance e and a perturbation A are specified.

Different trim solution definitions are required for various flight states. Therefore one or more
trim states are defined for the analysis, and the appropriate trim state selected for each flight state of
a performance condition or mission segment. For each trim state, the trim quantities, trim variables,
and targets are specified. Tables 5-3 and 5-4 summarize the available choices, with the tolerances and
perturbations used.
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Table 5-1. maximum-effort solution.

Solution Procedures

maximum-effort variable initial increment tolerance
horizontal velocity Vi 0.1VA 0.1Ve
vertical rate of climb V., 0.1VA 0.1Ve
aircraft altitude HA He
aircraft angular rate 0 (pullup), ¢ (turn) QA Qe
aircraft linear acceleration Qg s Gy, A GA Ge

Table 5-2. maximum-effort solution.

maximum-effort quantity

best endurance

best range

best climb or descent rate
best climb or descent angle
ceiling

power limit

torque limit

power and torque limit
wing stall

rotor stall

maximum 1/w

99% maximum V/w
maximum V, or 1/P
maximum V,/V or V/P
maximum altitude

power margin, min(Py,,pg — Pregra) =0
torque margin, min(Qiimis — Qreq) = 0

high or low side, or 100%

over all propulsion groups
over all limits

power margin or torque margin

lift margin, Crimax — Cr, =0

thrust margin, (Cr/0)max — Cr/oc =0

most restrictive
for designated wing
for designated rotor

Table 5-3. Trim solution.

trim quantity target tolerance
aircraft total force x, Yy, z components 0 Fe
aircraft total moment  z, y, z components 0 Me
aircraft load factor x,Yy, z components Flight State €
propulsion group power Flight State Pe
power margin Povpc — Pregra Flight State Pe
torque margin Ppsiimit — Pregpa Flight State Pe

rotor force

rotor thrust

rotor thrust margin
rotor flapping

rotor hub moment
rotor torque

wing force

wing lift coefficient
wing lift margin
tail force

lift, vertical, propulsive
Cr/o

(CT/U)max - CT/U

Be, Bs

z (roll), y (pitch)

lift
Cr
CLmax - CVL
lift

Flight State, component schedule  Fe
Flight State, component schedule  Ce

Flight State
Flight State
Flight State
Flight State

Ce
Ae
Me
Me

Flight State, component schedule  Fe
Flight State, component schedule  Ce

Flight State
Flight State

Ce
Fe
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Table 5-4. Trim solution.

trim variable perturbation
aircraft orientation 6 (pitch), ¢ (roll) 100AA
aircraft velocity V3, (horizontal velocity) VA

aircraft velocity V. (vertical velocity) VA

aircraft velocity 3 (sideslip) 1004A
aircraft angular rate 0 (pullup), ¥ (turn) QA

aircraft control angle 100AA

5-1.7 Rotor Flap Equations

Evaluating the rotor hub forces may require solution of the flap equations E(v) = 0. For tip-
path plane command, the thrust and flapping are known, so v = (6y.75 6. 05)T . For no-feathering plane
command, the thrust and cyclic pitch are known, so v = (6y.75 3. 3s)T. A Newton—Raphson solution
method is used: from E(v,11) & E(v,) + (dE/dv)(vp4+1 — vs) = 0, the iterative solution is

Upt1 = vy — C E(vy,)

where C = f(dE/dv)~!, including the relaxation factor f. The derivative matrix for axial flow can be
used. Alternatively, the derivative matrix dE'/dv can be obtained by numerical perturbation. Convergence
of the Newton—Raphson iteration is tested in terms of |E| < e for each equation, where € is an input
tolerance.

5-2 Theory

The analysis uses several methods to solve nonlinear algebraic equations. Such equations may be
written in two forms: (a) fixed point x = G(x), and (b) zero point f(z) = 0; where z, G, and f are vectors.
The analysis provides operations that implement the function G or f. Solution procedures appropriate
for the zero point form can be applied to equations in fixed point form, by defining f(z) = z — G(z). In
this context, f can be considered the iteration error.

Efficient and convergent methods are required to find the solution = = « of these equations. Note
that f'(«) = 0 or G’'(«) = 1 means that « is a higher-order root. For nonlinear problems, the method will
be iterative: x4+, = F(z,). The operation F' depends on the solution method. The solution error is:

enp1 = —Tpy1 = F(a) — F(a,) = (0 —2,)F'(&) 2 e, F' (o)

Thus the iteration will converge if F' is not too sensitive to errors in x: |F'(«)| < 1 for scalar z. For
x a vector, the criterion is that all the eigenvalues of the derivative matrix 0F/0x have magnitude less
than one. The equations in this section are generally written for scalar z; the extension to vector x
is straightforward. Convergence is linear for F’ nonzero, quadratic for F/ = 0. Iterative methods
have a relaxation factor (and other parameters) to improve convergence, and a tolerance to measure
convergence.

The following subsections describe the solution methods used for the various iterations, as shown
in figure 5-2.
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successive substitution iteration
save: Tog =<
evaluate =z
relax: z=XAx+ (1 - Nzoq
test convergence: error = ||z — Z4|| < Atolerance x weight

Figure 5-3. Outline of successive substitution method.

5-2.1 Successive Substitution Method

The successive substitution method (with relaxation) is an example of a fixed point solution. A
direct iteration is simply z,11 = G(z,), but |G’| > 1 for many practical problems. A relaxed iteration
uses F' = (1 — \)z + A\G:

Tpt1 = (L= Nzy + AG(xp) = 2y — Af(20)

with relaxation factor A. The convergence criterion is then
[Fl(@)] =1 =A+ G| <1

so a value of A can be found to ensure convergence for any finite G’. Specifically, the iteration converges
if the magnitude of X is less than the magnitude of 2/(1 — G’) = 2/f’ (and A has the same sign as
1 — G’ = f'). Quadratic convergence (F’ = 0) is obtained with A = 1/(1 — G’) = 1/f’. Over-relaxation
(A > 1) can be used if |G’| < 1. Since the correct solution 2 = « is not known, convergence must be
tested by comparing the values of two successive iterations:

error = ||T4+1 — @y | < tolerance

where the error is some norm of the difference between iterations (typically absolute value for scalar ).
Note that the effect of the relaxation factor is to reduce the difference between iterations:

Tpyl — Ty = )\(G(xn) — mn)

Hence the convergence test is applied to (z,+1 — ,)/A, in order to maintain the definition of tolerance
independent of relaxation. The process for the successive substitution method is shown in figure 5-3.

5-2.2 Newton—Raphson Method

The Newton—Raphson method (with relaxation and identification) is an example of a zero point
solution. The Taylor series expansion of f(x) = 0 leads to the iteration operator F' =« — f/f":

Tir = xp — [f'(20)] 7" fl@n)

which gives quadratic convergence. The behavior of this iteration depends on the accuracy of the
derivative f’. Here it is assumed that the analysis can evaluate directly f, but not f’. It is necessary to
evaluate f’ by numerical perturbation of f, and for efficiency the derivatives may not be evaluated for
each x,,. These approximations compromise the convergence of the method, so a relaxation factor \ is
introduced to compensate. Hence a modified Newton—Raphson iteration is used, FF = x — C'f:

Tn+1 = Tn — Cf(zn) =Tp — )‘Dilf(xn)
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initialize
evaluate h
test convergence: error = |h; — hiarget;| < tolerance x weight ;
initialize derivative matrix D to input matrix
calculate gain matrix: C =AD"!
iteration
identify derivative matrix
optional perturbation identification
perturb each element of z: dx; = A X weight;
evaluate h
calculate D
calculate gain matrix: C=\D"!
increment solution: dz = —C(h— hiarget)
evaluate h
test convergence: error = |h; — hiarget;| < tolerance x weight ;

Figure 5-4. Outline of Newton—Raphson method.

where the derivative matrix D is an estimate of f’. The convergence criterion is then
Fl(a)l = [1—Cf| =1 =AD" f| <1

since f(«) = 0. The iteration converges if the magnitude of ) is less than the magnitude of 2D/ f’ (and A
has the same sign as D/ f’). Quadratic convergence is obtained with A = D/f’ (which would require A
to change during the iteration however). The Newton—Raphson method ideally uses the local derivative
in the gain factor, C = 1/f’, so has quadratic convergence:

ff”
= f/2 =0

since f(a) = 0 (if ' # 0 and f” is finite; if f/ = 0, then there is a multiple root, F’ = 1/, and the
convergence is only linear). A relaxation factor is still useful, since the convergence is only quadratic
sufficiently close to the solution. A Newton—Raphson method has good convergence when z is suf-
ficiently close to the solution, but frequently has difficulty converging elsewhere. Hence the initial
estimate x, that starts the iteration is an important parameter affecting convergence. Convergence of the
solution for z may be tested in terms of the required value (zero) for f:

F'(a)

error = || f|| < tolerance

where the error is some norm of f (typically absolute value for scalar f).

The derivative matrix D is obtained by an identification process. The perturbation identification
can be performed at the beginning of the iteration, and optionally every Mpp iterations thereafter. The
derivative matrix is calculated from a one-step finite-difference expression (first order). Each element
x; of the vector «x is perturbed, one at a time, giving the i-th column of D:

D:{... gi ]:{ f(f”i+5§;2*f($i)
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initialize
evaluate f() at zq, f1 at I1:.§C0+Al‘, f2 at xzo =1x1 +Ax
iteration
calculate derivative f’
secant: from f;, and f;
false position: from f;, and f; or f; (opposite sign from fy)
calculate gain: C=)\/f
increment solution: dz=-Cf
shift: fo=fi, fi=/f
evaluate f
test convergence

Figure 5-5. Outline of secant method or method of false position.

Alternatively, a two-step finite-difference expression (second order) can be used:

D—{... of ]_{ fz; +0x;) — f(x; — dxy)

With this procedure, the accuracy of D (hence convergence) can be affected by both the magnitude and
sign of the perturbation (only the magnitude for a two-step difference).

The process for the Newton—Raphson method is shown in figure 5-4. A problem specified as
h(z) = hiarges becomes a zero point problem with f = h — Rgarges. A successive substitution problem,
x = G(z), becomes a zero point problem with f = z — G. At the beginning of the solution, = has an
initial value. The perturbation identification can optionally never be performed (so an input matrix is
required), be performed at the beginning of the iteration, or be performed at the beginning and every
Mp1p iterations thereafter.

5-2.3 Secant Method

The secant method (with relaxation) is developed from the Newton—Raphson method. The modified
Newton—Raphson iteration is:

Tpir = xp — Cf(x,) =2, — AD 1 f(2,,)

where the derivative matrix D is an estimate of f’. In the secant method, the derivative of f is evaluated
numerically at each step:

flan) = f(@n-1)

Tp — Tp—1

fan) =
It can be shown that then the error reduces during the iteration according to:
lent1l Z [ f7/2f | lenl len—1] = |f///2f/"62|€n|1'62

which is slower than the quadratic convergence of the Newton—Raphson method (¢2), but still better than
linear convergence. In practical problems, whether the iteration converges at all is often more important
than the rate of convergence. Limiting the maximum amplitude of the derivative estimate may also be
appropriate. Note that with f = 2 — G(x), the derivative f’ is dimensionless, so a universal limit (say
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initialize
evaluate fo at zq, f1 at I1:I0+AIE, f2 at x, =1 +Ax
bracket maximum: while not f; > fo, /o
if fo > fo, then z3=a29+ (22 —21); 1,
if f0>f2, then $3=(L‘0—(£B1—$0); 3,
iteration (search)
if Tog —T1 > T1— Toy then I3:I1+W(I2—I1)
if f3<f,, then 0,1,3 — 0,1,2
if f3>f,, then 1,3,2 — 0,1,2
if 21 —xp> a2 — 121, then z3=2x; — W(x; —x9)
if f3<f,, then 3,1,2 — 0,1,2
if f3>f,, then 0,3,1 — 0,1,2
test convergence

Figure 5-6. Outline of golden-section search.

maximum |f’| = 0.3) can be specified. A limit on the maximum increment of x (as a fraction of the =
value) can also be imposed. The process for the secant method is shown in figure 5-5.

5-2.4 Method of False Position

The method of false position is a derivative of the secant method, based on calculating the derivative
with values that bracket the solution. The iteration starts with values of zy and z; such that f(x¢) and
f(z1) have opposite signs. Then the derivative f’ and new estimate x,,, are

L fn) ~ fla)

!
[ () T, — T
Tn+l1l = Tn — ADilf(xn)

using k = n — 1 or k = n — 2 such that f(z,) and f(zx) have opposite signs. The convergence is
slower (roughly linear) than for the secant method, but by keeping the solution bracketed convergence
is guaranteed. The process for the method of false position is shown in figure 5-5.

5-2.5 Golden-Section Search

The golden-section search method can be used to find the solution x that maximizes f(z). The
problem of maximizing f(z) can be attacked by applying the secant method or method of false position to
the derivative f'(x) = 0, but that approach is often not satisfactory as it depends on numerical evaluation
of the second derivative. The golden-section search method begins with a set of three values zg < 1 < x2
and the corresponding functions fy, f1, f2. The x value is incremented until the maximum is bracketed,
f1 > fo, f2. Then a new value z3 is selected in the interval z( to x2; f3 evaluated; and the new set of
T < T1 < w9 determined such that the maximum is still bracketed. The new value x5 is a fraction
W = (3 —+/5)/2 = 0.38197 from x; into the largest segment. The process for the golden-section search
is shown in figure 5-6.

5-2.6 Curve Fit-Method

The curve fit method can be used to find the solution x that maximizes f(z), by fitting the solution
to a polynomial. If the function f is flat around the maximum and the inner loop tolerances are not tight
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initialize
evaluate f() at zo, f1 at 1’1:IEO+AI, fQ at $2:$1+AI
bracket maximum: while not f; > fo, /2
if fo> fo, then z3 =z + (22 —21);
if fo > f2, then z3 =2 — (CEl —(IJ());
fmax = fl
curve fit
fmax = fll Tmax = L1
evaluate f for z=2zn.+nAz and = = rpa.x — nAz
least-squared error solution for polynomial coefficients
solve polynomial for z at peak f

w
~ ~

Figure 5-7. Outline of curve fit-method.

enough, the golden-section search can become erratic, particularly for best range and best endurance
calculations. Curve fitting the evaluated points and then solving the curve for the maximum has the
potential to improve the behavior. The curve-fit method begins with a set of three values zo < z1 < x2
and the corresponding functions fy, f1, fo. The x value is incremented until the maximum is bracketed,
f1 = fo, f2, giving a course maximum f,.x at Tmax. Next a set of x and f values are generated by
incrementing x above and below ., until find f < ra¢ fmax (typically rg; = 0.98 for best range). This
set of points is fit to the cubic polynomial f = c32° + ¢22% + ¢12 + ¢p, 2 = 2/Tmax — 1 (01 to a quadradic
polynomial). Let ¢¥ = (cocicocs) and €7 = (12 2%2°%). Then the least-squared-error solution for the

coefficients is .
c= (Z @‘@T) (Z fifi)

where the sums are over the set of points to be fit. For a quadratic polynomial fit, the solution is then

2
£ = [ 1 L £ VT (_) _a
2

202 C2
where r = 1 for the maximum, or = 0.99 for 99% best range. For a cubic polynomial fit, the maximum

is at
C2 30361 C1 1 3(2361
=——|1—4/1— =—-—— 1|1 —
: 3cs < 3 ) 202( T c2 )

It is simplest to search the cubic for the peak (z where df /dz = 0), and then if necessary search for the
99% range point (f = 0.99fpeax) The process for the golden-section search is shown in figure 5-7.




Chapter 6

Cost

Costs are estimated using statistical models based on historical aircraft price and maintenance cost
data, with appropriate factors to account for technology impact and inflation. The aircraft flyaway cost
(Cac,in $) consists of airframe, mission equipment package (MEP), and flight control electronics (FCE)
costs. The direct operating cost plus interest (DOC+I, in cents per available seat mile (ASM)) is the
sum of maintenance cost (Cpaint, in $ per flight hour), flight crew salary and expenses, fuel and oil cost,
depreciation, insurance cost, and finance cost. Inflation factors can be input, or internal factors used.
Table 6-1 gives the internal inflation factors for DoD (ref. 1) and CPI (ref. 2). For years beyond the data
in the table, optionally the inflation factor is extrapolated based on the last yearly increase.

6-1 CTM Rotorcraft Cost Model

The CTM rotorcraft cost model (refs. 3—5) gives an estimate of aircraft flyaway cost and direct op-
erating cost plus interest. The basic statistical relationships for airframe purchase price and maintenance
cost per hour are:

car = 73991 Kpr KpnKpa K WiPS (P /W 4p)0-5887 N 1465
Conaint = 0.49885 Wg.3746p0.4635
with Wap = Wg + AWyt — Waep — Wrek, including airframe kits AWy, (the wing and wing extension

kits, and optionally the folding kit). The configuration factor Kconse = KrprKenKpcKr has the
factors:

Kgr = 1.0 for turbine aircraft 0.557 for piston aircraft

Kgy = 1.0 for multi-engine aircraft 0.736 for single-engine aircraft

Kig = 1.0 for retractable landing gear 0.884 for fixed landing gear

Kg = 1.0 for single main rotor 1.057 for twin main rotors, 1.117 for four main rotors

The term Ceomp = Tcomp Weomp accounts for additional costs for composite construction (negative for cost
savings); Weomp 18 the composite structure weight, obtained as an input fraction of the component weight,
with separate fractions for body, tail, pylon, and wing weight. The MEP and FCE costs are obtained
from input cost-per-weight factors: Cyigp = rvrpWamep and Crcr = rrceWrer. The statistical cost
equations for cAF and cpaint are based on 1994 dollars and current technology levels. Including an
inflation factor F; and technology factors y gives the unit flyaway cost C4¢ and maintenance cost per
flight hour Ciyaing:
Cac = xar(Ficar) + Ceomp + Cumep + Crce
Crnaint = Xmaint (FiCmaint)

In addition to technology, y includes calibration and industry factors; for example, x4 = 0.87 for U.S.
Military (ref. 3). The statistical equation for c4r predicts the price of 123 out of 128 rotorcraft within
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20% (figures 6-1 and 6-2). These equations also serve to estimate turboprop airliner flyaway costs by
setting Nyotor = Nplade = 1 and using additional factors 0.8754 (pressurized) or 0.7646 (unpressurized).
The unit flyaway cost in $/Ib or $/kg is

rar = (xar(Ficar))/War
rac = Cac/(Wg + AWt )

for the airframe and the aircraft. Parameters are defined in table 6-2, including units as used in these
equations.

The direct operating cost includes maintenance, fuel, crew, depreciation, insurance, and finance
costs. The terms in the operating cost are:

Cruel = G(Whyel/ piuel) Ndep
Corow = 2.84F K v Wiiro B
1+ S

D
Cins = 0.0056 C 2
1+S2L+1 4

D 4 100

Cacp = Cac (1-V)

Chn = Cac

The crew factor K., = 1 corresponds to low cost, domestic airlines (1994 dollars). The fuel burn
Wriuer, block time Thiss, and block range R,,iss are obtained for a designated mission. The number of
departures per year is Nqop = B/Thiss. The flight time per trip i Tivip = Tmiss — Tnr. The flight hours
per year are T = Tiyip Naep- The yearly operating cost Cop and DOC+I are then:

C1OP = TFCmaint + Cfuel + Ccrew + Cdep + Cins + Cﬁn
DOC +1=100Cop/ASM

where the available seat miles per year are ASM = 1.1508 Npass Rmiss NVdep -
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Table 6-1. DoD and CPI inflation factors.

inflation factors

inflation factors

inflation factors

year DoD  CPI year DoD  CPI year DoD CPI
1911 1951 1702 17.54 1991 9399  91.90
1912 1952 1626 17.88 1992 9621  94.67
1913 6.68 1953 1631 18.02 1993  98.16  97.50
1914 6.75 1954 1602 18.15 1994  100.00 100.00
1915 6.82 1955 1729 18.08 1995 101.70  102.83
1916 7.35 1956 17.58 18.35 1996  103.18 105.87
1917 8.64 1957 18.17 18.96 1997 10432 108.30
1918 10.19 1958 18.02 19.50 1998 10540 109.99
1919 11.67 1959 18.11 19.64 1999 10681 11242
1920 13.50 1960 1834 19.97 2000  108.39 116.19
1921 12.08 1961 1831 20.18 2001 109.92  119.50
1922 11.34 1962 18.84 20.38 2002  111.62 121.39
1923 11.54 1963 19.09 20.65 2003 11395 124.16
1924 11.54 1964 19.76  20.92 2004 11692 12746
1925 11.81 1965 2036 21.26 2005 120.10 131.78
1926 11.94 1966 2197 21.86 2006 12306 136.03
1927 11.74 1967 2277 22.54 2007 12556 13991
1928 11.54 1968 2403 2348 2008 12743 14528
1929 11.54 1969 25.10 24.76 2009 12895 144.76
1930 11.27 1970 2576 26.18 2010 13159 147.14
1931 10.26 1971 2724 2733 2011* 13254 151.78
1932 9.24 1972 2898 28.21 2012*%  134.64

1933 8.77 1973 3134 2996 2013* 13692

1934 9.04 1974 34.13 3327 2014*  139.26

1935 9.24 1975 38.10 36.30 2015* 141.70

1936 9.38 1976  42.14 38.39 2016*  144.22

1937 9.72 1977 4375 40.89

1938 951 1978 47.82 4399

1939 9.38 1979 5302 4899

1940 945 1980 58.52 55.60

1941 9.92 1981 63.80 61.34

1942 11.00 1982 68.35 65.11

1943 11.67 1983 7192 67.21

1944 11.88 1984 7457 70.11

1945 12.15 1985 76.86 72.60

1946 13.16 1986 79.19 7395

1947 15.05 1987 8187 76.65

1948 16.26 1988 8501 79.82

1949 16.06 1989 88.19 83.67

1950 1537 16.26 1990 9130 88.19

* projected
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Table 6-2. Cost model parameters.

Cost

parameter definition units

Wg weight empty Ib

Wirro maximum takeoff weight Ib

Nylade number of blades per rotor

P rated takeoff power (all engines) hp

Waep fixed useful load weight, mission equipment package Ib or kg
WrcE fixed useful load weight, flight control electronics Ib or kg
TMEP cost factor, mission equipment package $/1b or $/kg
rFCE cost factor, flight control electronics $/1b or $/kg
Tcomp additional cost for composite construction $/1b or $/kg
F; inflation factor, relative 1994

Whael mission fuel burned Ib or kg
Trniss mission time hr

Riniss mission range nm

G fuel cost $/gallon or $/liter
B available block hours hr

S spares per aircraft (fraction purchase price)

D depreciation period yr

1% residual value (fraction)

L loan period yr

i interest rate %

Tnr non-flight time per trip hr

Npass number of passengers

Pfuel fuel density (weight per volume) Ib/gal or kg/liter
Ndep number of departures per year

Kerew crew factor

Tr flight hours per year
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Figure 6-1. Statistical estimation of rotorcraft flyaway cost ($/1b).
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Chapter 7

Aircraft

The aircraft consists of a set of components, including rotors, wings, tails, fuselage, and propul-
sion. For each component, attributes such as performance, drag, and weight can be calculated. The
aircraft attributes are obtained from the sum of the component attributes. Description and analysis of
conventional rotorcraft configurations is facilitated, while retaining the capability to model novel and ad-
vanced concepts. Specific rotorcraft configurations considered include: single-main-rotor and tail-rotor
helicopter, tandem helicopter, and coaxial helicopter, and tiltrotor.

The following components form the aircraft.

a) Systems: The systems component contains weight information (fixed useful load, vibration, contin-
gency, and systems and equipment) for the aircraft.

b) Fuselage: There is one fuselage for the aircraft.
¢) Landing Gear: There is one landing gear for the aircraft.

d) Rotors: The aircraft can have one or more rotors, or no rotors. In addition to main rotors, the
component can model tail rotors, propellers, proprotors, and ducted fans.

e) Forces: The force component is a simple model for a lift, propulsion, or control subsystem.
f) Wings: The aircraft can have one or more wings, or no wings.
g) Tails: The aircraft can have one or more horizontal or vertical tail surfaces, or no tails.

h) Fuel Tank: There is one fuel tank component for the aircraft. There can be one or more sizes of
auxiliary fuel tanks.

i) Propulsion Groups: There are one or more propulsion groups. Each propulsion group is a set of
components (rotors) and engine groups, connected by a drive system. The engine model describes a
particular engine, used in one or more engine groups. The components define the power required. The
engine groups define the power available.

j) Engine Groups: An engine group consists of one or more engines of a specific type. For each engine
type an engine model is defined.

7-1 Loading

The aircraft disk loading is the ratio of the design gross weight and a reference rotor area: DL =
Wp/Aes. The reference area is a sum of specified fractions of the rotor areas, A,.s = > fa A (typically
the projected area of the lifting rotors). The disk loading of a rotor is the ratio of a specified fraction of
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the design gross weight and the rotor area:

r_fwWp _ fw Wb

DL rotor — =
(DL)sotor = 7 A AfArer Aver

where probably »° . fiw = 1, and the lifting rotors are all rotors not designated antitorque or auxiliary-
thrust. If there are N lifting rotors of the same area, with no overlap, then f4 = 1, A,f = NA,
fw = A/Ars = 1/N,and (DL),ot0r = DL. For rotors designated antitorque or auxiliary-thrust, the disk
loading is calculated from the design rotor thrust: (DL);otor = Tdesign/A-

For coaxial rotors, the default reference area is the area of one rotor: f4 = Yo, Ares = A, fiv = Yo,
and (DL)yotor = /2DL. For tandem rotors, the default reference area is the projected area: Ao =
(2 — m)A, where mA is the overlap area (m = 0 for no overlap, m = 1 for coaxial). Then f4 = 2‘77”,
fw = Yk, and (DL)yotor = 2‘T’”DL. Optionally, the reference area for tandem rotors can be total rotor

area instead: A, = 2A.

The aircraft wing loading is the ratio of the design gross weight and a reference wing area: WL =
Wp/Siet- The reference area is a sum of the wing areas, S, = > S. The wing loading of an individual
wing is the ratio of a specified fraction of the design gross weight and the wing area:

W fwWb fw_ Wb

Lwing = 1 = _ Wp
(Whhwins = ¢ = =5 = 5750 Sour

where probably >° . . fw = 1. If there are N wings of the same area, then fyr = S/S.ef = 1/N, and
(WL)wing = WL.

The aircraft power loading is the ratio of the design gross weight and the total installed takeoff
power: W/P = Wp/ " NengPeng, where the sum is over all engine groups.

7-2 Controls

A set of aircraft controls c 4 are defined, and these aircraft controls are connected to the component
controls. The connection to the component control ¢ is typically of the form ¢ = STcsc + ¢, where T
is an input matrix and ¢y the component control for zero aircraft control. The connection (matrix 7T') is
defined for a specified number of control system states (allowing change of control configuration with
flight state). The factor S is available for internal scaling of the matrix. The control state and initial
control values are specified for each flight state. Figure 7-1 illustrates the control relationships.

Typical (default) aircraft controls are the pilot’s controls: collective stick, lateral and longitudinal
cyclic sticks, pedal, and tilt. Units and sign convention of the pilot’s controls are contained in the matrix
T. For the single-main-rotor and tail-rotor configuration, it is often convenient for the collective and
cyclic stick motion to equal the collective and cyclic pitch input of the main rotor, and the pedal motion to
equal the collective pitch input of the tail rotor. The aircraft controls should be scaled to approximately
the same amplitude, by appropriate definition of the 7" matrix and scale factor S.

These aircraft controls are available for trim of the aircraft. Any aircraft controls not selected for
trim will remain fixed at the values specified for the flight state. Thus by defining additional aircraft
controls, component controls can be specified as required for a flight state.

Each aircraft control variable c4¢ can be zero, constant, or a function of flight speed (piecewise
linear input). The flight state input can override this value of the aircraft control. The input value is an
initial value if the control is a trim variable.
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aircraft component controls
controls c=TCpctC
Cac c, = zero, constant, f(V)
collective ROTOR
lateral cyclic collective
long cyclic lateral cyclic
pedal —{>1 long cyclic
tilt > incidence
other T cant
(e.g. flap, diameter
elevator, gear
rudder, gear)
{>| TAIL
13 control state <(:o|ntro|
(or conversion elevator
schedule) —> ;/IZ_IF’)\IG or rudder)
flight state value f incidence
aperon
or zero, constant, f(V) aileron
or conversion schedule .
or trim incidence
f > FORCE
amplitude
( trim option ) ] enaine incidence
GROUP yaw
incidence
yaw
gear

Figure 7-2. Aircraft and component controls.

Each component control variable ¢, (value for zero aircraft control) can be zero, constant, or a
function of flight speed (piecewise linear input). Optionally the use of ¢, can be suppressed for a flight
state. The component control from aircraft control (T'ca¢) is a fixed value, or a function of speed, or a
linear function of another control (perhaps a trim variable).

The tilt control variable ay;; is intended for nacelle tilt angle or conversion control, particularly for
tiltrotors. The convention is a4 = 0 for cruise, and ayyr = 90 deg for helicopter mode. If a;); exists as
a control, it can be zero, constant, or a function of flight speed (piecewise linear input).

An optional control conversion schedule is defined in terms of conversion speeds: hover and
helicopter mode for speeds below Viyover, cruise mode for speeds above Vioeruise, and conversion mode
between. The nacelle angle is ayr = 90 in helicopter mode, ;) = 0 in airplane mode, and it varies
linearly with speed in conversion mode. The tip speed is Viip—nover in helicopter and conversion mode,
and Viip—cruise 10 airplane mode. Control states and drive system states are defined for helicopter, cruise,
and conversion mode flight. The flight state specifies the nacelle tilt angle, tip speeds, control state,
and drive system state, including the option to obtain any or all of these quantities from the conversion
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schedule.

The flight speed used for control scheduling is usually the calibrated airspeed (CAS), hence variation
with dynamic pressure. Velocity schedules are used for conversion, controls and motion, rotor tip speed,
landing gear retraction, and trim targets. Optionally these velocity schedules use either calibrated
airspeed V., or the true airspeed V.

The control matrices T can be defined based on the configuration. Let caco, cace, cacs, cacp be
the pilot’s controls (collective, lateral cyclic, longitudinal cyclic, and pedal). For the helicopter, the first
rotor is the main rotor and the second rotor is the tail rotor; then

Thcoll 10 0 0 cACo
Taviiat | _ |0 = 0 0 CACe
TMing 0 0 -1 0 CACs
Trecon 60 0 0 -—r CACp
where r is the main rotor direction of rotation (r = 1 for counter-clockwise rotation, r = —1 for clockwise

rotation). For the tandem configuration, the first rotor is the front rotor and the second rotor is the rear
rotor; then

Trcon T 0 -1 0 CACO
Trrae | _ |0 —rp 0 —rp CACe
TReoll 1 0 1 0 CACs
TRlat 0 —rg O TR cACp
For the coaxial configuration:
Ticon 10 0 mn
Tllat 0O - 0 O CACO
Tllng o 0 0 —1 0 CACe
Tocon | |1 0 0 7 CACs
Tojat 0 —m» 0 0 CACp
Toing 0 0 -1 0

For the tiltrotor, the first rotor is the right rotor and the second rotor is the left rotor; then

TRcoll rr -1 0 0 7

TRlng 0 0 -1 1 ca

Thcoll 1 1 0 0 o
Time | =10 0 -1 -1 ACe

s cac

Tun 0 -1 0 0 e
Toten 0 0 1 0 ACp
Trud L O 0 0 1 i

with cyclic stick and pedal connected to rotor controls only for helicopter mode.

7-3 Trim

The aircraft trim operation solves for the controls and motion that produce equilibrium in the
specified flight state. In steady flight (including hover, level flight, climb and descent, and turns),
equilibrium implies zero net force and moment on the aircraft. In general, there can be additional
quantities that at equilibrium must equal target values. In practice, the trim solution can deal with a
subset of these quantities. Usually it is at least necessary to achieve equilibrium in the aircraft lift and
drag forces, as well as in yaw moment for torque balance. The basic purpose of the trim solution is to
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determine the component states, including aircraft drag and rotor thrust, sufficient to evaluate the aircraft
performance.

Different trim solution definitions are required for various flight states. Therefore one or more
trim states are defined for the analysis, and the appropriate trim state selected for each flight state of a
performance condition or mission segment. For each trim state, the trim quantities, trim variables, and
targets are specified. The available trim quantities include:

aircraft total force and moment; aircraft load factor;

propulsion group power;

power margin Py, pg — Pregpa; torque margin Ppsiimic — Preqras
rotor force (lift, vertical, or propulsive);

rotor thrust Cr/o; rotor thrust margin (Cr/0)max — Cr/0;

rotor flapping 3., (s; rotor hub moment, roll and pitch; rotor torque;
wing force; wing lift coefficient C,; wing lift margin Cppmax — CrL;
tail force.

Targets for aircraft total force and total moment (including inertial loads in turns) are always zero. The
available trim variables include:

aircraft controls;

aircraft orientation, 6 (pitch), ¢ (roll);

aircraft horizontal velocity Vj,;

aircraft vertical rate of climb V,; aircraft sideslip angle ¢y ;
aircraft angular rate, 6 (pullup), v (turn).

The aircraft orientation variables are the Euler angles of the body axes relative to inertial axes. The
aircraft controls (appropriately scaled) are connected to the component controls.

A Newton—Raphson method is used for trim. The derivative matrix is obtained by numerical
perturbation. A tolerance ¢ and a perturbation A are specified.

74 Geometry

The aircraft coordinate system has the z-axis forward, y-axis to the right, and z-axis down, measured
from the center-of-gravity (figure 7-2). These aircraft axes are body axes (z is not aligned with the wind),
the orientation determined by the convention used for the input geometry. The center-of-gravity is the
appropriate origin for describing the motion of the aircraft and summing the forces and moments acting
on the aircraft.

Layout of the geometry is typically in terms of station line (SL, positive aft), buttline (BL, positive
right), and waterline (WL, positive up), measured relative to some arbitrary origin (figure 7-2). The z-y-z
axes are parallel to the SL-BL-WL directions. One or more locations are defined for each component
of the aircraft. Each component will at least have a location that is the point where component forces
and moments act on the aircraft. Each location is input in fixed or scaled form. The fixed form input
is SL/BL/WL (dimensional). The scaled form input is z/L (positive aft), y/L (positive right), and
z/L (positive up), based on a reference length L, from a reference point. The reference length is the
rotor radius or wing span of a designated component, or the fuselage length. The reference point can
optionally be input, or the location (hub) of a designated rotor, or the location (center of action) of a
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axes for description of aircraft coordinate

aircraft geometry system

(arbitrary reference) (origin at CG)

JAN

WL starboard
forward a5 y
SL < X
aft
port
z
Vv

Figure 7-2. Aircraft geometry.

designated wing component, or the location (center of action) of the fuselage, or the location of the
center-of-gravity. Fixed input can be used for the entire aircraft, or just for certain components.

From this fixed or scaled input and the current aircraft size, the actual geometry (x, y, z) can be
calculated for each location. There are also options to calculate geometry from other parameters (such
as tiltrotor span from rotor radius and clearance). This calculated geometry has the sign convention of
the aircraft axes (« positive forward, y positive right, z positive down), but has the origin at the reference
point (which may or may not be the center-of-gravity). All input uses the same sign convention; all
internal calculations use the same sign conventions. Table 7-1 summarizes the conventions.

Table 7-1. Geometry conventions.

layout scaled input calculated motion and loads
origin arbitrary reference point reference point center-of-gravity
T SL (+ aft) x/L (+ aft) x (+ forward) x (+ forward)
y BL (+ right) y/L (+ right) y (+ right) y (+ right)
z WL (+ up) z/L (+ up) z (+ down) z (+ down)

The location of the aircraft center-of-gravity is specified for a baseline configuration. With tilting
rotors, this location is in helicopter mode. For each flight state the aircraft center-of-gravity is calculated,
from the baseline location plus any shift due to nacelle tilt, plus an input center-of-gravity increment.
Alternatively, the aircraft center-of-gravity location for the flight state can be input. Any change of the
center-of-gravity position with fuel burn during a mission is not automatically calculated, but could be
accounted for using the flight state input.
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The aircraft operating length and width are calculated from the component positions and dimensions:
Liotal = Tmax — Tmin ANd Wigtal = Ymax — Ymin» Where the maximum and minimum dimensions are for the
fuselage and all rotors, wings, and tails. The corresponding footprint area is then Siotal = LtotalWtotal -

7-5 Aircraft Motion

The aircraft velocity and orientation are defined by the following parameters: flight speed V'; turn
rate; orientation of the body frame relative to inertial axes (Euler angles); and orientation of the velocity
frame relative to inertial axes (flight path angles). Aircraft conventions are followed for the direction
and orientation of axes: the z-axis is down, the x-axis forward, and the y-axis to the right; and a yaw-
pitch-roll sequence is used for the Euler angles. However, the airframe axes are body axes (fixed to the
airframe, regardless of the flight direction) rather than wind axes (which have the z-axis in the direction
of the flight speed). The orientation of the body frame F relative to inertial axes I is defined by yaw,
pitch, and roll Euler angles, which are rotations about the z, y, and x axes, respectively:

CFI = X¢FYbFZ¢F

So yaw is positive to the right, pitch is positive nose up, and roll is positive to the right. The flight path
is specified by the velocity V, in the positive z-axis direction of the velocity axes. The orientation of the
velocity axes V relative to inertial axes I is defined by yaw (sideslip) and pitch (climb) angles:

oVl = YGV Zwv Z'L/)F

Sideslip is positive for the aircraft moving to the right, and climb is positive for the aircraft moving up.
Then
CFV _ CFICIV — X¢>FY0FZ—¢VY—0V

In straight flight, all these angles and matrices are constant. In turning flight at a constant yaw rate, the
yaw angle is ¢y p = ¢ pt; the turn radius is Ry = V), / ¥ r; and the nominal bank angle and load factor are
tangr = Vn2 — 1 = YpVy /g. Then the forward, sideward, and climb velocities are:

Vi =V cos by cosypy =V, cosyy
Vs = Vcos by sinyy = Vj, sinyy
V. =Vsinfy = Vj tan Oy
where V}, = V cos 0y is the horizontal velocity component. The velocity components in airframe axes are

vl = oF 1P = CFV(V 00)T (aircraft velocity relative to the air). The calibrated airspeed is calculated
from the true airspeed V:

B [6((1+0.2M2)7/2 — 1) + 1]
Veal = V‘/E\/ 0.2M25

2/7
-1
~Vyo |1+ é(l — ) M? + %(1 — 106 + 95%)M*

where o = p/py is the density ratio, 6 = p/po is the pressure ratio, and M is the Mach number. The
aircraft angular velocity is

(Z:SF 1 0 7Sin0F (Z:SF
who =wf/F =R 0p | =10 cos¢pp singpcosfp O
Vg 0 —singp cos¢pcosbp Vg

For steady state flight, Op = (;5 r=0; d) F 1S nonzero in a turn.
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Accelerated flight is also considered, in terms of linear acceleration af{, = 0!/ = gn and pitch

rate §r. The nominal pullup load factor is n = 1 + 65V} /g. For accelerated flight, the instantaneous
equilibrium of the forces and moments on the aircraft is evaluated, for specified acceleration and angular
velocity; the equations of motion are not integrated to define a maneuver. Note that the fuselage and
wing aerodynamic models do not include all roll and yaw moment terms needed for general unsteady
flight (notably derivatives L,,, L,, L., Ny, Np, N;.).

The aircraft pitch and roll angles are available for trim of the aircraft. Any motion not selected for
trim will remain fixed at the values specified for the flight state. The pitch and roll angles each can be
zero, constant, or a function of flight speed (piecewise linear input). The flight state input can override
this value of the aircraft motion. The input value is an initial value if the motion is a trim variable.

7-6 Loads and Performance

For each component, the power required and the net forces and moments acting on the aircraft can
be calculated. The aerodynamic forces F' and moments M are typically calculated in wind axes and then
resolved into body axes (x, y, z), relative to the origin of the body axes (the aircraft center-of-gravity).
The power and loads of all components are summed to obtain the aircraft power and loads. Typically
the trim solution drives the net forces and moments on the aircraft to zero.

The aircraft equations of motion, in body axes F with origin at the aircraft center-of-gravity, are the
equations of force and moment equilibrium:

m(l-)FI/FJr&FI/FUFI/F) FF+FgP;W

TFGFI/F | GFI/F[F FI/F _ ArF

where m = W/g is the aircraft mass; the gravitational force is FL, = mC¥l gl = mCF1(00g)"; and

grav
the moment of inertia matrix is
I xxT —1I Ty —1I Tz

F
I" = | =1y Ly, —1I,.
_Izm Izy Izz
For steady flight, 077/ = ¢F1/F = 0, and w/F = R(004)” is nonzero only in turns. For accelerated
flight, 9*'7/F can be nonzero, and w™//F = R(06p ). The equations of motion are thus

m(ahe +@hovhe) = F7 + F;av
Ghel whc =M"
The body axis load factoris n = (C*1g! — (afj, + &4 vk -))/g. The X term is absent for steady flight.
The forces and moments are the sum of loads from all components of the aircraft:

Ffus + Z rotor + Z Fforce + Z wing + Z F tail + Z englne tank
Mfus + Z rotor + Z Mforce + Z wing Z all + Z englne Fank

Forces and moments in inertial axes are also of interest (F! = C'F F¥ and M! = C'F MF'). A particular
component can have more than one source of loads; for example, the rotor component produces hub
forces and moments, but also includes hub and pylon drag. The equations of motion are E; = FF' +
FF _FF =0and E,, = MF — MF =0.

grav inertial — inertial —

The component power required Pom;, 1S evaluated for all components (rotors) of the propulsion
group. The total power required for the propulsion group P,.,p¢ is obtained by adding the transmission
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losses and accessory power. The power required for the propulsion group must be distributed to the
engine groups. The fuel flow is calculated from the power required. The fuel flow of the propulsion group
is obtained from the sum over the engine groups. The total fuel flow is the sum from all components of
the aircraft: v =) Wregrc + D Weorce-

7-7 Aerodynamics

Each component has a position 2% in aircraft axes F, relative to the reference point; and orientation
of component axes B relative to aircraft axes given by the rotation matrix CB%, It is expected that the
component axes are (roughly) x forward and ~ down (or in negative lift direction). The aerodynamic
model must be consistent with the convention for component orientation. Acting at the component
are interference velocities vl (velocity of air, in F axes), from all other components. Then the total
component velocity relative to the air is

vF:vf;C—&—Ef;CAzF— E viit
F F

where AzF = 2F — 2I'. Then v® = CPFv" is the velocity in component axes. The aerodynamic
environment is defined in the component axes: velocity magnitude v = |v?|,dynamic pressure ¢ = 1pv?,
angle-of-attack «, and sideslip angle 5. The angle-of-attack and sideslip angle provide the transformation
between airframe axes and velocity axes:

CPA=Y,Z_4

This is the conventional aircraft definition, corresponding to yaw-then-pitch of the airframe axes relative
to the velocity vector. By definition, the velocity is along the z-axis in the A axes, v? = CBA(v00)7;
from which the angle-of-attack and sideslip in terms of the components of v¥ are obtained:

o = tan"tvf /P
B =sin"t ol /|vB|
This definition is not well behaved for v# = 0 (it gives a = 90sign(vf)), so for sideward flight a
pitch-then-yaw definition can be useful: B4 = Z_;Y,,. Then
o = sin~ vl /|vB]
B =tan"'vZ /uP
which gives 3 = 90sign(vf) for vE = 0.
The component aerodynamic model may include coefficient values for sideward flight, but not have

equations for a continuous variation of the coefficients with sideslip angle. For such cases, sideward
flight is defined as | 5] = 80 to 100 degrees.

From v, ¢, a, and 3, the aerodynamic model calculates the component force and moment, in wind
axes acting at 21"

-D M,
FA=| Y M* = | M,
~L M,

where D,Y ,and L are the drag, side force, and lift; M, , M, , and M, are the roll, pitch, and yaw moments.
The aerodynamic loads in aircraft axes acting at the center-of-gravity are then:

FF _ CFBOBAFA
MF = CFBCBANA 4 AZFFF
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where AzF = z¥ — z[. In hover and low speed, the download is calculated: F} = k"(C'FF¥), the
downward component of the aerodynamic force in inertial axes. Download can be expressed as a fraction
of the total rotor vertical force, or as a fraction of gross weight. The aerodynamic model also calculates
the interference velocities caused by this component at all other components: v, = CFBy5

int int*

Equations for the aerodynamics models are defined for all angles in radians. Input values of angles
will, however, be in degrees.

The aircraft neutral point is calculated from the airframe aerodynamics with all controls set to zero.
The neutral point is here defined as the longitudinal position about which the derivative of the pitch
moment with lift is zero. Hence SL,,, = SL., — AM /AL, with the change in lift and moment calculated
from the loads at angles of attack of 0 and 5 deg.

7-8 Trailing-Edge Flaps

The lifting surfaces have controls in the form of trailing edge flaps: flap, flaperon, and aileron for
wings; elevator or rudder for tails. The aerodynamic loads generated by flap deflection ¢, (radians) are
estimated based on two-dimensional aerodynamic data (as summarized in refs. 1 and 2). Let {; = ¢y /c
be the ratio of the flap chord to the wing chord. The lift coefficient is ¢, = cgo (o + T™0d), Where
n = 0.85 — 0.430 is an empirical correction for viscous effects (ref. 1, equation 3.54 and figure 3.36).
Thin airfoil theory gives

s —sinf
r=1- 275 o

- (sin(gff))n

with 0y = cos™1(2¢; —1) (ref. 1, equation 3.56 and figure 3.35; ref. 2, equation 5.40). The last expression
is an approximation that is a good fit to the thin airfoil theory result for n = 1/, and a good approximation
including the effects of real flow for n = 2/ (ref. 2, figure 5.18); the last expression with n = 2/; is used
here. The increase of maximum lift coefficient caused by flap deflection is less than the increase in lift
coefficient, so the stall angle-of-attack is decreased. Approximately

Acémax ~

1_ 1 _ 2 3
Ao, (1—£5) (1+ €5 — 503 + 363)

(ref. 1, figure 3.37). Thin airfoil theory gives the moment coefficient increment about the quarter chord:
Acy, = —0.85 ((1 — 0f)sin ef)(sf — 085 ((1 —05)2,/(1 - éf)éf)af
(ref. 1, equation 3.57; ref. 2, equation 5.41); with the factor of 0.85 accounting for real flow effects
(ref. 2, figure 5.19). The drag increment is estimated using
Sy
ACp = 0.945% =% sin® 5
for slotted flaps (ref. 1, equation 3.51). In summary, the section load increments are:

Cc
AC[ = Cyn ?f Lfnféf
ACgmaX = Xf ACg
&
Acm = ?f Mféf

The decrease in angle-of-attack for maximum lift is

A - A max A
Aty = — b= SCmax _ (g Xf)ﬁ
Coa Coa
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The coefficients
np = 0.85 — 0.43|0| = 10 — 11|6/]

1 LT 2/3
Ly= o (51n(§ ﬁf))
Xy=(1—1t5) 1+ — 507+ 3(3)

1
My = =0.85 — (1= £7)2/(1 = £7)¢;)

Zf X
Dy =0.9/05%

follow from the equations above.

For three-dimensional aerodynamic loads, these two-dimensional coefficients are corrected by
using the three-dimensional lift-curve slope, and multiplying by the ratio of flap span to wing span by /b.
Then the wing load increments caused by flap deflection, in terms of coefficients based on the wing area,
are:

Sy
ACL = ? CLaLfT]féf
S AC(Lma.x = Xf AC(L
ACy = gf M6y AC,

Aamax = 7(1 — Xf) CL

ACp = % Dy sin?d;

where Sy /S is the ratio of flap area to wing area.

7-9 Drag

Each component can contribute drag to the aircraft. A fixed drag can be specified, as a drag area
D/q; or the drag can be scaled, specified as a drag coefficient Cp based on an appropriate area S. There
may also be other ways to define a scaled drag value. For fixed drag, the coefficient is Cp = (D/q)/S
(the aerodynamic model is formulated in terms of drag coefficient). For scaled drag, the drag area
is D/q = SCp. For all components, the drag (D/q)comp O Cpeomp 18 defined for forward flight or
cruise; typically this is the minimum drag value. For some components, the vertical drag ((D/¢)vcomp OF
Cpvecomp) O sideward drag ((D/q) scomp OF Cpscomp) 18 defined. For some components, the aerodynamic
model includes drag due to lift, angle-of-attack, or stall.

Table 7-2 summarizes the component contributions to drag, and the corresponding reference areas.
If no reference area is indicated, then the input is only drag area D/q. An appropriate drag reference
area is defined for each component, and either input or calculated. Wetted area is calculated for each
component, even if it is not the reference area. The component wetted areas are summed to obtain the
aircraft wetted area. Some of the weight models also require the wetted area. The component drag
contributions must be consistent. In particular, a rotor with a spinner (such as on a tiltrotor aircraft)
would likely not have hub drag. The pylon is the rotor support and the nacelle is the engine support. The
drag model for a tiltrotor aircraft with tilting engines would use the pylon drag (and no nacelle drag),
since the pylon is connected to the rotor shaft axes; with non-tilting engines it would use the nacelle
drag as well.

Optionally the aircraft drag can be fixed. The quantity specified is the sum (over all components)
of the drag area D /q (minimum drag, excluding drag due to lift and angle-of-attack), without accounting
for interference effects on dynamic pressure. The input parameter can be D/q; or the drag can be scaled,
specified as a drag coefficient based on the rotor disk area, so D/q = A,.tCp (Ayer is the reference rotor
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disk area); or the drag can be estimated based on the gross weight, D/q = k(Wasr0/1000)%/3 (Warro
is the maximum takeoff gross weight; units of k are ft*/k-1b%/3 or m?/Mg?/3). Based on historical data,
the drag coefficient Cp = 0.02 for old helicopters, Cp = 0.008 for current low drag helicopters. Based
on historical data, k = 9 for old helicopters, k¥ = 2.5 for current low drag helicopters, & = 1.6 for current
tiltrotors, and k& = 1.4 for turboprop aircraft (English units). If the aircraft drag is input, then the fuselage
contingency drag is adjusted so the total aircraft D/q equals the input value.

Optionally the aircraft vertical drag (download fraction) can be fixed. The quantity specified is
the sum over all components of the vertical drag area (D/q)y . The input parameter can be (D/q)y , or
k = (D/q)v/Aret (Arer 1s reference rotor disk area). Approximating the dynamic pressure in the wake
as ¢ = hp(2v5)? = T/Aset, the download fraction is DL/T = q(D/q)v /T = k. If the aircraft vertical
drag is input, then the fuselage contingency vertical drag is adjusted so the total aircraft (D/q)y equals
the input value.

The nominal drag areas of the components and the aircraft are part of the aircraft description and
are used when the aircraft drag is fixed. The nominal drag area is calculated for low speed helicopter
flight, for high speed cruise flight, and for vertical flight. An incidence angle i is specified for the rotors,
wings, and nacelles, to be used solely to calculate the nominal helicopter and vertical drag areas. The
convention is that ; = 0 if the component does not tilt. Table 7-3 summarizes the contributions to the
nominal drag areas, with D for the drag in normal flow and Dy for the drag in vertical flow. While
vertical drag parameters are part of the aerodynamic model for the hub, pylon, and nacelle, aerodynamic
interference at the rotor and at the engine group is not considered, so these terms do not contribute to
download. In the context of download, only the fuselage, wing, tail, and contingency contribute to the
nominal vertical drag.

From the input and the current aircraft size, the drag areas D/q and coefficients Cp are calculated.
The aerodynamic analysis is usually in terms of coefficients. If the aircraft drag is fixed for the aircraft
model, then the fuselage contingency drag is set:

(D/Q)cont = (D/Q)ﬁxed - Z(D/Q)Comp

and similarly for fixed vertical drag. Note that this adjustment ignores changes caused by interference
in the dynamic pressure and the velocity direction, which will affect the actual component drag.

The component aerodynamic model calculates the drag, typically from a drag coefficient Cp, a
reference area, and the air velocity of the component. The drag force is then D = goompSretCp, Where
the dynamic pressure gcomp, includes interference. From the aerodynamic forces and moments in wind
axes, the total force and moment in body axes (F'¥ and M) are calculated. For reference, the aircraft
total drag and total drag area are

Dac =) eiFL,
(D/q)ac = Dac/q

where the aircraft velocity (without interference) gives the direction e, = —v4./[v],| and dynamic
pressure ¢ = lhp|vh,|% and FE  is the component aerodynamic force. An overall skin friction
drag coefficient is then Cp ac = (D/q)acwet/Sac, based on the aircraft wetted area Sic = > Swet
and excluding drag terms not associated with skin friction (specifically landing gear, rotor hub, and

contingency drag).



Aircraft

Table 7-2. Component contributions to drag.

component drag contribution reference area

fuselage fuselage fuselage wetted area
fuselage vertical fuselage projected area
fittings and fixtures fuselage wetted area
rotor-body interference fuselage wetted area

contingency (aircraft) —
payload increment (flight state) —

landing gear landing gear —

rotor hub, hub vertical rotor disk area
pylon, pylon vertical pylon wetted area
spinner spinner wetted area

wing wing, wing vertical wing planform area
wing-body interference wing planform area

tail tail, tail vertical tail planform area

engine nacelle, nacelle vertical nacelle wetted area

momentum drag .

fuel tank auxiliary tank (flight state) —

Table 7-3. Component contributions to nominal drag area.

component drag contribution cruise  helicopter vertical
fuselage fuselage D D Dy
fittings and fixtures D D D
rotor-body int D D D
landing gear landing gear D D 0
retractable 0 D 0
rotor hub D Dcos?i+ Dy sin?i 0
pylon D Dcos?i+ Dy sin®i 0
spinner D D 0
wing wing D Dcos?i+ Dysin?i  Dsin?i 4 Dy cos?i
wing-body int D D D
tail horizontal tail D D Dy cos? ¢
tail vertical tail D D Dy sin® ¢
engine nacelle D Dcos?i+ Dysin®i 0
contingency D D Dy
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7-10 Performance Indices

The following performance indices are calculated for the aircraft. The aircraft hover figure of merit
is M = W/W/2pA,et/P. The aircraft effective drag is D, = P/V, hence the effective lift-to-drag ratio
is L/D. = WV/P. The aircraft power loading is W/P (Ib/hp or kg/kW). Isolated rotor performance
indices are described in Chapter 11.

7-11 Weights

The design gross weight Wp is a principal parameter defining the aircraft, usually determined
by the sizing task for the design conditions and missions. The aircraft weight statement defines the
empty weight, fixed useful load, and operating weight for the design configuration. The aircraft weight
statement is the sum of the weight statements for all the aircraft components, the component weight
determined by input or by parametric calculations with technology factors. The definition of the weight
terms is as follows.

gross weight W =Wg + Wy = Wo + Wpay + Whuel
operating weight Wo =Wg +WrurL
useful load Wyr = Wrur + Whay + Weuel

where Wi is the weight empty; Wry, the fixed useful load; W, the payload weight; and W, the
usable fuel weight. The weight empty consists of structure, propulsion group, systems and equipment,
vibration, and contingency weights. If the weight empty is input, then the contingency weight is adjusted
so Wg equals the required value. If the design gross weight is input, then the payload or fuel weight
must be fallout.

The structural design gross weight Wsp and maximum takeoff weight Wjy,ro can be input, or
specified as an increment d plus a fraction f of a weight W:

dspew + fspawWp

Wsp =d W =
SD SDGW + fSDGW { dSDGW + fSDGW (WD - quel + ffueleuel—cap)

dwmvro + fwmroWp

1% =d ) W =
MTO wuro + Jwwmro { dwyro + fwmro(Wp — Wisel + Winel—cap)

This convention allows the weights to be input directly (f = 0), or scaled with Wp. For Wgp, W is
the design gross weight Wp, or Wy, adjusted for a specified fuel state (input fraction of fuel capacity).
Alternatively, Wsp can be calculated as the gross weight at a designated sizing flight condition. The
structural design gross weight is used in the weight estimation. For W0, W is the design gross
weight Wp, or Wp adjusted for maximum fuel capacity. Alternatively, Wy,;ro can be calculated as the
maximum gross weight possible at a designated sizing flight condition. The maximum takeoff weight
is used in the cost model, in the scaled aircraft and hub drag, and in the weight estimation.

The design ultimate load factor n,; at the structural design gross weight Wsp is specified, in
particular for use in the component weight estimates. The structural design gross weight Wsp and
design ultimate load factor n.,; are used for the fuselage, rotor, and wing weight estimations. The
maximum takeoff weight Wy, is used for the cost and drag (scaled aircraft and hub), and for the
weights (system, fuselage, landing gear, and engine group).

The gross weight W is specified for each flight condition and mission, perhaps in terms of the
design gross weight Wp. For a each flight state, the fixed useful load may be different from the design
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configuration because of changes in auxiliary fuel tank weight or kit weights or increments in crew or
equipment weights. Thus the fixed useful load weight is calculated for the flight state; and from it the
useful load weight and operating weight are calculated. The gross weight, payload weight, and usable
fuel weight (in standard and auxiliary tanks) complete the weight information for the flight state.

For each weight group, fixed (input) weights can be specified; or weight increments dW added to
the results of the parametric weight model. The parametric weight model includes technology factors
x. Thus typically a component or element weight is obtained from W = xWy,o4e1 + dW. Weight of
individual elements in a group can be fixed by using dW and setting the corresponding technology factor
x = 0. With y # 0, the increment dIW can account for something not included in the parametric model.

For scaled weights of all components, the AFDD weight models are implemented. The user can
incorporate custom weight models as well.

The operating weight is composed of scaled and fixed weights, so the design gross weight can be
written Wp = Wo + Woay + Wiwel = Wosixed + Woscaled + Wpay + Wiuel. The growth factor is the change
in gross weight due to a change in payload:

OWp _ 14 OWoscaled | OWinel _ " OWoscaled . OWriet \ OWpD
Wy MWony | Wy Wp | oWp ) 9Won
W scale: Wue aW 1

o1 +( Oscaled | Wi 1> D _
WD WD 8VVpay 1- ¢Osca1ed - (ybfuel

in terms of the weight fractions ¢ = W/Wp.

7-12 Weight Statement

Aircraft weight information is stored in a data structure that follows SAWE RP8A Group Weight
Statement format (ref. 3), as outlined in figure 7-3. The asterisks designate extensions of RP8A for
the purposes of this analysis. Typically only the lowest elements of the hierarchy are specified; higher
elements are obtained by summation. Fixed (input) weight elements are identified in the data structure.
A weight statement data structure exists for each component. The aircraft weight statement is the sum
of the structures from all components.
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WEIGHT EMPTY
STRUCTURE
wing group
basic structure
secondary structure
fairings (*), fittings (*), fold/tilt (*)
control surfaces
rotor group
blade assembly
hub & hinge
basic (*), fairing/spinner (*), blade fold (*), shaft (*)
empennage group
horizontal tail (*)
basic (*), fold (*)
vertical tail (¥)
basic (*), fold (*)
tail rotor (*)
blades, hub & hinge, rotor/fan duct & rotor supts
fuselage group
basic (*)
wing & rotor fold/retraction (*)
tail fold/tilt (*)
marinization (*)
pressurization (*)
crashworthiness (*)
alighting gear group
basic (*), retraction (*), crashworthiness (*)
engine section or nacelle group
engine support (*), engine cowling (*), pylon support (*)
air induction group
PROPULSION GROUP
engine system
engine
exhaust system
accessories (*)
propeller/fan installation
blades (*), hub & hinge (¥), rotor/fan duct & supports (*)
fuel system
tanks and support
plumbing
drive system
gear boxes
transmission drive
rotor shaft
rotor brake (*)
clutch (*)
gas drive

Figure 7-3a. Weight statement (* indicates extension of RP8A).
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SYSTEMS AND EQUIPMENT

flight controls group
cockpit controls
automatic flight control system
system controls
fixed wing systems
non-boosted (*), boost mechanisms (*)
rotary wing systems

non-boosted (*), boost mechanisms (*), boosted (*)

conversion systems
non-boosted (*), boost mechanisms (*)

auxiliary power group
instruments group
hydraulic group

fixed wing (*), rotary wing (*), conversion (*)

equipment (¥)
pneumatic group
electrical group

aircraft (*), anti-icing (*)
avionics group (mission equipment)
armament group

armament provisions (*), armor (*)
furnishings & equipment group
environmental control group
anti-icing group
load & handling group

VIBRATION (*)
CONTINGENCY
FIXED USEFUL LOAD

fluids (oil, unusable fuel) (*)
auxiliary fuel tanks
other fixed useful load (*)
equipment increment (*)
folding kit (*)
wing extension kit (*)
wing kit (*)
other kit (¥)

PAYLOAD

USABLE FUEL
standard tanks (*)
auxiliary tanks (*)

OPERATING WEIGHT = weight empty + fixed useful load
USEFUL LOAD = fixed useful load + payload + usable fuel

GROSS WEIGHT = weight empty + useful load
GROSS WEIGHT = operating weight + payload + usable fuel

Figure 7-3b. Weight statement (* indicates extension of RP§A).
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Chapter 8

Systems

The systems component contains weight information (fixed useful load, vibration, contingency,
and systems and equipment).

8-1 Weights

The weight empty consists of structure, propulsion group, systems and equipment, vibration, and
contingency weights. The vibration control weight can be input, or specified as a fraction of weight
empty: Wy, = fvinWg. The contingency weight can be input, or specified as a fraction of weight empty:
Weont = feont Wr. However, if the weight empty is input, then the contingency weight is adjusted so
W equals the required value. The weights of all components are evaluated and summed, producing the
aircraft weight empty less vibration and contingency weight, W . Then:

a) Fixed weight empty: W, input or Wi, = foiWes Weont = W — (Wx + W)
b) Both fractional: W = Wx /(1 — fuib — feont)s Weib = fuinWE, Weont = feont WE.
¢) Only vibration weight fractional: Woy, input, Wy = (Wx + Weont)/(1 = fuib),
Weib = fiinWE.

d) Only contingency weight fractional: W, input, Wg = (Wx + W) /(1 — feont)»
Weont = fcontWE-

e) Both input: W, and Weent input, Wg = Wx + Wi, + Weont -

Finally, the operating weight Wo = Wg + Wy is recalculated.

The fixed useful load W1, consists of crew (Weew), trapped fluids (oil and unusable fuel, Wi;ap,),
auxiliary fuel tanks (Wauxtank), €quipment increment, kits (folding, wing, wing extension, other), and
other fixed useful load (Wry Lother). Werews Wirap»> ad Wey Lother are input. For a each flight state, the
fixed useful load may be different from the design configuration, because of changes in auxiliary fuel
tank weight, kit weight, and crew or equpment weight increments.

Folding weights can be calculated in several weight groups, including wing, rotor, empennage, and
fuselage. These weights are the total weights for folding and the impact of folding on the group. A
fraction fioqxit Of these weights can be in a kit, hence optionally removable. Thus of the total folding
weight, the fraction frqkit 1S a kit weight in the fixed useful load of the weight statement, while the
remainder is kept in the component group weight.

Systems and equipment includes the following fixed (input) weights: auxiliary power group, in-
struments group, pneumatic group, electrical group (aircraft), avionics group (mission equipment),
armament group (armor and armament provisions), furnishings and equipment group, environmental
control group, and load and handling group. Systems and equipment includes the following scaled
weights: flight controls group, hydraulic group, electrical group (anti-icing), and anti-icing group.
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Flight controls group includes the following fixed (input) weights: cockpit controls and automatic
flight control system. Flight controls group includes the following scaled weights: fixed wing systems,
rotary wing systems, and conversion or thrust vectoring systems. Rotary wing flight control weights can
be calculated for the entire aircraft (using rotor parameters such as chord and tip speed for a designated
rotor), an approach that is consistent with parametric weight equations developed for conventional two-
rotor configurations. Alternatively, rotary wing flight control weights can be calculated separately for
each rotor and then summed. The fixed wing flight controls and the conversion controls can be absent.
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Fuselage

There is one fuselage component for the aircraft.

9-1 Geometry

The fuselage length ¢, can be input or calculated. The calculated length depends on the longitudinal
positions of all components. Let x,,,x and z,,;, be the maximum (forward) and minimum (aft) position
of all rotors, wings, and tails. Then the calculated fuselage length is

‘gfus = gnose + (fmax - xmin) + ‘eaft

The nose length ¢, (distance forward of hub) and aft length ¢, (distance aft of hub) are input, or
calculated as ;05 = frose R and Cug = faR. Typically fare = 0 or negative for the main rotor and tail
rotor configuration, and f,¢ = 0.75 for the coaxial configuration. The fuselage width wy,s is input.

The fuselage wetted area S, (reference area for drag coefficients) and projected area Si,..; (ref-
erence area for vertical drag) are input (excluding or including the tail boom terms); or calculated from
the nose length:

Swet = fwet (2lnosePtus + 2lnoseWius + 2hfusWius) + Choom R

Sproj = fproj (fnosewfus) + wboomR

using input fuselage height A, and factors fyer and fp.o5; or calculated from the fuselage length:

Swet = fwet (2£fushfus + 2gfuswfus + 2hfuswfus) + CboomR

Sproj = fproj (éfuswfus) + Whoom 1T

Using the nose length and the tail boom area is probably best for a single-main-rotor and tail-rotor
helicopter. Here Cy,oom is the effective tail boom circumference (boom wetted area divided by rotor
radius), and wyeom 1S the effective tail boom width (boom vertical area divided by rotor radius).

The fuselage contribution to the aircraft operating length is x5 + frotftus (forward) and zg,s — (1 —
fref ) lrus (aft). Here fof is the position of the fuselage aerodynamic reference location aft of the nose, as
a fraction of the fuselage length. If the fuselage length is input, then f,.¢ is input; if the fuselage length
is calculated, then fief = (max + fhose — Ttus)/Llius-

9-2 Control and Loads

The fuselage has a position 2", where the aerodynamic forces act; and the component axes are
aligned with the aircraft axes, CBF = I. The fuselage has no control variables.
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9-3 Aerodynamics

The aerodynamic velocity of the fuselage relative to the air, including interference, is calculated in
component axes, v?. The angle-of-attack ax,s, sideslip angle Gr,s (hence CB4), and dynamic pressure
q are calculated from v”. The reference area for the fuselage forward flight drag is the fuselage wetted
area Syet, which is input or calculated as described above. The reference area for the fuselage vertical
drag is the fuselage projected area Sp..;, Which is input or calculated as described above.

9-3.1 Drag

The drag area or drag coefficient is defined for forward flight, vertical flight, and sideward flight.
In addition, the forward flight drag area or drag coefficient is defined for fixtures and fittings, and
for rotor-body interference. The effective angle-of-attack is ae = @fus — @pmin, Where apmiy is the
angle of minimum drag; in reverse flow (Ja.| > 90), @, < «. — 180signa,.. For angles of attack less
than a transition angle «;, the drag coefficient equals the forward flight (minimum) drag Cpo, plus an
angle-of-attack term. Thus if |a.| < oy

Cp =Cpo (1 + Kd‘ae|Xd)

and otherwise
Cpt = Cpo (1 4 Kalas|*?)

o Sproj . ™ |ae| — Qg
Cp=Cp;+ <Swet Cpv CDt) Sin (2 7T/2—at

and similarly for the transition of payload drag (D/q)pay and contingency drag (D/q)cont. Optionally
there might be no angle-of-attack variation at low angles (K; = 0), or quadratic variation (X, = 2). With
an input transition angle, there will be a jump in the slope of the drag coefficient at ;. For a smooth
transition, the transition angle that matches slopes as well as coefficients is found by solving

=0

2Xd Xq Xg—1 (Sproj/swet)CDV - CVD(]
( m 1) “ Haci " KaCpo

This calculation of the transition angle is only implemented with quadratic variation, for which

1 (S ro'/Swet)CDV - C'DO
= 141 - a2R
at a < + \/ “ KdODO

with a = (4/7) — 1; oy is however required to be between 15 and 45 deg. For sideward flight (vZ = 0) the
drag is obtained using ¢, = tan~'(—v? /v[}) to interpolate between sideward and vertical coefficients:

Soroi .
Cp = Cpgcos® ¢, + SpmJ Cpv sin® ¢,
wet

Then the drag force is

D = gSuer (Co + Cose + 3 Cow ) +a((D/@)pay + (D/)cont)

including drag coefficient for fixtures and fittings C'pg¢ and rotor-body interference Cp,1, (summed over
all rotors); drag area of the payload (specified for flight state); and contingency drag area.
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9-3.2 Lift and Pitch Moment

The fuselage lift and pitch moment are defined in fixed form (L/q and M/q), or scaled form
(Cr and Cyy, based on the fuselage wetted area and fuselage length). The effective angle-of-attack is
Qe = Qs — Qi1 Where «; is the angle of zero lift; in reverse flow (|a.| > 90), @ «+— . — 180signe,. Let
amax be the angle-of-attack increment (above or below zero lift angle) for maximum lift. If |a.| < amax

CVL = CLaae
Cy = Chrro + Crra e
and otherwise
/2 — | >
/2 — |otmax|
T/2 — || >

/2 — |otmax|

CL = CLaamaxSignae <

Cy = (OJMO + CMaamaxSignae) <

for zero lift and moment at 90 deg angle-of-attack. In sideward flight, these coefficients are zero. Then
L = ¢SywetCr and M = qSyetlusCar are the lift and pitch moment.

9-3.3 Side Force and Yaw Moment

The fuselage side force and yaw moment are defined in fixed form (Y/q and N/q), or scaled form
(Cy and Cy, based on the fuselage wetted area and fuselage length). The effective sideslip angle is
Be = Brus — By, Where 3., is the angle of zero side force; in reverse flow (|3.| > 90), B, < B —180signfe..
Let Bmax be the sideslip angle increment (above or below zero side force angle) for maximum side force.

If ‘/Be‘ S 6max

CY = CYBBe

Cn = Cno + CngPe
and otherwise

Cy = CYﬁﬁmaxSignﬂe ( 77'/2 - |ﬂ€| )

7T/2 - |ﬁmax|
77/2 — ‘ﬁe' )
7T/2 - |6max|
for zero side force and yaw moment at 90 deg sideslip angle. Then Y = ¢SyetCy and N = ¢SyetlrusCn
are the side force and yaw moment. The roll moment is zero.

Cn = (Cno + CnpgPmaxsignse) (

9-4 Weights

The fuselage group consists of the basic structure; wing and rotor fold/retraction; tail fold/tilt; and
marinization, pressurization, and crashworthiness structure.
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Chapter 10

Landing Gear

There is one landing gear component for the aircraft. The landing gear can be located on the body
or on the wing. The landing gear can be fixed or retractable; a gear retraction speed is specified (CAS),
or the landing gear state can be specified in the flight state.

10-1 Geometry

The landing gear has a position 2%, where the aerodynamic forces act. The component axes are
aligned with the aircraft axes, CB¥ = I. The landing gear has no control variables. The height of the
bottom of the landing gear above ground level, iy, is specified in the flight state. The landing gear
position z*" is a distance drg above the bottom of the gear.

10-1.1 Drag

The drag area is specified for landing gear extended, (D/q)rc. The velocity relative to the air at
2F gives the drag direction ey = —v¥' /|v¥| and dynamic pressure ¢ = 1/p|vf'|? (no interference). Then

FF =eqq(D/q)Lc
is the total drag force.

10-2 Weights

The alighting gear group consists of basic structure, retraction, and crashworthiness structure.
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Chapter 11

Rotor

The aircraft can have one or more rotors, or no rotors. In addition to main rotors, the rotor component
can model tail rotors, propellers, proprotors, ducted fans, thrust vectoring rotors, and auxiliary-thrust
rotors. The principal configuration designation (main rotor, tail rotor, or propeller) is identified for
each rotor component, and in particular determines where the weights are put in the weight statement
(summarized in table 11-1). Each configuration can possibly have a separate performance or weight
model, which is separately specified. Antitorque rotors and auxiliary-thrust rotors can be identified, for
special sizing options. Other configuration features are variable diameter and ducted fan.

Multi-rotor systems (such as coaxial or tandem configuration) are modeled as a set of separate rotors,
in order to accommodate the description of the position, orientation, controls, and loads. Optionally the
location of the center of the rotor system can be specified, and the rotor locations calculated based on
input separation parameters. The performance calculation for twin rotor systems can include the mutual
influence of the induced velocity on the power.

The main rotor size is defined by the radius R or disk loading W/A, thrust-weighted solidity o,
hover tip speed Vi, and blade loading Cy /o = W/pAV;3 0. With more than one main rotor, the disk
loading and blade loading are obtained from an input fraction of design gross weight, W = fu,Wp.
The air density p for Cy /o is obtained from a specified takeoff condition. If the rotor radius is fixed
for the sizing task, three of (R or W/A), Cyw /o, Viip, o are input, and the other parameters are derived.
Optionally the radius can be calculated from a specified ratio to the radius of another rotor. If the
sizing task determines the rotor radius (R and 1W/A), then two of Cy /o, Viip, o are input, and the other
parameter is derived. The radius can be sized for just a subset of the rotors, with fixed radius for the

others.

For antitorque and auxiliary-thrust rotors, three of (R or W/A), Cw /o, Viip, o are input, and the
other parameters are derived. Optionally the radius can be calculated from a specified ratio to the radius
of another rotor. The disk loading and blade loading are based on fT', where f is an input factor and T
is the maximum thrust from designated design conditions. Optionally the tail rotor radius can be scaled
with the main rotor radius: R = fR,,,(0.1348 + 0.0071W/A), where f is an input factor and the units of
disk loading W/A are 1b/ft. Figure 11-1 is the basis for this scaling.

Table 11-1. Principal configuration designation.

configuration weight statement weight model performance model
main rotor rotor group rotor rotor
tail rotor empennage group tail rotor rotor

propeller propulsion group rotor, aux thrust rotor
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Figure 11-1. Tail rotor radius scaling.

11-1 Drive System

The drive system defines gear ratios for all the components it connects. The gear ratio is the ratio
of the component rotational speed to that of the primary rotor. There is one primary rotor per propulsion
group (for which the reference tip speed is specified); other components are dependent (for which a gear
ratio is specified). There can be more than one drive system state, in order to model a multiple-speed or
variable-speed transmission. Each drive system state corresponds to a set of gear ratios.

For the primary rotor, a reference tip speed Vii,_rer is defined for each drive system state. By
convention, the “hover tip speed” refers to the reference tip speed for drive state #1. If the sizing task
changes the hover tip speed, then the ratios of the reference tip speeds at different engine states are kept
constant. By convention, the gear ratio of the primary rotor is » = 1. For dependent rotors, either the
gear ratio is specified (for each drive system state) or a tip speed is specified and the gear ratio calculated
(r = Qdep/Qprim» . = Viip—rer/R). For the engine group, either the gear ratio is specified (for each drive
system state) or the gear ratio calculated from the specification engine turbine speed Qgpec = (27/60) Nypec
and the reference tip speed of the primary rotor (r = Qspec/Qprim»> Qprim = Viip—ref/R). The latter option
means the specification engine turbine speed Ngpe. corresponds to Viip,—res for all drive system states. To
determine the gear ratios, the reference tip speed and radius are used, corresponding to hover.

The flight state specifies the tip speed of the primary rotor and the drive system state, for each
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propulsion group. The drive system state defines the gear ratio for dependent rotors and the engine
groups. From the rotor radius the rotational speed of the primary rotor is obtained (Qprim = Viip/R);
from the gear ratios, the rotational speed of dependent rotors (Qqep, = 7{2prim) and the engine groups
(N = (60/27)7eng2prim) are obtained; and from the rotor radius, the tip speed of the dependent rotor
(Viip = QaepR) is obtained. The flight state specification of the tip speed can be an input value; the
reference tip speed; a function of flight speed or a conversion schedule; or one of several default values.
These relationships between tip speed and rotational speed use the actual radius of the rotors in the flight
state, which for a variable-diameter rotor may not be the same as the reference, hover radius.

A designated drive system state can have a variable speed (variable gear ratio) transmission, by
introducing a factor f,c., on the gear ratio when the speeds of the dependent rotors and engines are
evaluated. The factor fy..r is @ component control, which can be connected to an aircraft control and
thus set for each flight state.

An optional conversion schedule is defined in terms of two speeds: hover and helicopter mode for
speeds below Vinever, cruise mode for speeds above Vieruise, and conversion mode for speeds between
Vehover and Vioeruise- The tip speed is Viip—nover In helicopter and conversion mode, and Viip—cryise 1
airplane mode. Drive system states are defined for helicopter, cruise, and conversion mode flight. The
flight state specifies the nacelle tilt angle, tip speeds, control state, and drive system state, including the
option to obtain any or all of these quantities from the conversion schedule.

Several default values of the tip speed are defined for use by the flight state, including cruise, maneu-
ver, one-engine inoperative, drive system limit conditions, and a function of flight speed (piecewise linear
input). Optionally these default values can be input as a fraction of the hover tip speed. Optionally the tip
speed can be calculated from an input Cr /o = to — pit1, S0 Vi = /T /pActy + (Vt1/2t0)? + (Vi1 /2to);
or from p = V/Viip, 80 Viip = V/p; or from My = Myip/(1 4 10)2 + 42,80 Viip = v/ (csMay)> — V2 -V,

The sizing task might change the hover tip speed (reference tip speed for drive system state #1),
the reference tip speed of a dependent rotor, a rotor radius, or the specification engine turbine speed
Nspec. In such cases the gear ratios and other parameters are recalculated. Note that it is not consistent
to change the reference tip speed of a dependent rotor if the gear ratio is a fixed input.

11-2 Geometry

The rotor rotation direction is described by the parameter r: » = 1 for counter-clockwise rotation
and r = —1 for clockwise rotation (as viewed from the positive thrust side of the rotor).

The rotor solidity and blade mean chord are related by ¢ = Nc¢/wR; usually thrust-weighted values
are used, but geometric values are also required by the analysis. The mean chord is the average of
the chord over the rotor blade span, from root cutout to tip. The thrust-weighted chord is the average
of the chord over the rotor blade span r, from root cutout to tip, weighted by r2. A general blade
chord distribution is specified as ¢(r) = c.eté(r), where ¢t is the thrust-weighted chord. Linear taper is
specified in terms of a taper ratio ¢ = cip/croot, OF in terms of the ratio of thrust-weight and geometric

chords, f = o1/0, = c75r/C.50R-

The rotor hub is at position 2/, . Optionally, a component of the position can be calculated,
superseding the location input. The calculated geometry depends on the configuration. For a coaxial
rotor, the rotor separation is s = |KTC5F ([ | — 2. ,)/(2R)| (fraction rotor diameter), or the hub
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locations are calculated from the input separation s, and the input location midway between the hubs:

0
F _ _F FS
Zhub = Zcenter +C 0
sR

For a tandem rotor, the rotor longitudinal overlap is o = A¢/(2R) = 1 — ¢/(2R) (fraction rotor diameter),
or the hub locations are calculated from the input overlap o, and the input location midway between the
hubs:

Thub = Lcenter + R(l - 0)

For a tail rotor, the longitudinal position can be calculated from the main rotor radius R, tail rotor radius
R,,, and tail-rotor/main-rotor clearance d,.

Thubtr = Lhubmr — (Rm’r + dtr + Rtr)

For a tiltrotor, the lateral position can be calculated from the rotor radius R (cruise value for variable-
diameter rotor), fuselage/rotor clearance ds,s, and fuselage width wgys:

Ynub = £ (fR + dpus + 1oWrus)

with the pivot, pylon, and nacelle center-of-gravity lateral positions adjusted to keep the same relative
position to the hub. The calculated clearance between the rotor and fuselage is dys = |[ynhub|— (R+ Yowsus)-
Alternatively for a tiltrotor, the lateral position can be calculated from the wing span, yn,, = £5b/2, so
the rotors are at the wing tips, or from a designated wing panel edge, ynu, = £1,(b/2).

For twin rotors (tandem, side-by-side, or coaxial), the overlap is o = A¢/(2R) = 1 — {¢/(2R)
(fraction of diameter; 0 for no overlap and 1 for coaxial), where the hub-to-hub separation is ¢ =
[(Zhubl — Zhub2)? + Yhub1 — Ynub2)?]/? (¢ = 2R for no overlap and ¢ = 0 for coaxial). The overlap area
is mA, with A the area of one rotor disk and

m = % cos ' (£/2R) — (¢/2R)\/1 — (Z/2R)2}

The vertical separation is s = |zhub1 — Zhub2|/(2R).

The reference areas for the component drag coefficients are the rotor disk area A = 7R? (for
hub drag), pylon wetted area Spyion, and spinner wetted area Sgp,;i,. The pylon wetted area is input, or
calculated from the drive system (gear box and rotor shaft) weight, or from the drive system plus engine
system (engine, exhaust, and accessories) weight:

Spylon =k (w/Nrotor) 28

where w = Wyy,.s or w = W5 + > Wrs and the units of k are ft?/1b%/3 or m/kg?/®. The pylon area is
included in the aircraft wetted area if the pylon drag coefficient is nonzero. The spinner wetted area is
input, or calculated from the spinner frontal area:

Sspin = k(ﬂ-Rspin)
where R, 1s the spinner radius, which is specified as a fraction of the rotor radius.

The rotor contribution to the aircraft operating length and width is calculated from the locus of
the rotor disk: zgisk = 2nub + RO (cos 1y sint0)”. The longitudinal distance from the hub position is
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Az = R(acost + bsin ), so the maximum distance is Az = +R+v/a? + b2. The lateral distance from the
hub position is Ay = R(ccos + dsin1), so the maximum distance is Ay = £ R+v/c? + d?.

11-3 Control and Loads

The rotor controls consist of collective, lateral cyclic, longitudinal cyclic, and perhaps shaft inci-
dence (tilt) and cant angles. Rotor cyclic control can be defined in terms of tip-path plane or no-feathering
plane command. The collective control variable is the rotor thrust amplitude or the collective pitch angle.

The relationship between tip-path plane tilt and hub moment is M = § 71,0212 — 1)3 = K.,
where N is the number of blades, Q2 the rotor speed, and » the dimensionless fundamental flap frequency.
The flap moment of inertia I, is obtained from the Lock number: v = pacR*/I,, for SLS density p and
lift curve slope a = 5.7 (or from the blade weight, or from an autorotation index). The flap frequency and
Lock number are specified for hover radius and rotational speed. The flap frequency and hub stiffness
are required for the radius and rotational speed of the flight state. For a hingeless rotor, the blade flap
spring is Kpap, = [,Q%(v? — 1), obtained from the hover quantities; then K, = & Kgap, and

Ka,
2 =1 ap
v + 7,02
For an articulated rotor, the hinge offset is e = Rz /(1 + ),z = 2(v* — 1) from the hover quantities; then
=1 § ¢/R
21—¢/R

and Ky, = §1,0%(v? — 1), using I, from + (and scaled with R for a variable diameter rotor) and € for
the flight state.

Optionally the rotor can have a variable diameter. The rotor diameter is treated as a control, allowing
it to be connected to an aircraft control and thus set for each flight state. The basic variation can be
specified based on the conversion schedule, or input as a function of flight speed (piecewise linear input).
For the conversion schedule, the rotor radius is Ryover for speeds below Venovers Reruise = f Rhover fOT
speeds above Vieruise , and linear with flight speed in conversion mode. During the diameter change, the
chord, chord radial distribution, and blade weight are assumed fixed; hence solidity scales as o ~ 1/R,
blade flap moment of inertia as I;, ~ R?, and Lock number as v ~ R2.

11-3.1 Control Variables

The collective control variable is direct command of rotor thrust magnitude 7" or Cr /o (in shaft
axes), from which the collective pitch angle can be calculated; or rotor collective pitch angle g 75, from
which the thrust and inflow can be calculated.

Shaft tilt control variables are incidence (tilt) and cant angles, acting at a pivot location.

Tip-path plane command is direct control of the tip-path plane tilt, hence tilt of the thrust vector.
This control mode requires calculation of rotor cyclic pitch angles from the flapping. The control
variables are longitudinal tilt 3. (positive forward) and lateral tilt 85 (positive toward retreating side).
Alternatively, the cyclic control can be specified in terms of hub moment or lift offset, if the blade
flap frequency is greater than 1/rev. The relationship between tip-path plane tilt and hub moment is
M = Km0, and between moment and lift offset is M = o(T'R). Thus the flapping is

(%) =7 () =50 (%)
Be) Kb \—My)  Kpup \ —0y
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for hub moment command or lift offset command, respectively.

No-feathering plane command is control of rotor cyclic pitch angles, usually producing tilt of the
thrust vector. This control mode requires calculation of rotor tip-path plane tilt from the cyclic control,
including the influence of inflow. The control variables are longitudinal cyclic pitch angle 6, (positive
aft) and lateral cyclic pitch angle 6. (positive toward retreating side).

11-3.2 Aircraft Controls

Each control can be connected to the aircraft controls c4c: ¢ = co+STcac, With ¢y zero, constant, or
a function of flight speed (piecewise linear input). The factor .S can be introduced to automatically scale
the collective matrix: S = a/6 = 1/60 if the collective control variable is Cr/o; S = pVi3, Aplade(a/6)
if the collective control variable is rotor thrust 7'; S = 1 if the collective control variable is pitch angle
6o.75. For cyclic matrices, S = 1 with no-feathering plane command, and S = —1 for tip-path plane
command.

11-3.3 Rotor Axes and Shaft Tilt

The rotor hub is at position z{ , , where the rotor forces and moments act; the orientation of the rotor
shaft axes relative to the aircraft axes is given by the rotation matrix C3*'. The pivot is at position 2ot
The hub or shaft axes S have origin at the hub node; the z-axis is the shaft, positive in the positive thrust
direction; and the z-axis downstream or up. The rotor orientation is specified by selecting a nominal
direction in body axes (positive or negative z, y, or z-axis) for the positive thrust direction; the other two
axes are then the axes of control. For a main rotor the nominal direction would be the negative z-axis;
for a tail rotor it would be the lateral axis (ry-axis, depending on the direction of rotation of the main
rotor); and for a propeller the nominal direction would be the positive z-axis. This selection defines a
rotation matrix W from F to S axes. The hub and pivot axes have a fixed orientation relative to the body

axes: o
hub incidence and cant: CHE = Uy, Vy,

pivot dihedral, pitch, and sweep:  CPF = X, Yy, Zy,

where U and V' depend on the nominal direction, as described in table 11-2. The shaft control consists
of incidence and cant about the pivot axes, from reference angles i..; and cyef:

CVcont = Ui*iref VvC*Cref

For a tiltrotor aircraft, one of the aircraft controls is the nacelle angle, with the convention oy, = 0 for
cruise, and a;r = 90 deg for helicopter mode. The rotor shaft incidence angle is then connected to
agiie by defining the matrix 7; appropriately. For the locations and orientation input in helicopter mode,
iret = 90. Thus the orientation of the shaft axes relative to the body axes is:

CSF _ WOHFCFPCCOHtCPF

F
pivo

or just C5F = WCHT with no shaft control. From the pivot location z
reference shaft control 2], ,, the hub location in general is

. and the hub location for the

F _ _F FP PFNT (_F F
Zhub = ?pivot + (C CCOHtC ) (Zhub(] - Zpivot)

Similarly, the pylon location and nacelle center-of-gravity location can be calculated for given shaft
control. The shift in the aircraft center-of-gravity produced by nacelle tilt is

W(Zch - Zf;;o) = WIHOV@(ZI}:ac - Zri;co) = WmOVG(CFPCg(;ntCPF - I) (Zfaco - Z}fivot)
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where W is the gross weight and W,y the weight moved. Table 11-2 summarizes the geometry options.

Table 11-2. Rotor shaft axes.

nominal thrust incidence cant
z5-axis x°-axis w +forT  +forT U, Vy,
main rotor —2F up —zf" aft Yiso aft right Yo Xy
2F down —xF  aft Z180 aft right Y_ o X_4
propeller zF forward —zF up Yoo up right YoZy
—zt" aft -z up Z1goY_90  up right Y oZ 4
tail rotor (r = 1) y right —zF  aft Z1s0X_go  aft up ZgX_
tail rotor (r = —1) —yF left —zF  aft Z180X90 aft up Z_g Xy
[—-1 0 0] [0 0 -1
Ylgo = 0 1 0 Zlg()Y,gO = 0 -1 0
|0 0 —1] -1 0 0
(-1 0 0] [-1 0 0
Zlgo = 0 -1 0 ZlgoX_go = 0 0 1
| O 0 1] 10 10
[0 0 -1 (-1 0 0
Yoo=1[0 1 0 Z1g0X90= | 0 0 -1
11 0 0 |0 -1 0

11-3.4 Hub Loads

The rotor controls give the thrust magnitude and the tip-path plane tilt angles 3. and (;, either
directly or from the collective and cyclic pitch. The forces acting on the hub are the thrust 7', drag H,
and side force Y (positive in z, x, y-axis directions, respectively). The hub pitch and roll moments are
proportional to the flap angles. The hub torque is obtained from the shaft power Py,.¢ and rotor speed
Q. The force and moment acting on the hub, in shaft axes, are then:

H 0
FS=|Y [+ 0

T —f5T

Mt Khub (Tﬂs)
MS = My - Khub (_ﬂc)

_TQ _rPshaft/Q

The force includes a term proportional to the rotor thrust and an input blockage factor f5 = AT/T > 0.
This term accounts for blockage or download, as an alternative to including the drag of the fuselage
or a lifting surface in the aircraft trim. For example, fp can model the tail rotor blockage caused by
operation near the vertical tail. The rotor loads in aircraft axes acting at the center-of-gravity are then:

FF — CFSFS
MF = CFSNMS 4 AzFFF

F_ F F
where Az" = 2z, — 20y
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The wind axis lift L and drag X are calculated from the net rotor hub force F¥" and the rotor velocity
v¥". The velocity relative to the air gives the propulsive force direction e, = v /|v*'| (no interference)

and the velocity magnitude V' = [v*|. The drag and lift components of the force are X = —e] F¥" and
L = |(I —eyel) F¥|, respectively. Thus XV = —(v")" F¥ and L? = |F¥|* —|X|?. The rotor contribution
to vertical force is the z-axis component of the force in inertial axes, Fyy = —kTCIFFF,

11-4 Aerodynamics

The rotor velocity relative to the air is v*" = v§ + @4 Az* in aircraft axes. The velocities in shaft
axes are

s s e s s ra

_ F_F _ _ F F _ .

v =C""v" = QR | rp, w? =C""wyc =0 day
Mz ray

where QR is the rotor tip speed. The advance ratio x, inflow ratio A, and shaft angle-of-attack « are

defined as
= 13+

A= )\L +
a = tan™" (. /p)

The blade velocity relative to the air has the maximum amplitude (advancing tip velocity) of u,: =
\/m , from which the advancing tip Mach number is My; = Mipfiq:, using the tip Mach
number M;, = (QR)/c,. The rotor thrust coefficient is defined as Cr = T'//pA(QR)?. The dimensionless
ideal induced velocity J; is calculated from p, p., and Cr; then the dimensional velocity is v; = QR \;.
The ideal induced power is then Pg4.,; = Tw;. Note that for these inflow velocities, the subscript “i”
denotes “ideal .”

11-4.1 Ideal Inflow
The ideal wake-induced velocity is obtained from the momentum theory result of Glauert:

o CT - S)\%L
72\/>\2+M2 o VA2 + 2

9

where A = \; + 1., A2 = |Cr|/2 (A, is always positive), and s = sign Cr. This expression is generalized
to
X =M s F(u/An, spz/An)

If p is zero, the equation for A; can be solved analytically. Otherwise, for non-axial flow, the equation

is written as follows:
s)\}%

A e

Using X instead of \; as the independent variable simplifies implementation of the ducted fan model. A
Newton—Raphson solution for A gives:

SV
VA2 + 2
>\n - Mz in
)\n+1 = >\n =

L A /(A2 4 p22)
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A relaxation factor of f = 0.5 is used to improve convergence. Three or four iterations are usually
sufficient, using

s)\,%
V(M + pz)? + p?
to start the solution. To eliminate the singularity of the momentum theory result at ideal autorotation,
the expression

A

1%

+ w2

0.373p2 + 0.5981>
)\2
h

A= —0.991

is used when
L5u? 4 (251, +3\p)% < A7

The equation A = p,(au? — bA? + cu?)/A% is an approximation for the induced power measured in the
turbulent-wake and vortex-ring states. Matching this equation to the axial-flow momentum theory result
at p, = —2X\, and p, = —\, gives a = /5/6 = 0.3726780 and b = (4/5 — 3)/6 = 0.9907120. Then
matching to the forward-flight momentum theory result at (u = \p,, p, = —1.5\;,) gives ¢ = 0.5980197.
For axial flow (i = 0) the solution is:

2

Rz y g (&) + A2 Y I
2 2

0.37342

=4 p [ /\2M = 0.991] —2\, < sps < =M
h

e Hz\2
5 =8 (7) -\ sty < —2Xp

Note that \; and v; are the ideal induced velocities; additional factors are required for the wake induced
velocity or induced power calculations.

11-4.1.1 Ducted Fan

Rotor momentum theory can be extended to the case of a ducted fan. Consider a rotor system with
disk area A, operating at speed V', with an angle « between V' and the disk plane. The induced velocity
at the rotor disk is v, and in the far wake w = fyyv. The far wake area is A, = A/fa. The axial velocity
at the fan is fy,,V,, with fy ., accounting for acceleration or deceleration through the duct. The edgewise
velocity at the fan is fi,V,, with fi, = 1.0 for wing-like behavior, or fy, = 0 for tube-like behavior of
the flow. The total thrust (rotor plus duct) is T, and the rotor thrust is Tyot0r = f7T . For this model, the
duct aecrodynamics are defined by the thrust ratio fr or far wake area ratio f4, plus the fan velocity ratio
fv. The mass flux through the rotor disk is 7h = pAU = pA U, Where U and U, are respectively the
total velocity magnitudes at the fan and in the far wake:

U? = (fy.V cosa)® + (fv.Vsina + v)?
U2 = (Veosa)? + (Vsina +w)?
Mass conservation (f4 = A/A,, = U /U) relates f4 and fyr. Momentum and energy conservation give
T = 1w = pAUxw/ fa = pAU fwv
P= %mw 2Vsina+w)=T (Vsina + %)

With these expressions, the span of the lifting system in forward flight is assumed equal to the rotor
diameter 2R. Next it is required that the power equals the rotor induced and parasite loss:

P =Tt (fv:Vsina+v) =Tfr(fv.Vsina+v)
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In axial flow, this result can be derived from Bernoulli’s equation for the pressure in the wake. In
forward flight, any induced drag on the duct is being neglected. From these two expressions for power,
V. + fwv/2 = fr(fv.V. + v) is obtained, relating fr and fy,. With no duct (fr = fy. = fv. = 1), the
far wake velocity is always w = 2v, hence fyy = 2. With an ideal duct (f4 = fv. = fv. = 1), the far
wake velocity is fir = 1. In hover (with or without a duct), fyr = fa = 2fr, and v = \/2/fwvs. The
rotor ideal induced power is P,gea1 = Tw/2 = fpTwv, introducing the duct factor fp = fu /2.

For a ducted fan, the thrust C7 is calculated from the total load (rotor plus duct). To define the duct
effectiveness, either the thrust ratio fr = Tyotor /7 O the far wake area ratio f4 = A/A is specified (and
the fan velocity ratio fy/). The wake-induced velocity is obtained from the momentum theory result for
a ducted fan: A2 = (fiw Xi/2)\/(fvep)? + (fvp. + Xi)2. If the thrust ratio fr is specified, this can be
written

AL/ fr Pz
Vfvepe + X2+ (frep)? T
In this form, \; can be determined using the free-rotor expressions given previously: replacing A7, .,

w, A with respectively A2/ fr, ./ fr, fvaits fvzi= + Ai. Then from \; the velocity and area ratios are
obtained:

szﬂz + )\z =

fw =2 (fT - (1= foVz)%)

fa= \/ 12+ (pz + fwhi)?
(f

VLI:/’[’)2 + (szuz + Al)z

If instead the area ratio f4 is specified, it is simplest to first solve for the far wake velocity fu \;:

SA%?fA
V(s + fw ki) + p2

Nz+fW)\i: + W

In this form, fyy\; can be determined using the free-rotor expressions given previously: replacing A, A
with respectively A\?2f4, u, + fw . The induced velocity is

Fyatte + 2% = = [+ iz + Fwd)?] = (Fran)?
A

The velocity ratio is fw = (fwA:)/ i, and

Mzt fw /2

fT B szMz + )\i

is the thrust ratio. However, physical problems and convergence difficulties are encountered with this
approach in descent, if an arbitrary value of fr is permitted. From the expression for fr, fr should
approach 1/ fy . at high rates of climb or descent. To avoid problems with an arbitrary value of fr, it is
assumed that the input value of fr defines the velocity ratio fir = 2f7 in descent. So in descent p. is
not replaced by p./ fr.

11-4.1.2  Ground Effect

The wake-induced velocity is reduced when the rotor disk is in the proximity of the ground plane.
Ground effect in hover can be described in terms of the figure of merit M = (7°/2/./2pA)/ P as a function
of scaled rotor height above the ground, z,/D = z,/2R. Usually the test data are given as the ratio of
the thrust to OGE thrust, for constant power: T/T., = (M/M.)*? = r, > 1. The effect on power at
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constant thrust is then P = P, f,, where f, = kg 3/2 < 1. Ground effect is generally negligible at heights

above z,/D = 1.5 and at forward speeds above p = 3\.

The ground plane is assumed to be perpendicular to the inertial frame z-axis. The ground normal
(directed downward) is kI’ = C*7k in airframe axes, or k; = C57k!" in rotor shaft axes. The height
of the landing gear above ground level, k¢, is specified in the flight state. The height of the rotor hub
above ground level is then

zg = hpa — (k)" (zha, — 216) + drc
where zf is the position of the landing gear in the airframe; and d ;¢ is the distance from the bottom of
the gear to the location z . From the velocity

e
v¥ = —Tfhy
—-A

the angle e between the ground normal and the rotor wake is evaluated: cose = (k)"0 /|v®] (e = 0 for
hover, e = 90 deg in forward flight). Note that if the rotor shaft is vertical, then cose = A/ \//m (see
ref. 1). The expressions for ground effect in hover are generalized to forward flight by using (z,/ cose)
in place of z,. No ground effect correction is applied if the wake is directed upward (cose < 0), or if

24/ cose > 1.5D. From z,/D cos e, the ground effect factor f, = s, 3/2 is calculated. Then

(Ai)ice = fg (Ai)ocE
is the effective ideal induced velocity.

Several empirical ground effect models are implemented: from Cheeseman and Bennett (ref. 1,
basic model and using blade-element (BE) theory to incorporate influence of thrust), from Law (ref. 2),
from Hayden (ref. 3), and a curve fit of the interpolation from Zbrozek (ref. 4):

1 3/2
1— m] Cheeseman and Bennett
Zg

O'G)\i 1 —3/2
—)2 Cheeseman and Bennett (BE)

14+1.5 7%
T

B 1.0991 — 0.1042/(z,/D) 3/2 Law
fo =\ | T4 (Cr/o)(0.2804 — 0.3913/(z,/D))
[ 0.03794 17*
9926 + = H
_0 9926 + (29/23)2} ayden
[ 00544 |
0.9122 + : Zbrozek

(29/R)\/Cr/o
These equations break down at small height above the ground, and so are restricted to z,/D > 0.15;
however, the data base for ground effect extends only to about z/D = 0.3. Also, f, < 1 is required.
Figure 11-2 shows T'/T, = kg = j"g_z/3 as a function of z/R for these models (Cr/o = 0.05, 0.10, 0.15),
compared with test data from several sources.

11-4.1.3 Inflow Gradient

As a simple approximation to nonuniform induced velocity distribution, a linear variation over the
disk is used: AX = A;rcosy + A\,rsiny. There are contributions to A from forward flight and from
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Figure 11-2. Ground effect models (hover).

hub moments, which influence the relationship between flapping and cyclic. The linear inflow variation
caused by forward flight is Ay = X;(k,r cos 9 + kyrsiney), where \; is the mean inflow. Typically &,
is positive, and roughly 1 at high speed; and «, is smaller in magnitude and negative. Both «, and &,
must be zero in hover. Based on references 5-8, the following models are considered:
) 157 157 I
Coleman and Feingold: Bgo = fz——tany/2 = fp— —o————
g 0=/ 32 X/ f 32 /12 4+ X2+ ||

Ry0 = _f y2/’6
White and Blake:  ky0 = fuv/2siny = fov/2——t
/ ,UZ + AZ
Ryo = _2f yl
where tanx = |A|/p is the wake angle. Extending these results to include sideward velocity gives
Ky = (Kgotte + Kyolty)/p and &, = (—Kgofty + Kyottz)/ 1. For flexibility, the empirical factors f, and f,
have been introduced (values of 1.0 give the baseline model). There is also an inflow variation produced
by any net aerodynamic moment on the rotor disk, which can be evaluated using a differential form of
momentum theory:

AN, = f—m (—2Cwyr cos ) + 2C a7 Sint) = Appmr COS Y + Ay, sin g

N
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including empirical factor f,,,. Note that the denominator of the hub moment term is zero for a hovering
rotor at zero thrust; so this inflow contribution should not be used for cases of low speed and low thrust.

11-4.2 Rotor Forces

When direct control of the rotor thrust magnitude is used, the rotor collective pitch angle 6 75 must
be calculated from the thrust Cr/o. If the commanded variable is the collective pitch angle, then it is
necessary to calculate the rotor thrust, resulting in more computation, particularly since all quantities
depending on the thrust (inflow, induced power factor, mean drag coefficient) are also unknown. There
may be flight states where the commanded thrust can not be produced by the rotor, even with stall
neglected in the section aerodynamics. This condition will manifest as an inability to solve for the
collective pitch given the thrust. In this circumstance the trim method can be changed so the required
or specified thrust is an achievable value, or commanded collective pitch control can be used.

Cyclic control consists of tip-path plane command, requiring calculation of the rotor cyclic pitch
angles from the flapping; or no-feathering plane command, requiring calculation of the tip-path plane tilt
from the cyclic control angles. The longitudinal tip-path plane tilt is 5. (positive forward) and the lateral
tilt is 3, (positive toward retreating side). The longitudinal cyclic pitch angle is 6 (positive aft), and the
lateral cyclic pitch angle is 6. (positive toward retreating side). Tip-path plane command is appropriate
for main rotors. For rotors with no cyclic pitch, no-feathering plane command must be used.

The forces acting on the hub are the thrust 7', drag H, and side force Y (positive in z, z, y-
axis directions, respectively). The aerodynamic analysis is conducted for a clockwise rotating rotor,
with appropriate sign changes for lateral velocity, flapping, and force. The analysis is conducted in
dimensionless form, based on the actual radius and rotational speed of the flight state. The inplane hub
forces are produced by tilt of the thrust vector with the tip-path plane, plus forces in the tip-path plane,
and profile terms (produced by the blade drag coefficient). The orientation of the tip-path axes relative
to the shaft axes is then C”% = X, 5 Y_j5, . Then

Cy 0 CHtpp C’Ho
Cy = CSP 0 + TCYtpp + rCy,
Cr Cr/C5P 0 0

The inplane forces relative to the tip-path plane can be neglected, or calculated by blade element theory.
Note that with thrust and tip-path plane command and Cgypp, and Cypp, neglected, it is not necessary to
solve for the rotor collective and cyclic pitch angles. In general the inplane forces relative to the tip-path
plane are not zero, and may be significant, as for a rotor with large flap stiffness. Figures 11-3a and
b show respectively the tip-path plane tilt and thrust vector tilt with cyclic pitch control (no-feathering
plane tilt), as functions of flap stiffness (frequency), for several rotor thrust values. The difference
between tip-path plane tilt (figure 11-3a) and thrust vector tilt (figure 11-3b) is caused by tilt of the thrust
vector relative to the tip-path plane.

The profile inplane forces can be obtained from simplified equations, or calculated by blade element
theory. The simplified method uses:

CHo a o/ 1
=35C meanF ’
<CYo> g dmeantH (uy/u
where the mean drag coefficient cgmean 1S from the profile power calculation. The function Fy ac-
counts for the increase of the blade section velocity with rotor edgewise and axial speed: Cp, =
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[ YocqU(rsing + p)dr = [ 2oca(ud + u% +u3)V/2(rsing + p)dr; so (from Ref. 9)

r :4i/2ﬂ/1 ((r + psing)® + (pecosh)® + 2)1/2(rsinw+ ) dr dip
n=dgo | 7 7 p? 7

1, V2—-1 3 VI+V24+1
~ /1 2 4.3 2,23\
+V (3,u+4u (1+V2)2) + (uuz+4,u n %

with V2 = p2 + p2.
11-4.3 Blade Element Theory

Blade element theory is the basis for the solution for the collective and cyclic pitch angles (or thrust
and flap angles) and evaluation of the rotor inplane hub forces. The section aerodynamics are described
by lift varying linearly with angle-of-attack, ¢, = ¢y« (no stall), and a constant mean drag coefficient
Cdmean (from the profile power calculation). The analysis is conducted in dimensionless form (based on
density p, rotor rotational speed (2, and blade radius R of the flight state). So in the following ¢, v, and
~ are for the actual R and 2; and a = 5.7 is the lift-curve slope used in the Lock number ~. The blade
section aerodynamic environment is described by the three components of velocity, from which the yaw
and inflow angles are obtained, and then the angle-of-attack:

U? = u2 +ub
U =1+ g Sint + p, cosyp
. cosA = U/yJuz +ub + u%
UR = [bg COS Y — [Ly SIN Y

. S|
up = A+ 71(8+ dpsiny — &y cosyp) + urf ¢ = tan™up/ur

a=0—¢
In reverse flow (Ja| > 90), o < a — 180 signa, and then ¢, = ¢y« still (airfoil tables are not used). The

blade pitch consists of collective, cyclic, twist, and pitch-flap coupling terms. The flap motion is rigid
rotation about a hinge with no offset, and only coning and once-per-revolution terms are considered:

0 = 0075 + Oy + Oc.cosy + Ossiny) — Kpf3
ﬁ = 50 +6CCOS¢ +5sSinw
where Kp = tands. The twist is measured relative to 0.75R; 04, = 01(r — 0.75) for linear twist. The

mean inflow is \g = k)\;, using the induced velocity factor x from the induced power model. The inflow
includes gradients caused by edgewise flight and hub moments:

A= fy + Xo(1+ kg cos) + kyrsiny) + AN,
Im
/M2 + )\2

(an)-5 ()
C]LIm N 2 Yy 65

=, + Ao(1 + Kyrcost) + Kyrsiny) + (—2Cpyr costp + 2C 7 siny)

From the hub moments

the inflow gradient is

_ fm oa) v’ -1 N - | _
AN, = ( TEwE §> 78 (rBecosy) + rfssiny) = K, ’Y—/S (rB. cos® + rfBs sin)



98 Rotor

The constant K, is associated with a lift-deficiency function:

1 1

T+ K, 1+ fmoa/(8y/ 12 + A2)

The blade chord is ¢(r) = c.té(r), where ¢ is the thrust-weighted chord (chord at 0.75R for linear
taper). Yawed flow effects increase the section drag coefficient, hence ¢; = ¢gmean/ cos A. The section
forces in velocity axes and shaft axes are

C:

1 1

L= §pU2004 F,=Lcos¢p — Dsing = §pUc(ch—cdup)
1 1

D= ipUQCcd F,=Lsin¢+ Dcos¢ = ipUC(Cg’LLP + cqur)
1 1

R = §pUQCcT:DtanA FT:—ﬁFZ+R:—ﬁFZ+§pUccduR

These equations for the section environment and section forces are applicable to high inflow (large p.),
sideward flight (1), and reverse flow (ur < 0). The total forces on the rotor hub are

T:N/der
H:N/ F,siny + F.cosv dr

Y:N/—chos¢+F,.sinwdr

with an average over the rotor azimuth implied, along with the integration over the radius. Lift forces
are integrated from the root cutout 7., to the tip loss factor B. Drag forces are integrated from the root
cutout to the tip.

In coefficient form (forces divided by pAV;)) the rotor thrust and inplane forces are:

o ~ 1
Cr = U/FZ dr L, = 5éU(CguT — cqup)
~ ~ . 1
Cy = a/ F,siny + F.cos¢ dr F, = §éU(C[U,P + cqur)
~ ~ ~ ~ 1.
Cy = cr/—Fx cos + F, sine) dr F.=—-pBF, + §CUCduR

(and the sign of Cy is changed for a clockwise rotating rotor). The terms Aﬁz ~ ﬁz 3 and Aﬁr = — AZ 8
produce tilt of the thrust vector with the tip-path plane (Cy = —Crf. and Cy = —Crfs), which
are accounted for directly. The section drag coefficient ¢; produces the profile inplane forces. The
approximation up 2 u, is consistent with the simplified method (using the function F'z), hence

F\mo = %éU{)CdUT CHo = U/ Axo Sinw + ﬁro COS¢dT = %/éUOCdO"Sinw + Mw) dr

)

1 ~ ~
o = QéUocduR Cyo, = a/—FM cos Y + Fr,sint) dr = —% /éUocd(r cos Y + i) dr

where U2 = u% + p2, and ¢q = Camean/ cos A. Using blade element theory to evaluate Cy, and Cy,
accounts for the planform (¢) and root cutout. Using the function Fy implies a rectangular blade and no
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root cutout (plus at most a 1% error approximating the exact integration). The remaining terms in the
section forces produce the inplane loads relative to the tip-path plane:

)

)

~
Fwi: x

)
)

zﬁ. — ﬁwo = %éUCg(uP — uTﬁ) + %éUCd((l —Uo/U)ur + uPﬁ)
ﬂ_

es

"7 T z

-~ 1

FT() = iéUCd(l — UO/U)U/R
Chipp = U/ Fyisint + F; cost dr
CYtpp = U/ _ﬁm‘ cosy + ﬁm; sin vy dr

(including small profile terms from Uy # U).

Evaluating these inplane forces requires the collective and cyclic pitch angles and the flapping
motion. The thrust equation must be solved for the rotor collective pitch or the rotor thrust. The
relationship between cyclic pitch and flapping is defined by the rotor flap dynamics. The flap motion is
rigid rotation about a central hinge, with a flap frequency v > 1 for articulated or hingeless rotors. The
flapping equation of motion is

B+ V2B + 26y, sin ) + 26, costh = g/ﬁzrdr + (- 1)5,
including precone angle 3,; the Lock number v = pacyes R*/I,. This equation is solved for the mean
(coning) and 1/rev (tip-path plane tilt) flap motion:

26y = z/ﬁzrdr + (= 1)B,
a

2 Be _ 7 [ 5 2cos vy 20,
" -1) (ﬁs) o /Fzrdr (2sin¢> + <2dy>
with an average over the rotor azimuth implied. The solution for the coning is largely decoupled by
introducing the thrust:

Ao =120 -18,+ 2[R - 30

A separate flap frequency v is used for coning, in order to model teetering and gimballed rotors. For
an articulated rotor, 3, = 0 should be used.

The thrust and flapping equations of motion that must be solved are:

Et:g/ﬁzdr—&

oa
E\N_8 [& 2 cos 1 _1/2—1 0. 16 (a,
(&) =2 R (G) -5 ()45 ()
The solution v such that E(v) = 0 is required. The variables are v = (6y.75 0. 05)* for thrust and tip-path
plane command; v = (0o.75 3. 8s)" for thrust and no-feathering plane command; v = (Cr /o 0.6,)" for
collective pitch and tip-path plane command; v = (C7 /o 3. 3s)" for collective pitch and no-feathering

plane command. Note that since ¢, = ¢y, is used (no stall), these equations are linear in §. However,
if 0T /06y 75 is small, the solution may not produce a reasonable collective for commanded thrust. A
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Newton—Raphson solution method is used: from F(v,41) & E(v,) + (dE/dv)(vny1 — vs) = 0, the
iterative solution is
Upt1 = vy — C E(vy,)

where C = f(dE/dv)~!, including the relaxation factor f. The derivative matrix dE/dv is obtained by
numerical perturbation. Convergence of the Newton—Raphson iteration is tested in terms of |E| < ¢ for
each equation, where ¢ is an input tolerance.

11-5 Power

The rotor power consists of induced, profile, interferenc, and parasite terms: P = P, + P,+ P, + P,.
The parasite power (including climb/descent power for the aircraft) is obtained from the wind axis drag
force: P, = —XV = (v/)TFF,

The interference power can be produced by interactions from the wing. The component of the
wing interference velocity v{; parallel to the rotor force vector F'** (velocity roughly normal to the rotor
disk) produces a power change P, = vI  F. The component of the interference velocity perpendicular
to the rotor force vector (velocity roughly in the plane of the rotor disk) produces interference through
the swirl, hence P; o (V/QR)|vina||F|. Thus the interference power is calculated from

v
Pf, = *KintnvijrwldF + I(intpﬁ\/(|'Uind|u?‘)2 - (U?;ldF)2

Separate interference factors K, are used for the two terms. Kjy,,, is negative for favorable interference.

The induced power is calculated from the ideal power: P; = kP.gcal = £fpTVideal. The empirical
factor « accounts for the effects of nonuniform inflow, non-ideal span loading, tip losses, swirl, blockage,
and other phenomena that increase the induced power losses (x > 1). For a ducted fan, fp = fu/2 is
introduced. The induced power at zero thrust is zero in this model (or accounted for as a profile power
increment). If « is deduced from an independent calculation of induced power, nonzero P; at low thrust
will be reflected in large « values.

The profile power is calculated from a mean blade drag coefficient: P, = pA(QR)3Cp,, Cp, =
(0/8)cameanFp. The function Fp(u, 1i.) accounts for the increase of the blade section velocity with rotor
edgewise and axial speed: Cp, = [ SocqUdr = [ Locy(ud + u% + u3)?/2dr; so (from Ref. 9)

1 27 1 . 3/9
Fp = 4% / ((r + psiney)? + (pcosy)® + p2) /
o Jo

dr dip

5 3 L4+TV244vt 9yt
2 \V14+V2 (14 V24 242 -
+ ( M AR R T v R T W 7o

34 3,545 9, V1I+V2Z2+1
Z e = InfX>—" -
+<2uz+2uzu Tt ), v

with V2 = 12 + 12, This expression is exact when p = 0, and fp ~ 4V3 for large V.

Two performance methods are implemented, the energy method and the table method. The induced
power factor and mean blade drag coefficient are obtained from equations with the energy method, or
from tables with the table method. Optionally « and cgmean can be specified for each flight state,
superseding the performance method values.
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11-5.1 Energy Performance Method

11-5.1.1 Induced Power

The induced power is calculated from the ideal power: P; = kPgea = kfpTvideal. Reference
values of « are specified for hover, axial cruise (propeller), and edgewise cruise (helicopter): £novers
Kprops Kedge- 1WO models are implemented: constant model and standard model. The constant model
USES K = Khover 1f ft = p1; = 0; OF kK = Kprop 1f |1t| < 0.1|p;|; OF K = Kedge Otherwise.

The standard model calculates an axial flow factor Kaxia from Knover, Kclimb, and Kprop. Let A =
Cr/o — (Cr/o)ima. For hover and low speed axial climb, including a variation with thrust, the inflow
factor is

2 _ .
Kh = Khover + khlAh + kh2|Ah|Xh2 + (Kclimb - Khover) ; tan ! |:((‘,U/z|/)\h)/Maxial)Xaxml

where |p.|/A\rn = Maxia 1s the midpoint of the transition between hover and climb, and X, is large
for a fast transition. Figure 11-4 illustrates  in hover (with a minimum value). Figure 11-5 shows the
behavior of this function for a helicopter in climb (X4, = 0.65). A polynomial describes the variation
with axial velocity, scaled so k = kp, at p, = 0 and k = Kk, at p, = l.prop- Including variations with
thrust and shaft angle:

Kp = Kprop T kp1Ap + k102|Ap|Xp2 + kpaﬂ§|M|Xpa
Kaxial = Kp + kalﬂ’z + S(k‘(ﬂ,ug + ka3|:uz‘xa)

where S = (kp— (kn+ka1 pzprop))/ (KazttZprop T Kaskiasiop)s S = 0if kaa = kqz = 0 (not scaled); Kaxial = kn
if ftzprop = 0. A polynomial describes the variation with edgewise advance ratio, scaled S0 £ = Kaxial at
w=0and k = fo,foffKedge at 1t = ftedge- Thus the induced power factor is

K = Kaxial T kelﬂ + S(ke2/142 + keSMXE)

where S = (fafoff"fedge - (Haxial + kel,uedge))/(kezugdge + ke3ﬂ§fge); S=0ifkea =ke3 =0 (not Scaled);
K = Kaxial If fteqge = 0. The function f, = 1 — k.o p. accounts for the influence of angle-of-attack (s, /1)
or rotor drag (Cx). The function fog = 1 — ko1 (1 — e~*o2°=) accounts for the influence of lift offset,
0y = M, /TR = (Knuw/TR)Gs. Figure 11-6 illustrates « in edgewise flight. Minimum and maximum
values of the induced power factor, ki, and xyax, are also specified.

11-5.1.2  Profile Power

The profile power is calculated from a mean blade drag coefficient: Cp, = (¢/8)cimeanFp. Since the
blade mean lift coefficient is ¢, = 6Cr /o, the drag coefficient is estimated as a function of blade loading
Cr/o (using thrust-weighted solidity). With separate estimates of the basic, stall, and compressibility
drag, the mean drag coefficient is:

Cdmean = XS (Cdbasic + Cdstall + Cdcomp)

where y is a technology factor. The factor S = (Re,er/Re)?? accounts for Reynolds number effects on
the drag coefficient; Re is based on the thrust-weighted chord, 0.75V};;,, and the flight state; and Reyct
corresponds to the input ¢, information. The following models are implemented for the basic drag:

a) Array model: The basic drag cgpasic 1S input as a function of Cr/o; the array is linearly interpolated.
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Figure 11-5. Induced power factor for rotor in axial flight.

b) Equation model: The basic drag cgnasic 1s @ quadratic function of Cr /o, plus an additional term
allowing faster growth at high (sub-stall) angles of attack. Let A = |Cr/o — (Cr/0)pmin|, Where
(Cr/0) pmin corresponds to the minimum drag and Ay, = |Cr/o| — (Cr/0)sep. Values of the basic
drag equation are specified for helicopter (hover and edgewise) and propeller (axial climb and cruise)
operation:

can = donel + dinelA + donet A% + deep Azer

sep

Cdp = dOprop + dlpropA + d2propA2 + dsepAggz;Cp + dpoz:ug ‘:U|Xpa

The separation term is present only if Ay, > 0. The helicopter and propeller values are interpolated as
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Figure 11-6. Induced power factor for rotor in edgewise flight.

a function of p:
2,
Cabasic = Cdh + (Cap — th); tan™" (|| /An)
SO | |/An = 1 is the midpoint of the transition.

The stall drag increment represents the rise of profile power caused by the occurrence of significant
stall on the rotor disk. Let A, = |Cr/o| — (fs/fafo)(Cr/0)s (fs is an input factor). The function
fo =1 — dsap. accounts for the influence of angle-of-attack (u./u) or rotor drag (Cx). The function
fot = 1 —do1(1 —e~92°2) accounts for the influence of lift offset, o, = 7M, /TR = (Kyu,/TR)3s. Then
Castall = dg1 AX1 +d o AXs2 (zero if A, < 0). The blade loading at which the stall affects the entire rotor
power, (Cr /o), is an input function of the velocity ratio V = /2 + ;2.

The compressibility drag increment depends on the advancing tip Mach number M,;, and the tip
airfoil thickness-to-chord ratio 7. The following models are implemented:

a) Drag divergence model: Let AM = M,; — Mgy, where M, is the drag divergence Mach number of
the tip section. Then the compressibility increment in the mean drag coefficient is

Cdcomp = dmlAM + dm2AMxm

(ref. 10). Myq is a function of the advancing tip lift coefficient, cy(1 g9). The advancing tip lift is estimated
from o 90y = (0.75 +0.250L + 0, — (A — B) /(14 1)) = 1.6(1 —2.97p + 2.214%) (6Cr /o a) + 0.2504,, (zero
above p = 0.6). Then the Korn expression (ref. 11) gives M, for small lift coefficient:

Mdd = KA — /£|Cg| - T = MddO — H|C¢|
where M4 is the drag divergence Mach number at zero lift, and typically x = 0.16.

b) Similarity model: From transonic small-disturbance theory (refs. 12—13), the scaled wave drag must
be a function only of K} = (M2, — 1)/[M27(1 + v)]*/%. An approximation for the wave drag increment

18

5/3 5/3

[MZ,(1+7)]'/?

T

Acy = -
o [MZ(1+ )73

D(Ky) = L774( Ky + 1.674)°/2
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Figure 11-7. Stall function.

(constant for K; > —0.2). Integration of Ac, over the rotor disk gives the compressibility increment in
the profile power. Following Harris, the resulting compressibility increment in the mean drag coefficient
is approximately:

Cacomp = 1.52f (K1 + 1)*[(1+ p) P2 (1 +7) /2

including the input correction factor f; cgcomp 18 zero for K7 < —1, and constant for K; > —0.2.

Figure 11-7 shows typical stall functions (Cr/o)s for two rotors with different airfoils, and for
reference typical helicopter rotor steady and transient load limits. Figure 11-8 illustrates the mean drag
coefficient in hover, showing ¢4, without and with the separation term, and the total for the high stall
and low stall cases. Figure 11-9 illustrates the mean drag coefficient in forward flight, showing the
compressibility term cgcomp, and the growth in profile power with C /o and p as the stall drag increment
increases.

11-5.1.3 Twin Rotors

For twin rotors, the induced power is determined by the induced velocity of the rotor system, not
the individual rotors. The induced power is still obtained using P; = kPigcal = £ fpT Videa for each rotor,
but the ideal induced velocity is calculated for an equivalent thrust Cr. based on the thrust and geometry
of both rotors. The profile power calculation is not changed for twin rotors.

In hover, the twin rotor induced velocity is v; = kwiny/7/2pA,, from the total thrust 7 and the
projected disk area A, = (2 — m)A. The overlap fraction m is calculated from the rotor hub separation
¢. A correction factor for the twin rotor ideal power is also included. For a coaxial rotor, typically
Kewin =2 0.90. So the ideal inflow is calculated for Cr. = (Cr1 + Cr2)/(2 — m).

In forward flight, the induced velocity of a coaxial rotor is v; = winT/(2pAV), from the total



Rotor 105

0.0350 —
Cd mean (low stall)
0.0300 |- Cq mean (high stall)
omso - 00— — — —— Cgp (With sel?aration)
——————————— Cgh (quadratic) /

g 0.0200 (— -
g ~
& 00150 |- -

00100 F———_

0.0050 [~

0.0000 | | | | | |

0.00 0.03 0.06 0.09 0.12 0.15 0.18
CT/G
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Figure 11-9a. Mean drag coefficient for rotor in forward flight, high stall.

thrust 7" and a span of 2R. The correction factor for ideal induced power (biplane effect) is kyyin = 0.88
to 0.81 for rotor separations of 0.06 D to 0.12D. The ideal inflow is thus calculated for Cr. = C71 + Crs.
The induced velocity of side-by-side rotors is v; = kiwinT/(2pA.V'), from the total thrust T and a span of
2R+{,hence A, = A(1+¢/2R)?. The ideal inflow is thus calculated for Cr. = (Cr1+Cr2)/(1+£/2R)?.
The induced velocity of tandem rotors is vy = Kiwin (Tr/(20AV ) +2rTr/(2pAV)) for the front rotor and
vR = Fiwin(Tr/(2pAV) + xpTr/(2pAV)) for the rear rotor. For large separation, xp = 0 and zp = 2;
for the coaxial limit zr = 2 = 1 is appropriate. Here 2z = m and zp = 2 — m is used.
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Figure 11-9b. Mean drag coefficient for rotor in forward flight, low stall.

To summarize, the model for twin rotor ideal induced velocity uses Cr. = ©1Cr1 + x2Cpo and the
correction factor kyin. In hover, z;, = 1/(2 —m); in forward flight of coaxial and tandem rotors, z; = 1
for this rotor and zy = m or xy = 2 — m for the other rotor; in forward flight of side-by-side rotors,
zy =1/(1+¢/2R)* (x = 1/2 if there is no overlap, £/2R > 1). The transition between hover and forward
flight is accomplished using

- CCf/lz + xhC)\%
p? + CAZ
with typically C' = 1 to 4. This transition is applied to = for both rotors, and to Ktyyin -

With a coaxial rotor in hover, the lower rotor acts in the contracted wake of the upper rotor.
Momentum theory gives the ideal induced power for coaxial rotors with large vertical separation (ref. 14):
P, = T,v,, v2 = T,/2pA for the upper rotor; and P, = (as/\/7)Tyve, vi = Ty/2pA for the lower rotor.
Here 7 = T, /T,; @ is the average of the disk loading weighted by the induced velocity, hence a measure
of nonuniform loading on the lower rotor (& = 1.05 to 1.10 typically); and the momentum theory solution

is

as 1

N
The optimum solution for equal power of the upper and lower rotors is ast = 1, giving 7 = T, /T,, = 2/3.
Hence for the coaxial rotor in hover the ideal induced velocity is calculated from Cr. = Cr,, for the
upper rotor and from Cr. = (as/\/7)?>Cr for the lower rotor, with ryi, = 1. Thusz;, = 1/(2—m) = 1/2
and the input hover xwin 1S not used, unless the coaxial rotor is modeled as a tandem rotor with zero
longitudinal separation.

(Vi+a+nzar-1)

11-5.2 Table Performance Method

The induced power is calculated from the ideal power: P; = kPiqeal = £fpTVidea- The induced
power factor « is obtained from an input table (linearly interpolated) that can be a function of edgewise
advance ratio  or axial velocity ratio 4., and of blade loading Cr/o.
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The profile power is calculated from a mean blade drag coefficient: P, = pA(QR)3Cp, =
PA(QR)? ZcaFp. The mean drag coefficient cg, or alternatively cqFp = 8Cp,/0, is obtained from
an input table (linearly interpolated) that can be a function of edgewise advance ratio p and blade
loading Cr/o.

11-6 Performance Indices

Several performance indices are calculated for each rotor. The induced power factoris x = P;/Pgcal -
The rotor mean drag coefficient is ¢; = (8Cp,/c)/Fp, using the function F(u,p.) given above. The
rotor effective lift-to-drag ratio is a measure of the induced and profile power: L/D. = VL/(P; + P,).
The hover figure of meritis M = T fpv/P. The propeller propulsive efficiency is n = T'V/P. These two
indices can be combined as a momentum efficiency: nymom = T'(V+w/2)/P,where w/2 = fwv/2 = fpv.

11-7 Interference

The rotor can produce aerodynamic interference velocities at the other components (fuselage, wings,
tails). The induced velocity at the rotor disk is xv;, acting opposite the thrust (z-axis of tip-path plane

axes). So vk, = —kPkv;, and vf; = CFPvl . The total velocity of the rotor disk relative to the air
consists of the aircraft velocity and the induced velocity from this rotor: v[ | = v —v[ . The direction
of the wake axis is thus ef, = —CPFol’ /ol | (for zero total velocity, e, = —k* is used). The angle

of the wake axis from the thrust axis is y = cos™! |(k7)Tel|.

The interference velocity vf, at each component is proportional to the induced velocity v, (hence
is in the same direction), with factors accounting for the stage of wake development and the position of
the component relative to the rotor wake. The far wake velocity is w = fwv;, and the contracted wake
areais A, = TR? = A/ f4. The solution for the ideal inflow gives fy and f4. For an open rotor, fir = 2.
For a ducted rotor, the inflow and wake depend on the wake area ratio f,4, or on the ratio of the rotor
thrust to total thrust: fr = Totor/T'. The corresponding velocity and area ratios at an arbitrary point on
the wake axis are f,, and f,, related by

= 12 A (pz + fudi)?
¢ (focN)2 + (szﬂz + )\1)2

Vortex theory for hover gives the variation of the induced velocity with distance z below the rotor disk:

B z/R
v = v(0) (1 + NiEREnT n (z/R)2>

With this equation the velocity varies from zero far above the disk to v = 2v(0) far below the disk. To
use this expression in edgewise flow and for ducted rotors, the distance z/R is replaced by (,,/t R, where
Cw 1s the distance along the wake axis, and the parameter ¢ is introduced to adjust the rate of change (¢
small for faster transition to far wake limit). Hence the velocity inside the wake is f,,v;, where

% Cw <0
1+ (Cu/tR)?
fw = foz = ‘R
L+ (fw—1) u/ Cw >0

1+ (Cu/tR)?

and the contracted radius is R. = R/+v/fa.
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The wake is a skewed cylinder, starting at the rotor disk and with the axis oriented by eZ. The
interference velocity is required at the position 2% on a component. Whether this point is inside or
outside the wake cylinder is determined by finding its distance from the wake axis, in a plane parallel to
the rotor disk. The position relative to the rotor hub is (£ = CPF(2E — 2[' | ); the corresponding point on

the wake axis is ¢§ = ef (,,. Requiring ¢£ and ¢% have the same 2 value in the tip-path plane axes gives

o WPTOPPGE — o)
g (RF)Tel

from which f., f.,, f.,and R, are evaluated. The distance r from the wake axis is then
r? = (") (€ — )+ (D)7 (€5 - €8))°

The transition from full velocity inside the wake to zero velocity outside the wake is accomplished in
the distance sR., using

1 r <R,
fr=9 1-(r—R.)/(sR)
0 r> (14 )R,

(s = 0 for an abrupt transition, s large for always in wake).

The interference velocity at the component (at z%) is calculated from the induced velocity v,
the factors fy f. accounting for axial development of the wake velocity, the factor f, accounting for
immersion in the wake, and an input empirical factor Kjy:

F F
Ving = Kine fw f2fr fi Vind

An additional factor f; for twin rotors is included. Optionally the development along the wake axis
can be a step function (fw f. = 0, 1, fyr above the rotor, on the rotor disk, and below the rotor disk,
respectively); nominal (¢ = 1); or use an input rate parameter ¢. Optionally the wake immersion can use
the contracted radius R, or the uncontracted radius R; can be a step function (s = 0, s0 f. = 1 and 0
inside and outside the wake boundary); can be always immersed (s = oo so f, = 1 always); or can use
an input transition distance s. Optionally the interference factor Kj,; can be reduced from an input value
at low speed to zero at high speed, with linear variation over a specified speed range.

To account for the extent of the wing or tail area immersed in the rotor wake, the interference
velocity is calculated at several points along the span and averaged. The increment in position is
AzZE = CFB(0AYy0)T, Ay = (b/2)(—=1+ (2i — 1)/N) for i = 1 to N; where b is the wing span. The
average interference is calculated separately for each wing panel (left and right), by interpolating the
interference velocity at N points along the wing to N/2 points along the panel span.

For twin main rotors (tandem, side-by-side, or coaxial), the performance may be calculated for
the rotor system, but the interference velocity is still calculated separately for each rotor, based on
its disk loading. At the component, the velocities from all rotors are summed, and the total used to
calculate the angle-of-attack and dynamic pressure. This sum must give the interference velocity of
the twin rotor system, which requires the correction factor f;. Consider differential momentum theory
to estimate the induced velocity of twin rotors in hover. For the first rotor, the thrust and area in the
non-overlap region are (1—m)7} and (1 —m)A, hence the induced velocity is v = x+/T1/2pA; similarly
vy = k/To/2pA. In the overlap region the thrust and area are mT; + mT, and mA, hence the induced
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velocity is v, = k+/(T1 + T2)/2pA. So for equal thrust, the velocity in the overlap region (everywhere
for the coaxial configuration) is v/2 larger. The factor K is introduced to adjust the overlap velocity:
vm = k(K71 /V2)\/(T1 +T2)/2pA. The interference velocities are calculated separately for the two
rotors, with the correction factor f;: ving1 = fir/T1/2pA and vinte = fik\/T2/2pA. The sum ving1 + vint2
must take the required value. Below the non-overlap region, the component is in the wake of only one
of the rotors, so the interference velocity from the other rotor is zero, and thus f; = 1. Below the overlap
region, the component is in the wake of both rotors, and the sum of the interference velocities equals v,
if

_ Krp/ V2

CVTtYn

where 7, = T,,/(Ty + T») is the thrust ratio. For equal thrusts, f;, = K7/2; or fy, = 1/v/2 for the
nominal velocity. The expression f;, = f,j, cos? x +sin? x gives the required correction factor, with f, = 1
in edgewise flight. Optionally the correction for twin rotors can be omitted (f; = 1); nominal (K = v/2);
or use an input velocity factor in overlap region (Kr).

Jn

11-8 Drag

The rotor component includes drag forces acting on the hub and spinner (at z{ ;) and on the pylon
(at zgylon). The component drag contributions must be consistent. In particular, a rotor with a spinner
(such as on a tiltrotor aircraft) would likely not have hub drag. The pylon is the rotor support and the
nacelle is the engine support. The drag model for a tiltrotor aircraft with tilting engines would use the
pylon drag (and no nacelle drag), since the pylon is connected to the rotor shaft axes; with non-tilting

engines it would use the nacelle drag as well.

The body axes for the drag analysis are rotated about the y-axis relative to the rotor shaft axes:
CBF = 0BSCSF where CB% =Y_4 .. The pitch angle 6,.; can be input, or the rotation appropriate for
a helicopter rotor or a propeller can be specified.

a) Consider a helicopter rotor, with the shaft axes oriented z-axis up and z-axis
downstream. It is appropriate that the angle-of-attack is o = 0 for forward flight
and o = —90 deg for hover, meaning that the body axes are oriented z-axis down
and z-axis forward. Hence 6, = 180 deg.

b) Consider a propeller or tiltrotor, with the shaft axes oriented z-axis forward and
x-axis up. It is appropriate that the angle-of-attack is « = 0 in cruise and oo = 90 deg
for helicopter mode (with a tilting pylon), meaning that the body axes are oriented
z-axis down and z-axis forward. Hence 6,.; = 90 deg.

The aerodynamic velocity relative to the air is calculated in component axes, vZ. The angle-of-attack
« and dynamic pressure ¢ are calculated from vZ. The reference areas for the drag coefficients are the
rotor disk area A = wR? (for hub drag), pylon wetted area Spy1,n, and spinner wetted area Sgpin; these
areas are input or calculated as described above.

The hub drag can be fixed, specified as a drag area D/q; or the drag can be scaled, specified as a
drag coefficient C'p based on the rotor disk area A = 7 R?; or the drag can be estimated based on the gross
weight, using a squared-cubed relationship or a square-root relationship. Based on historical data, the
drag coefficient Cp, = 0.004 for typical hubs, Cp = 0.0024 for current low drag hubs, and Cp = 0.0015 for
faired hubs. For the squared-cubed relationship: (D/q)nu, = kE((Warro/Neotor) /100022 (Warro /Nrotor
is the maximum takeoff gross weight per lifting rotor; units of k are ft?/k-1b%/% or m?*/Mg?/3). Based on
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historical data, k = 1.4 for typical hubs, k£ = 0.8 for current low drag hubs, and £ = 0.5 for faired hubs
(English units). For the square-root relationship: (D/q)uub = kv/Warro/Nrotor (Warro/Nrotor 18 the
maximum takeoff gross weight per lifting rotor; units of k are ft?/1b'/2 or m?/kg'/?); based on historical
data (ref. 15), k = 0.074 for single rotor helicopters, k£ = 0.049 for tandem rotor helicopters (probably
a blade number effect), £k = 0.038 for hingeless rotors, and & = 0.027 for faired hubs (English units).
To handle multi-rotor aircraft, the scaling weight w = W10 /Nyotor 1S calculated as for disk loading:
w = fwWiro for main rotors or w = fT for antitorque and auxiliary-thrust rotors.

The hub vertical drag can be fixed, specified as a drag area D/q; or the drag can be scaled, specified
as a drag coefficient Cp based on the rotor disk area A = 7R?.

The pylon forward flight drag and vertical drag are specified as drag area or drag coefficient, based
on the pylon wetted area. The spinner drag is specified as drag area or drag coefficient, based on the
spinner wetted area.

The drag coefficient for the hub or pylon at angle-of-attack « is
CD = CDO + (CDV — CD0)| sina|X‘i

Optionally the variation can be quadratic (X, = 2). For sideward flight, Cpypu, = Cpo for the hub and
Cppyion = Cpy for the pylon. Then the total component drag force is

D= qACDhub + quylonCDpylon + qupinCDspin

The force and moment produced by the drag are

where Az = 2F" — 2F (separate locations are defined for the rotor hub and for the pylon), and e, is the

drag direction. The velocity relative to the air gives e; = —v"/|v¥'| (no interference).

11-9 Weights

The rotor configuration determines where the weights occur in the weight statement, as summarized
in table 11-3. The rotor group consists of blade assembly, hub and hinge, fairing/spinner, blade fold
structure, and inter-rotor shaft. The tail rotor (in empennage group) or the propeller/fan installation (in
propulsion group) consists of the blade assembly, the hub and hinge, and the rotor/fan duct and rotor
support.

There are separate weight models for main rotors, tail rotors, and auxiliary-thrust systems (pro-
pellers). The tail rotor model requires a torque calculated from the drive system rated power and main
rotor rotational speed: @ = Ppgiimit/2m-. The auxiliary-thrust model requires the design maximum
thrust of the propeller.

Table 11-3. Principal configuration designation.

configuration weight statement weight model performance model
main rotor rotor group rotor rotor
tail rotor empennage group tail rotor rotor

propeller propulsion group rotor, aux thrust rotor
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The flap moment of inertia I, and the Lock number v = pacR* /I, are required for the blade motion
solution. Several options are implemented to calculate I,. The Lock number can be specified, and
then I, = pacR*/~ used, independent of the blade weight; this is the only option for the tail rotor and
auxiliary thrust weight models, which do not give separate blade and hub weight estimates. The moment
of inertia I, can be calculated from the blade weight and the weight distribution. The Lock number
can be specified, hence I, = pacR*/~, and then mass added to the blade to achieve this value. An
autorotation index Al = KE/P = %N 1,92/ P can be specified, hence the required I, and then mass
added to the blade to achieve this value. Reference 16 describes this and other autorotation indices;
Al = KE/P > 3 sec gives good autorotation characteristics for small helicopters.

In order to increase the moment of inertia, a tip weight W; can be added to each blade at radial
station r;. Thus the total blade weight is W, = xw;, + dW;, + (1 + f)W; N (Ib or kg); where wy, is the blade
weight estimate, y the technology factor, dIW,, a specified weight increment; and the factor f accounts for
the blade weight increase required by the centrifugal force due to W;. The mass per blade is M}, = W, /N
(slug or kg), or My, without the tip weight. The blade moment of inertia is

Iy = R2(3(Mio + FMy) + r203) = Do + R0 + fri)M;

where 7 is the radius of gyration of the distributed mass. Typically ro = 0.6; o = 1/v/3 = 0.577
for uniform mass distribution. If the required moment of inertia I, is greater than I, the tip mass
M, is needed. Additional mass is required inboard to react the centrifugal force increase due to M.
This additional mass is less effective than M, at increasing 1. Assume a fraction a of the blade mass
reacts the centrifugal force F, so AM /My, = aAF/F,. The reference values are My = R [ mdr and
Fy = Q?R? [ rmdr = Q?Rry My, where r1 = 1. Then

(QQerAM + QQthMt) =a (AM + E]\L) = alrt_/rl M, = fM;
T1 —Qa

FO n Q2R’I“1

With a = 1, f = 1. The tip mass required to produce AI, = I, — Iy is My = AL/(R*(r} + fr3)), and

the total blade weight increment is AW, = (1 + f)M;N (Ib or kg).
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Chapter 12

Force

The force component is an object that can generate a force acting on the aircraft, possibly used for
lift, propulsion, or control. The amplitude of the force can be a fixed value, or it can be connected to an
aircraft control for trim. The direction of the force can be fixed or connected to aircraft control.

12-1 Control and Loads

The control variables are the force amplitude A, and the force incidence and yaw angles. The force
orientation is specified by selecting a nominal direction e in body axes (positive or negative z, y, or
z-axis), and then applying a yaw angle ¢, then an incidence or tilt angle ¢ (table 12-1). The control
variables can be connected to the aircraft controls c4¢:

A=Ay + Tacac
Y =1+ Tycac
1 =19 + Ticac
with Ay, ¥y and i zero, constant, or a function of flight speed (piecewise linear input). The force axes
are CPF = U,;V,,, where U and V depend on the nominal direction, as described in table 12-1. The force

direction is ey = C*Pe . The force acts at position z*. The force and moment acting on the aircraft in
body axes are thus:

FF = efA
MP = AZFFF
where AzF = 28 — 2F.
Table 12-1. Force orientation.
nominal (F axes) efo incidence, + for force yaw, + for force CBF = U,V
x forward i up right Y Zy
—x aft —i up right Y_,Z_y
Yy right J aft up Z;X_y
-y left —J aft up Z,in
z down k aft right Y X_y

-z up —k aft right Y Xy
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12-2 Performance and Weights

The force generation requires a fuel flow that is calculated from an input thrust-specific fuel con-
sumption: w = A(sfc). Units of sfc are pound/hour/pound, or kilogram/hour/Newton.

The force component weight is identified as either engine system or propeller/fan installation
weight, both of the propulsion group. The force component weight is calculated from specific weight
and the design maximum force F,.x, plus a fixed increment: W = SFy,.x + AW.
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Wing

The aircraft can have one or more wings, or no wings.

13-1 Geometry

The wing is described by planform area S, span b, mean chord ¢ = S/b, and aspect ratio AR = b2/S.
These parameters are for the entire wing. The geometry is specified in terms of two of the following
parameters: S or wing loading W/S, b (perhaps calculated from other geometry), ¢, A& = v?/S. With
more than one wing, the wing loading is obtained from an input fraction of design gross weight,
W = fwWp. Optionally the span can be calculated from a specified ratio to the span of another wing; or
the span can be calculated from a specified ratio to the radius of a designated rotor, b = 2 fR. Optionally
the wing span can be calculated from an appropriate specification of all wing panel widths.

Optionally for the tiltrotor configuration, the wing span can be calculated from the fuselage and rotor
geometry: b = 2(f R+ dpus) + wres, Where R is the rotor radius (cruise value for variable-diameter rotor),
dsys the rotor-fuselage clearance, and we,s the fuselage width. Note that the corresponding option for the
rotor hub position is ynup = £(f R+ drus + Yowsys ). Optionally the wing span can be calculated from the
rotor hub position: b = 2|yn,up| (regardless of how the rotor position is determined). As implemented,
symmetry is not assumed; rather the radius or hub position of the outermost designated rotors is used.

The wing is at position z", where the aerodynamic forces act. The component axes are the aircraft
body axes, CBF = 1.

The wing planform is defined in terms of one or more wing panels (figure 13-1). Symmetry of the
wing is assumed. The number of panels is P, with the panel index p = 1 to P. The wing span station 7 is
scaled with the semi-span: y = 1(b/2),n = 0to 1. Each panel is a trapezoid, with a straight aerodynamic
center and linear taper. The aerodynamic center locus (in wing axes) is defined by sweep A,; dihedral 6,,;
and offsets (xp,, z1,) at the inboard edge relative to the aerodynamic center of the previous panel. The
wing position 2% is the mean aerodynamic center. The offset (Z 4, Z4) of the mean aerodynamic center
from the root chord aerodynamic center is calculated (so the wing planform can be drawn; typically the
aerodynamic center is drawn as the quarter-chord). Outboard panel edges are at 1z, (input or calculated).
A panel is characterized by span b, (each side), mean chord ¢,, and area S, = 2b,¢, (both sides). The
taper is defined by inboard and outboard chord ratios, A = ¢/c,of (Where ¢, is a panel or wing reference
chord, depending on the options for describing the geometry).

The span for each panel (if there are more than two panels) can be a fixed input; a fixed ratio of the
wing span, b, = fi,(b/2); or free. The panel outboard edge (except at the wing tip) can be at a fixed input
position ygy; at a fixed station ng,, ¥, = e, (b/2); calculated from the rotor radius, y, = fR; calculated
from the fuselage and rotor geometry, y, = fR + drs + owrs (for a designated rotor); calculated from
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centerline

panel p

% aero center locus

=
N
@ l /

mean aero
center
(wing location)

inboard outboard
edge edge
Nep outboard panel edge, n = y/(b/2)
Nip Nop wing station
Ap Aop chord ratio, A = ¢/c,¢f
Cp Cop chord
Ap sweep (+ aft)
p dihedral (+ up)
Xpp aero center offset (inboard, + aft)
zy, aero center offset (inboard, + up)
b, span (each side)
Cp mean chord
Sp area = 2b,c,

Figure 13-1. Wing geometry (symmetric, only right half-wing shown).

the hub position, y, = |ynup| (for a designated rotor); or adjusted. An adjusted station is obtained from
the last station and the span of this panel, y, = y,_1 + b, 0r y, = yp—1 + fop(b/2); or from the next station
and the span of the next panel, y, = yp11 — bpy1 OT ¥p = Ypi1 — fo(p41)(b/2). The specification of panel
spans and panel edges must be consistent, and sufficient to determine the wing geometry. Determining
the panel edges requires the following steps.

a) Calculate the panel edges that are either at fixed values (input, or from width, or from hub
position) or at fixed stations; root and tip edges are known.

b) Working from root to tip, calculate the adjusted panel edge y, if panel span b, or ratio f;,
is fixed, and if previous edge y,_1 is known.

¢) Working from tip to root, calculate the adjusted panel edge y, (if not yet known) if panel
span b, 1 or ratio f,41) is fixed, and if next edge y, 1 is known.

At the end of this process, all edges must be known and the positions y, must be unique and sequential.
If this geometry is being determined for a known span, then there must not be a fixed panel span or span
ratio that has not been used. Alternatively, if the wing span is being calculated from the specification of
all panel widths, then the process must leave one and only one fixed panel span or span ratio that has not
been used. Since the wing span is to be calculated, each panel edge is known in the form y,, = ¢p+¢15/2.
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Then the unused fixed panel span gives the equation (co + ¢1b/2)o — (co + ¢1b/2); = b, (subscript O
denotes outboard edge, subscript I denotes inboard edge), or the unused fixed panel span ratio gives the
equation (co + ¢1b/2)o — (co + ¢1b/2); = fpb/2, which can be solved for the semispan b/2.

To complete the definition of the geometry, one of the following quantities is specified for each
panel: panel area S,; ratio of panel area to wing area, f; = S,/S; panel mean chord c,; ratio of panel
mean chord to wing mean chord, f. = ¢,/c; chord ratios A\; = ¢y /crer and Ao = co/crer (taper); or free.
The total wing area equals the sum of all panel areas:

S:ZSp—l—SZfS—&—Qprcp—l—%prfc+2crebep%(/\1+/\o)

If there is one or more taper specification (and no free), then ¢, is calculated from this equation for S,
and the mean chord is ¢, = %(cl +co) = Cref%()\[ + Xo), Sp = 2b,c,. If there is one (and only one) free
specification, then S, is calculated from this equation for S, and the mean chord is ¢, = S,,/(2b,), with
cr =2¢,/(1+Xo/A1),co = 2¢, —cy.

Since the panels have linear taper (¢ = c,erA), the mean aerodynamic chord is
b/2 1
Scy z/ Ady = b/ 2 N2dn
—b/2 0

1 1
= bchcfg(ﬁ +Ah0 +A5) Ay = 2 (cf + creo + ) 2by

3
b/2 1
S:/ cdy = b/ CrotA A
—b/2 0
1

1
= bzcrefi(xf +X0)Anp =>" 5(er+co)2b,

These expressions are evaluated from panel ¢; and ¢p, as calculated using A; and Ao, or using the ratio
Ao/ A1 (cref may not be the same for all panels).

The mean aerodynamic center is the point where there is zero moment due to lift: z,CpS =
za [ ciedy = [ xeedy, with cep = £(y) the spanwise lift distribution. Thus

/0 Un)(Ea — 2ac(n) dn =0

The locus of section aerodynamic centers x ¢ is described by the panel sweep A, and the offset z,, at
the inboard end of the panel. These offsets can be a fixed input, a fraction of the root chord, or a fraction
of the panel inboard chord. Assuming elliptical loading (¢ = /1 — n?) gives

1
. b
%a‘:A:/O E(n):z:Acdr]:Z/Vl—nQ(as]p—FEtanApn) dn

o1 . b 1 .
:Z [x1p§<n 1—n?+sin 17]) - §tanAP§(1n2)3/2}

no

nr

where Zp, = >0, (214 + (b/2) tan Ay 1 (0(g—1) = N1(q-1))) — (b/2) tan Apnr,. The vertical position of
the mean aerodynamic center is obtained in a similar fashion, from panel dihedral ¢, and offset z;, at
the inboard edge of the panel. Assuming uniform loading (¢ = 1) gives

1 no
~ b ~ b 1
ZA = / zacdn = E / (Z[p + §tan(5p 77) dn = E [szn + B tand, 5772}
0 nr
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Then (Z 4, z4) is the offset of the mean aerodynamic center from the root chord aerodynamic center.
Finally,
b
_ —1 E /4
A = tan ( b/_2 tan Ap)

§ = tan* (Z bb/—pQ tanép)

2c

A= -1

Croot

are the wing overall sweep, dihedral, and taper.

The wing contribution to the aircraft operating length is ying + (0.25¢) cos¢ (forward), zywing —
(0.75¢) cos i (aft), and ywing + b/2 (lateral).

13-2 Control and Loads

The control variables are flap 05, flaperon ¢, aileron ¢,, and incidence :. The flaperon deflection
can be specified as a fraction of flap deflection, or as an increment relative to the flap deflection, or
the flaperon can be independent of the flap. The flaperon and aileron are the same surface, generating
symmetric and antisymmetric loads, respectively, hence with different connections to pilot controls.

With more than one wing panel, each panel can have control variables: flap 6, flaperon d,, aileron
dap» and incidence i,. The outboard panel (p > 2) control or incidence can be specified independently,
or in terms of the root panel (p = 1) control or incidence (either fraction or increment).

Each control is described by the ratio of the control surface chord to the wing panel chord, ¢y = ¢ /cp;
and by the ratio of the control surface span to wing panel span, f, = bs/b,, such that the control surface
area is obtained from the panel area by Sy = ¢/ f,S,.

13-3 Aerodynamics

The aerodynamic velocity of the wing relative to the air, including interference, is calculated in
component axes, v2. The angle-of-attack aing (hence CF4) and dynamic pressure ¢ are calculated
from vZ. The reference area for the wing aerodynamic coefficients is the planform area, S. The wetted
area contribution is twice the exposed area: Syet = 2(S — cwiys), Where weys is the fuselage width.

The wing vertical drag can be fixed, specified as a drag area (D/q)y; or the drag can be scaled,
specified as a drag coefficient Cpy based on the wing area; or calculated from an airfoil section drag
coefficient (for —90 deg angle-of-attack) and the wing area immersed in the rotor wake:

1
Cpv = g €d90 (S — Seenter — faoobrcr (1 — cosdp) — fd90bfcf(1 — €08 5f))

The term Scenter = ¢(wrus + 2dgus) (Where wys 1s the fuselage width and dy,s the rotor-fuselage clearance)
is the area not immersed in the rotor wake, and is used only for tiltrotors. The last two terms account
for the change in wing area due to flap and flaperon deflection, with an effectiveness factor f;o0.

From the control surface deflection and geometry, the lift coefficient, maximum lift angle, moment
coefficient, and drag coefficient increments are evaluated: ACr s, Aamaxs, ACnys, ACpy. These in-
crements are the sum of contributions from flap and flaperon deflection, hence weighted by the control
surface area. The drag coefficient increment includes the contribution from aileron deflection.
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13-3.1 Lift

The wing lift is defined in terms of lift curve slope C, and maximum lift coefficient Cp . (based
on wing planform area). The three-dimensional lift curve slope is input directly or calculated from the
two-dimensional lift curve slope:

B Cla

It cen(l+7)/(nAR)

where 7 accounts for non-elliptical loading. The effective angle-of-attack is ae = awing +@ — a2, where
a; is the angle of zero lift; in reverse flow (Ja.| > 90), ae «— a, — 180signa,. Let amax = CLmax/CrLa be
the angle-of-attack increment (above or below zero lift angle) for maximum lift. Including the change of

CLa

maximum lift angle caused by control deflection, Amax = tmax + Admaxs aA0d Apin = —0max + Adtmaxy -
Then
CLaae + ACLf Amin <a < Amax
/2 — ||
CraAmax + AC — e > Amax
= | @b 2000) (Z2050) o
T/2 — ||
aAmin A 7o A1 e Amin
Cratont2017) (SE) e

(for zero lift at 90 deg angle-of-attack). Note that Cro Amax + ACLf = Crotmax +ACLmaxys. In sideward
flight, C;, = 0. Finally, L = ¢SC7, is the lift force.

13-3.2 Pitch Moment

The wing pitch moment coefficientis Cas = Charoc+ACh¢. Then M = ¢ScC)y is the pitch moment.

13-3.3 Roll Moment

The only wing roll moment considered is that produced by aileron control. Typically the flaperon
and aileron are the same surface, but they are treated separately in this model. The aileron geometry is
specified as for the flaperon and flap, hence includes both sides of the wing. The lift coefficient increment
ACL, is evaluated as for the flaperon, so one-half of this lift acts up (on the right side) and one-half
acts down. The roll moment is then M, = 2(AL,/2)y, where y is the lateral position of the aileron
aerodynamic center, measured from the wing centerline (defined as a fraction of the wing semi-span).

The roll moment coefficient is Cy = *zf/!_z %ACLQ. Then M, = ¢qSbC, is the roll moment.
13-34 Drag

The drag area or drag coefficient is defined for forward flight and vertical flight. The effective
angle-of-attack is ae = tying + ¢ — @ pmin, Where apmin 1s the angle of minimum drag; in reverse flow
(Jae| > 90), e < . — 180signa.. For angles of attack less than a transition angle o, the drag coefficient
equals the forward flight (minimum) drag Cpg, plus an angle-of-attack term and the control increment.
If the angle-of-attack is greater than a separation angle o, < «, there is an additional drag increase.
Thus if |a.| < a4, the profile drag is

Cpp = Cpo (1 + Kalae[** + Ky(|ae| — as)™) + ACpy
where the separation (K) term is present only for |a.| > as; and otherwise

Cpi = Cpo (1 + Kalau|** + K, (Jeu| — as)**) + ACpy

B (T e — o
CDp_CDt+(CDV CDt) 51n<2 771_/2_0“)
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Optionally there might be no angle-of-attack variation at low angles (K; = 0 and/or K; = 0), or
quadratic variation (X4 = 2), or cubic variation for the separation term (X, = 3). For sideward flight
(v} = 0) the drag is obtained using ¢, = tan™'(—vZ/v[’) to interpolate the vertical coefficient: Cp =
Cpo cos? ¢, + Cpy sin® ¢,. The induced drag is obtained from the lift coefficient, aspect ratio, and
Oswald efficiency e:

(Cp = Cro)?

meAR

Conventionally the Oswald efficiency e represents the wing parasite drag variation with lift, as well as the
induced drag (hence the use of Cy). If Cp,, varies with angle-of-attack, then e is just the span efficiency
factor for the induced power (and Cp( should be zero). The wing-body interference is specified as a
drag area, or a drag coefficient based on the wing area. Then

D =qSCp = qS(C’Dp + Cp; + C'ow)

Cp; =

is the drag force. The other forces and moments are zero.

13-3.5 Wing Panels

The wing panels can have separate controls, different incidence angles, and different interference
from the rotors. Thus the lift, drag, and moment coefficients are evaluated separately for each panel,
based on the panel area S, and mean chord ¢,,. The coefficient increments due to control surface deflection
are calculated using the ratio of the control surface area to panel area, S¢ /.S, = ¢ f;. The lateral position
of the aileron aerodynamic center is 7,b, from the panel inboard edge, so y/(b/2) = ngp—1) +1abp/(b/2)
from the wing centerline. Then the total wing coefficients are:

% Z SPCLP
Cu = % Z SpepChp
Cy = % > SpbCiyp
Cpp = @ Z 4pSpCopp

The sums are over all panels (left and right). The reference area S = > .S, is used (accounting for
possible absence of wing extensions). The dynamic pressure of each panel is used for the parasite drag,
so (¢S) = > ¢,S,. The three-dimensional lift curve slope C,, is calculated for the entire wing and used
for each panel. The induced drag is calculated for the entire wing, from the total Cy,. Since CB¥ =1,
the wing aerodynamic force is

—Cp; —Cppp — CDwb
CFBCBAFA CBAqS 0 ZcBA 0

- 0

The effect of rotor and wing interference is represented directly in the calculation of the induced drag,
so the lift does not get tilted by the interference; CZ4 and ¢ do not include the interference velocity.
The interference does affect the magnitude and direction of the parasite drag; C[‘?A and ¢, include the
interference velocity at each panel.

13-3.6 Interference

With more than one wing, the interference velocity at other wings is proportional to the induced
velocity of the wing producing the interference: vf, = Kol ;. The induced velocity is obtained

int —
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from the induced drag, assumed to act in the k2 direction: ajng = ving/|v?| = Cpi/Cr = Cr/(meAR),
vl | = CPBEB|vB|ay,q. For tandem wings, typically Kj,, = 2 for the interference of the front wing on
the aft wing, and K, = 0 for the interference of the aft wing on the front wing. For biplane wings, the
mutual interference is typically K, = 0.7 (upper on lower, and lower on upper). The induced drag is

then

(Cp — Cro)?
Cpi = TR +Cr Z Qing

other wings

Cr
Qint = KintQind = Kint <_AR)
e other wing
The induced velocity from the rotors is included in the angle-of-attack of the wing. The rotor interference
must also be accounted for in the wing induced power:

04:M+C’ Z Koo +ZO. s
D1 Te R L int &ind int &ind

other wings rotors

The angle ajnq = vina/V is obtained from the rotor induced velocity ;. If the interference is wing-
like, ving = QRA; (80 ving o L/pb?V oc T/2pAV). If the interference is propeller-like, ving = V\; (so
Vind X I'/b x T/2pAQR).

The wing interference at the tail produces an angle-of-attack change ¢ = E(CL/CL.), where
E = de/da is an input factor determined by the aircraft geometry. Then from the velocity v7 of the
wing,

B
—€v;

is the interference velocity at the tail.

The wing interference at the rotor can produce interference power. The induced velocity at the rotor
disk is vf, = Kinevl ,, with of | = CFBEB|vB|ai,q again. Separate interference factors K;, are used

for the components of the interference velocity parallel to and perpendicular to the rotor force vector
(roughly normal to and in the plane of the rotor disk).

13-4 Wing Extensions

The wing can have extensions, defined as wing portions of span bx at each wing tip. For the
tiltrotor configuration in particular, the wing weight depends on the distribution of wing area outboard
(the extension) and inboard of the rotor and nacelle location. Wing extensions are defined as a set of
wing panels at the tip. The extension span and area are the sum of the panel quantities, bx = )" __, b,
and Sx = > .., Sp. The inboard span and area are then by = b — 2bx, S; = S — Sx. Optionally
the wing extensions can be considered a kit, hence the extensions can be absent for designated flight
conditions or missions. As a kit, the wing extension weight is considered fixed useful load. With wing
extensions removed, the aerodynamic analysis considers only the remaining wing panels. The total wing
coefficients are then based on the area without the extensions. For the induced drag and interference,
the effective aspect ratio is then reduced by the factor (b7 /b)?, since the lift and drag coefficients are still
based on total wing area S.
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13-5 Wing Kit

The wing can be a kit, the kit weight an input fraction of the total wing weight. The wing kit
weight can be part of the wing group, or considered fixed useful load. With the kit removed, there are
no aerodynamic loads or aerodynamic interference generated by the wing, and the wing kit weight is
omitted.

13-6 Weights

The wing group consists of: basic structure (primary structure, consisting of torque box and spars,
plus extensions); fairings (leading edge and trailing edge); fittings (non-structural); fold/tilt structure;
and control surfaces (flaps, ailerons, flaperons, spoilers). There are separate models for a tiltrotor or
tiltwing configuration and for other configurations (including compound helicopter).

The AFDD wing weight models are based on parameters for the basic wing plus the wing tip
extensions (not the total wing and extensions). The tiltrotor wing model requires the weight on the wing
tips (both sides), consisting of: rotor group, engine system, drive system (except drive shaft), engine
section or nacelle group, air induction group, rotary wing and conversion flight controls, hydraulic group,
trapped fluids, and wing extensions.
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Empennage

The aircraft can have one or more tail surfaces, or no tail surface. Each tail is designated as
horizontal or vertical, affecting some parameter definitions.

14-1 Geometry

The tail is described by planform area S, span b, chord ¢ = S/b, and aspect ratio AR = b*/S. The
tail volume can be referenced to rotor radius and disk area, V = S¢/RA; to wing area and chord for
horizontal tails, V' = S¢/S,,c,; or to wing area and span for vertical tails, V = S¢/S,,b,,. Here the tail
length is ¢ = |zps — 2cq| OF £ = |2y — 24| for horizontal tail or vertical tail, respectively. The geometry
is specified in terms of S or V; and b, or AR, or ¢. The elevator or rudder is described by the ratio of
control surface chord to tail chord, ¢;/c; and the ratio of control surface span to tail span, b /b.

For a canted tail plane (¢ > 0), tail volumes can be specified for both primary behavior (horizontal
or vertical as designated, using S cos? ¢) and secondary behavior (vertical or horizontal, using S sin” ¢).

The tail contribution to the aircraft operating length is z,;; + 0.25¢ (forward), z,;; — 0.75¢ (aft), and
Yrail = (b/2)C (lateral), where C' = cos ¢ for a horizontal tail and C' = cos(¢ — 90) for a vertical tail.

14-2 Control and Loads

The tail is at position 2", where the aerodynamic forces act. The scaled input for tail position can
be referenced to the fuselage length, or to the rotor radius.

The horizontal tail can have a cant angle ¢ (positive tilt to left, becomes vertical tail for ¢ = 90 deg).
Thus the component axes are given by CP¥ = X_,. The control variables are elevator §. and incidence

2.

The convention for nominal orientation of the vertical tail is positive lift to the left, so aircraft
sideslip (positive to right) generates positive tail angle-of-attack and positive tail lift. The vertical tail
can have a cant angle ¢ (positive tilt to right, becomes horizontal tail for ¢ = 90), so the component axes
are given by CP¥ = X_g,,. The control variables are rudder ¢, and incidence i.

14-3 Aerodynamics

The aerodynamic velocity of the tail relative to the air, including interference, is calculated in
component axes, vZ. The angle-of-attack .y (hence C54) and dynamic pressure ¢ are calculated from
vB. The reference area for the tail acrodynamic coefficients is the planform area, S. The wetted area
contribution is Syt = 25. From the elevator or rudder deflection and geometry, the lift coefficient,
maximum lift angle, and drag coefficient increments are evaluated: ACL s, Atmaxs, ACpy.
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14-3.1 Lift

The tail lift is defined in terms of lift curve slope Cr.., and maximum lift coefficient C,,., (based
on tail planform area). The three-dimensional lift curve slope is input directly or calculated from the
two-dimensional lift curve slope:

Cra

Cra = 14+ coa(1+7)/(7AR)

where 7 accounts for non-elliptical loading. The effective angle-of-attack is o, = aya + 7 — vz, Where
o 1s the angle of zero lift; in reverse flow (Ja.| > 90), ae < a. — 180signa,. Let amax = CLmax/CrLa be
the angle-of-attack increment (above or below zero lift angle) for maximum lift. Including the change of

maximum lift angle caused by control deflection, Apmax = max + Admaxs AN Apin = —max + Adtmaxs -
Then
CLQOZe + ACLf Amin < Qe < Amax
T/2 — |a| >
C ozAmax AC e A e > Amax
¢y = { (Crattma + AC0L1) (77/2—Amax “
T/2 — o]
chmin A e a1 e Amin
Cratoi+ 2017) (S ) e

(for zero lift at 90 deg angle-of-attack). Note that Cr.q Amax +ACLf = CLa@max +ACLmaxys - In sideward
flight (defined by (v2)? + (vB)? < (0.05|v?)?), C, = 0. Finally, L = ¢SCy, is the lift force.

14-3.2 Drag

The drag area or drag coefficient is defined for forward flight and vertical flight. The effective
angle-of-attack is a, = ail + % — @pmin, Where apmi, i the angle of minimum drag; in reverse flow
(Jae| > 90), e «— . — 180 signav.. For angles of attack less than a transition angle o, the drag coefficient
equals the forward flight (minimum) drag Cpo, plus an angle-of-attack term and the control increment.
Thus if |a.| < a4, the profile drag is

Cpp = Cpo (1 + Kglae|¥*) + ACpy

and otherwise <

Cpt = Cpo (1 + Kalag[**) + ACpy

T e —

CDp = CDt + (CDV — CDt) Sin (5 7['/2——ai)
Optionally there might be no angle-of-attack variation at low angles (K; = 0), or quadratic variation
(X4 = 2). In sideward flight (defined by (v2)? + (v2)? < (0.05[v5|)?), the drag is obtained using
¢y = tan~'(—vZ /vP) to interpolate the vertical coefficient: Cp, = Cpgcos® ¢, + Cpy sin ¢,. The
induced drag is obtained from the lift coefficient, aspect ratio, and Oswald efficiency e:

(Cp — Cro)?

Cpi = TeAR

Conventionally the Oswald efficiency e can represent the tail parasite drag variation with lift, as well as
the induced drag (hence the use of Cp). Then

D =¢qSCp = qS<CDp + ODi)

is the drag force. The other forces and moments are zero.
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144 Weights

The empennage group consists of the horizontal tail, vertical tail, and tail rotor. The tail plane
weight consists of the basic structure and fold structure. The tail weight (empennage group) model
depends on the configuration: helicopters and compounds, or tiltrotors and tiltwings. Separate weight
models are available for horizontal and vertical tails.

The AFDD tail weight model depends on the design dive speed at sea level (input or calculated).
The calculated dive speed is Vyive = 1.25Viax, from the maximum speed at the design gross weight and
sea level standard conditions.
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Chapter 15

Fuel Tank

15-1 Fuel Capacity

The fuel tank capacity Wiyel—cap (maximum usable fuel weight) is determined from designated
sizing missions. The maximum mission fuel required, Wiyel—miss (€Xcluding reserves and any fuel in
auxiliary tanks), gives

quelfcap = max(ffuelfcapwfuelfmissa quelfmiss + Wreserve)

where frel—cap > 1 18 an input factor. Alternatively, the fuel tank capacity Wiyei—cap can be input. The
corresponding volumetric fuel tank capacity is Viuel—cap = Wruel—cap/Pruel (gallons or liters), where ppyel
is the fuel density (input as weight per volume).

For missions that are not used to size the fuel tank, the fuel weight may be fallout, or the fuel weight
may be specified (with or without auxiliary tanks). The fuel weight for a flight condition or the start of
a mission is specified as an increment d, plus a fraction f of the fuel tank capacity, plus auxiliary tanks:

quel = min(dfuel + ffueleuelfcapu quelfcap) + § NauxtankWauxfcap

where W,ux—cap 18 the capacity of each auxiliary fuel tank. The fuel capacity of the wing can be estimated
from

quelfwing = Ptuel Z fctbtwbw

where ¢y, is the torque box chord, t,, the wing thickness, and b,, the wing span; and f is the input fraction
of the wing torque box that is filled by primary fuel tanks, for each wing. This calculation is performed
in order to judge whether fuel tanks outside the wing are needed.

15-2 Geometry

The fuel tank is at position 2", where the inertial forces act.

15-3 Fuel Reserves

Mission fuel reserves can be specified in several ways for each mission. Fuel reserves can be
defined in terms of specific mission segments, for example 200 miles plus 20 minutes at V,.. Fuel
reserves can be an input fraction of the fuel burned by all (except reserve) mission segments, SO Wiy =
(14 fres)Wiuel—miss- Fuel reserves can be an input fraction of the fuel capacity, SO Wiyel = Winiss—seg +
fresWiuel—cap- If more than one criterion for reserve fuel is specified, the maximum reserve is used.
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if quel > quel—max
for designated auxiliary tank
Nauxtank = Nauxtank + 7
AVVfuel = _nfauxtankWauxfcap
AVVfuelfmax = nWauxfcap
repeat if Wi > Winel—max
if quel < quel—max - Waux—cap
Nauxtank = Nauxtank —-n
AI/Vfuelfmax = _nWauxfcap
Wiael = nWiael—max (capped)
else if quel < quel—max
for designated auxiliary tank
(then for last nonzero N,uxtank)

Nauxtank = Nauxtank -n

AVVfuel = nfauxtankWauxfcap

AVVfuel—max = _nWaux—Cap

repeat if quel < quel—max
undo last increment

Nauxtank = Nauxtank +n

AVVfuel = _nfauxtankWauxfcap
AVVfuelfmax = nWauxfcap

Figure 15-1. Outline of N,uxtank calculation.

15-4 Auxiliary Fuel Tank

Auxiliary fuel tanks are defined in one or more sizes. The capacity of each auxiliary fuel tank,
Waux—cap» 15 an input parameter. The number of auxiliary fuel tanks on the aircraft, N,uxank for each
size, can be specified for the flight condition or mission segment. Alternatively (if the mission is not
used to size the fuel tank), the number of auxiliary fuel tanks at the start of the mission can be determined
from the mission fuel.

Figure 15-1 describes the process for determining Nuxtank from the fuel weight W, and the aircraft
maximum fuel capacity Wiyel—max = Weuel—cap + 2 Nauxtank Waux—cap- Lhe fuel weight adjustment
AWrye 18 made if fuel weight is fallout from fixed gross weight and payload, accounting for the operating
weight update when N,,uxtank changes. If the auxiliary tank weight is greater than the increment in fuel
weight needed, then the fallout fuel weight W1 = We — Wo — Whay can not be achieved; in such a
case, the fuel weight is capped at the maximum fuel capacity and the payload weight adjusted instead.
The tanks changed can be the first size, the first size already used, or a designated size. The tanks can
be added or dropped in groups of n (n = 2 for pairs).

The weight and drag of N,uxtank tanks are included in the performance calculation. Optionally the
number of auxiliary tanks required can be calculated at the beginning of designated mission segments
(based on the aircraft fuel weight at that point), and tanks dropped if no longer needed. The weight of the
auxiliary fuel tanks is an input fraction of the tank capacity: Wauxtank = ) fauxtank Nauxtank Waux—cap -

15-4.1 Aucxiliary Fuel Tank Drag

The auxiliary fuel tanks are located at position 2. The drag area for one auxiliary tank is specified,
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(D/q)auxtank- The velocity relative to the air gives the drag direction ey = —v!"/[v¥'| and dynamic
pressure ¢ = 1p|vf’|? (no interference). Then

FF =€qq Nauxtank(D/q)auxtank

is the total drag force, calculated for each auxiliary tank size.

15-5 Weights

The fuel system consists of the tanks (including support) and the plumbing.

The weight of the auxiliary fuel tanks is part of the fixed useful load; it is an input fraction of the
tank CaPaCityi VVauxtank = Z fauxtankNauxtank VVaux—cap .

The AFDD weight model for the plumbing requires the fuel flow rate (for all engines), calculated
for the takeoff rating and conditions.
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Chapter 16

Propulsion

The propulsion group is a set of components and engine groups, connected by a drive system. The
engine model describes a particular engine, used in one or more engine group. The components (rotors)
define the power required. The engine groups define the power available. Figure 16-1 illustrates the
power flow.

16-1 Drive System

The drive system defines gear ratios for all the components it connects. The gear ratio is the ratio
of the component rotational speed to that of the primary rotor. There is one primary rotor per propulsion
group (for which the reference tip speed is specified); other components are dependent (for which a gear
ratio is specified). There can be more than one drive system state, in order to model a multiple-speed or
variable-speed transmission. Each drive system state corresponds to a set of gear ratios.

For the primary rotor, a reference tip speed Vii,_er is defined for each drive system state. By
convention, the “hover tip speed” refers to the reference tip speed for drive state #1. If the sizing task
changes the hover tip speed, then the ratios of the reference tip speeds at different engine states are kept
constant. By convention, the gear ratio of the primary rotor is » = 1. For dependent rotors, either the
gear ratio is specified (for each drive system state) or a tip speed is specified and the gear ratio calculated
(r = Qdep/Qprim» 2 = Viip—ret/R). For the engine group, either the gear ratio is specified (for each drive
system state) or the gear ratio calculated from the specification engine turbine speed Qgpec = (27/60) Nypec
and the reference tip speed of the primary rotor (r = Qgpec/Qprim»> Qprim = Viip—ref/R). The latter option
means the specification engine turbine speed Nype. corresponds to Vi, e for all drive system states. To
determine the gear ratios, the reference tip speed and radius are used, corresponding to hover.

The flight state specifies the tip speed of the primary rotor and the drive system state, for each
propulsion group. The drive system state defines the gear ratio for dependent rotors and the engine
groups. From the rotor radius the rotational speed of the primary rotor is obtained (Qprim = Viip/R);
from the gear ratios, the rotational speed of dependent rotors (Qqep, = 7{prim) and the engine groups
(N = (60/27)7engprim) are obtained; and from the rotor radius, the tip speed of the dependent rotor
(Viip = QaepR) is obtained. The flight state specification of the tip speed can be an input value; the
reference tip speed; a function of flight speed or a conversion schedule; or one of several default values.
These relationships between tip speed and rotational speed use the actual radius of the rotors in the flight
state, which for a variable-diameter rotor may not be the same as the reference, hover radius.

A designated drive system state can have a variable speed (variable gear ratio) transmission, by
introducing a factor fsc.r On the gear ratio when the speeds of the dependent rotors and engines are
evaluated. The factor fye.r is @ component control, which can be connected to an aircraft control and
thus set for each flight state.
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An optional conversion schedule is defined in terms of two speeds: hover and helicopter mode for
speeds below Vipover, cruise mode for speeds above Vieruise, and conversion mode for speeds between
Venover aNd Vigruise. The tip speed is Viip—nover 10 helicopter and conversion mode, and Viip—cruise 10
airplane mode. Drive system states are defined for helicopter, cruise, and conversion mode flight. The
flight state specifies the nacelle tilt angle, tip speeds, control state, and drive system state, including the
option to obtain any or all of these quantities from the conversion schedule.

Several default values of the tip speed are defined for use by the flight state, including cruise, maneu-
ver, one-engine inoperative, drive system limit conditions, and a function of flight speed (piecewise linear
input). Optionally these default values can be input as a fraction of the hover tip speed. Optionally the tip
speed can be calculated from an input Cr /o = tg — pt1, S0 Vi = /T /pActy + (Vi1 /2t9)% + (Vi1 /2to);
or from p = V/Viip, 80 Viip = V/p; or from My = Miip/(1+ 1)2 + 42,80 Viip = 1/ (csMay)2 — V2 - V.

The sizing task might change the hover tip speed (reference tip speed for drive system state #1),
the reference tip speed of a dependent rotor, a rotor radius, or the specification engine turbine speed
Nspec. In such cases the gear ratios and other parameters are recalculated. Note that it is not consistent
to change the reference tip speed of a dependent rotor if the gear ratio is a fixed input.

16-2 Power Required

The component power required P, is evaluated for a specified flight condition, as the sum of
the power required by all the components of the propulsion group. The total power required for the
propulsion group is obtained by adding the transmission losses and accessory power:

PreqPG = Pcomp + mesn + R’ICC

The transmission losses are calculated as an input fraction ¢,,,s, of the component power, plus windage
loss:

mesn = gxmsnfxmsmpcomp + Pwindago (Qprim/Qrcf)

The factor fymsm can equal 1, or can include a function of the drive shaft rating (increasing the losses at
low power):

%PXlimit Q < %
fxmsmPcomp = (% - %Q) Pcomp % < Q <1
Pcornp 1< Q

where QQ = Peomp/Pxlimit> Pxlimit = T"PDSlimit> A0d 7 = N/Ngpec = Qprim/Qrer. Accessory losses are
calculated as the sum of an input constant; terms that scale with air density and rotor speed; a fraction
of power required (such as ECU losses); IRS fan loss (if IR suppression system is on); deice power loss
(if deice system is on); and an increment specified for each flight state:

Pacc = LTaccO + Paccdo— + PaccnU(Qprim/Qrcf) + gacc(Pcomp + mesn) + gIRi’ano—Ncnchng + Pacci + dPacc

where o = p/pp is the density ratio.

The power required for the propulsion group must be distributed to the engine groups. With only
one engine group, Preyrc = Preqpg. An engine group power can be fixed at a fraction fp of the
engine power available: P,..;5c = fp(Neng — Ninop)Peng at the specified rating (each operating engine
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at fpPeng). The power required for the remaining (perhaps all) engine groups is distributed proportional
to the engine rated power:

(Neng - Ninop)Peng
Pre EG — Pre PG — Pre EG
' ( ! ﬁxzed ! ) Znotﬁxed (Neng - Ninop)Peng

If the sum of the fixed P,.,rc exceeds the propulsion group power required, or if the power is fixed for
all engine groups, then each is reduced by the ratio Prcgpc/ D gyoq Preqec- The result is that the power
is distributed proportional to fp times the engine rated power. The fuel flow of the propulsion group is
obtained from the sum over the engine groups: w,cqpc = Y WreqgrG -

16-3 Geometry

The length of the drive system ¢pg can be input or calculated. The calculated length is the sum of
the longitudinal, lateral, and vertical distances from the primary rotor hub to the other hub locations, for
all rotors in the propulsion group: {ps = f > (|Ax| + |Ay| + |Az|), where f is an input factor.

164 Drive System Rating

The drive system rating is defined as a power limit, Ppgiimit. The rating is properly a torque limit,
Q pstimit = Ppsiimit /et , but is expressed as a power limit for clarity. The drive system rating can be
specified as follows:

a) Input PDSlimit .

b) From the engine takeoff power rating, Ppsiimit = fiimit 2, NVeng Peng (SUmmed over
all engine groups).

c) From the power available at the transmission sizing conditions and missions,
Ppsiimit = fiimit (Qrer/Qprim) Y, Neng Puv (largest of all conditions and segments).
d) From the power required at the transmission sizing conditions and missions,
Ppsiimit = fiimit (Qret/Qprim) O Neng Preq (largest of all conditions and segments).

with fiimit an input factor. The drive system rating is a limit on the entire propulsion system. To account
for differences in the distribution of power through the drive system, limits are also used for the torque
of each rotor shaft (Prsiimit) and of each engine group (Pgrsimit). The engine shaft rating is calculated
as for the drive system rating, without the sum over engine groups. The rotor shaft rating is either input
or calculated from the rotor power required at the transmission sizing flight conditions. The power limit
is associated with a reference rotational speed, and when applied the limit is scaled with the rotational
speed of the flight state. The rotation speed for the drive system rating Ppgiimit 1S the hover speed of the
primary rotor of the propulsion group (for the first drive state). The rotation speed for the engine shaft
rating Pgsimis 1S the corresponding engine turbine speed. The rotation speed for the rotor shaft rating
Prsiimit 18 the corresponding speed of that rotor.

165 Weights

The drive system consists of gear boxes and rotor shafts, drive shafts, rotor brakes, clutches, and
gas drive. The drive system weight depends on the rotor and engine rotational speeds, evaluated for
the propulsion group primary rotor and a specified engine group, at a specified drive system state (gear
ratio).
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The AFDD drive system weight model depends on f, the second (main or tail) rotor rated torque
as a fraction of the total drive system rated torque; and on fp, the second (main or tail) rotor rated power
as a fraction of the total drive system rated power. These parameters are related by the rotational speeds
of the two rotors: fp = foQother/main. Typically fp = fo = 0.6 for twin rotors (tandem, coaxial, and
tiltrotor configurations). For the single-main-rotor and tail-rotor configuration, typically fo = 0.03 and
fp =0.15 (0.18 with a two-bladed teetering main rotor).
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Chapter 17

Engine Group

The engine group consists of one or more engines of a specific type. For each engine type an engine
model is defined. The Referred Parameter Turboshaft Engine Model (RPTEM) is implemented.

The engine size is described by the power P.,,, which is the sea-level static power available per
engine at a specified takeoff rating. The number of engines N, is specified for each engine group.

If the sizing task determines the engine power for a propulsion group, the power P.,, of at least one
engine group is found (including the first engine group). The total power requiredis Ppg = 7 > Neng Peng.,
where r = max(P,cqpa/Pavrc). The sized power iS Pisea = Ppa — Y _gyeq NengPeng. Then the sized
engine power i8S Peng = fpnPsized/Neng for the n-th engine group (with f; = > 21, sized fn for the first
group).

17-1 Engine Performance

17-1.1 Power Available

Given the flight condition and engine rating, the power available P, is calculated (from the specific
power SP, and mass flow ). The flight condition information includes the altitude, temperature, flight
speed, and primary rotor speed; a power fraction fp; and the states of the engine, drive system, and IR
suppressor. The engine turbine speed is N = (60/27)7cng Qprim» Where Qi 1s the current rotor speed
and re,g is the gear ratio (depending on the drive system state, including a factor fyc., for a variable
speed transmisson). If the reference primary rotor speed Qi corresponds to the specification turbine
speed Ngpec, then reng = Qspec/Qprim; alternatively, the engine gear ratio can be a fixed input.

In the engine model, installation losses Pj.ss are subtracted from P, (P,, = P, — Pioss), and then
the mechanical limit applied: P,, = min(Pyy, 7 Puechr), ” = IN/Nspec- The mechanical limit is properly
a torque limit, Qmech = Pmech/Nspec, but is expressed as a power limit for clarity.

The engine model gives the performance of a single engine. The power available of the engine
group is obtained by multiplying the single engine power by the number of engines operational (total
number of engines less inoperable engines):

PavEG = fP(Neng - Ninop)Pav

including a specified power fraction fp. The propulsion group power available is obtained from the sum
over the engine groups: P,,pc =Y Puvrc-

The drive system rating at the flight condition is rPpgiimit, Where r = Qpuim/Qrer.  Optionally
this limit is applied to the propulsion group power: P,,pc = min(P.,pq,rPpsimit). Similarly the
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engine shaft limit at the flight condition is optionally applied to the engine group power: P,,pc =

min(Puyea, " PEstimit)

17-1.2 Performance at Power Required

The engine performance (mass flow, fuel flow, and gross jet thrust) is calculated for a specified power
required P,, flight condition, and engine rating. The flight condition includes the altitude, temperature,
flight speed, and primary rotor speed; and engine, drive system, and IR suppressor states. The engine
turbine speed is N = reng Qprim -

The engine model deals with a single engine. The power required of a single engine is obtained
by dividing the engine group power by the number of engines operational (total number of engines less
inoperable engines):

P’r’eq = 'rquG/( eng Ninop)
In the engine model, installation losses P, are added to P, (Py = Preg + Ploss)-

The engine model gives the performance of a single engine. The performance of the engine group
is obtained by multiplying the single engine characteristics by the number of engines operational (total
number of engines less inoperable engines):

MyreqeG = (Neng — Ninop)ireq

WreqG = (Neng — Ninop ) WreqKf d
Fnec = (Neng — Ninop) Fn
Diuxec = (Neng — Ninop) Daux

The fuel flow has also been multiplied by a factor accounting for deterioration of the engine efficiency.

17-1.3 Installation

The difference between installed and uninstalled power is the inlet and exhaust losses Pioss: Puw =
P, — Poss and P,., = P, — Pi,ss. The inlet ram recovery efficiency 7, is included in the engine model
calculations. The inlet and exhaust losses are modeled as fractions of power available or power required:
Pioss = (Uin+Ley) Py OF Piogs = (bin+Les) P, Installation effects on the jet thrust are included in the engine
model. The momentum drag of the auxiliary air flow is a function of the mass low 1maux = faux!ireq:

Daux - (1 - naux)mauxv - (1 - naux),fauxmreqv

where 7,y is the ram recovery efficiency. Exhaust losses (£.,) and auxiliary air flow parameters (7,.x,
faux) are defined for IR suppressor on and off. Inlet particle separator loss is added to the inlet losses

(ein)'

17-2 Control and Loads

The engine orientation is specified by selecting a nominal direction e, in body axes (positive or
negative x, y, or z-axis; usually thrust forward, hence positive z-axis); then applying a yaw angle 1;
and then an incidence or tilt angle i (table 17-1). The yaw and incidence angles can be connected to the
aircraft controls c4¢:

Y=o+ Tycac

1t =10+ Ticac
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with 1y and i( zero, constant, or a function of flight speed (piecewise linear input). Hence the incidence
and yaw angles can be fixed orientation or can be control variables. Optionally the lateral position of the
engine group can be set equal to that of a designed rotor (useful for tiltrotors when the rotor hub lateral
position is calculated from the clearance or wing geometry).

The engine group produces a jet thrust Fiy, acting in the direction of the engine; a momentum drag
D,.x, acting in the wind direction; and a nacelle drag D,,,., acting in the wind direction. The engine
group is at location zf". The force and moment acting on the aircraft in body axes are thus:

FF = efFN + eqDaux + €4 Dnac
MF = AZFFF

where Azf = 2

— 2k, ey is the engine thrust direction and e, is the drag direction. The velocity relative
to the air gives eq = —vf'/[v¥| (no interference). The engine axes are CBF = U,;V,, where U and V

depend on the nominal direction, as described in table 17-1. The engine direction is e; = C¥Be .

For a tiltrotor aircraft, one of the aircraft controls is the nacelle angle, with the convention ay;; = 0
for cruise and «;y = 90 deg for helicopter mode. The engine incidence angle is then connected to v
by defining the matrix 7; appropriately. If the engine nominal direction is defined for airplane mode
(+x), then i = ay; should be used; if the engine nominal direction is defined for helicopter mode (—=z),
then ¢ = oy — 90 should be used.

Table 17-1. Engine orientation.

nominal (F axes) efo incidence, + for force yaw, + for force CBF = U,V
x forward i up right YiZy

—x aft —i up right Y_.Z_y

Yy right J aft up Z; X _y

—y left —j aft up Z_i Xy

z down k aft right Yo, X_y

—z up —k aft right YiXy

17-3 Nacelle Drag

The engine group includes a nacelle, which contributes to the aircraft drag. The component drag
contributions must be consistent. The pylon is the rotor support and the nacelle is the engine support.
The drag model for a tiltrotor aircraft with tilting engines would use the pylon drag (and no nacelle drag),
since the pylon is connected to the rotor shaft axes; with non-tilting engines it would use the nacelle
drag as well.

The nacelle drag acts at the engine location 2. The nacelle axes are the engine axes, hence CBF
is calculated as described above (see table 17-1). For the engine nominal direction forward (+z-axis),
the nacelle z-axis is downward and the z-axis is forward; zero incidence angle corresponds to zero
angle-of-attack; and 90 deg incidence angle corresponds to 90 deg angle-of-attack (vertical drag). The
velocity, angle-of-attack, and dynamic pressure are calculated at the nacelle (without interference). The
reference area for the nacelle drag coefficient is the nacelle wetted area. The wetted area per engine is
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input, or calculated either from the engine system (engine, exhaust, and accessories) weight or from the
engine system plus drive system weight:

Swet = k(w/Neng)2/3

where w = Wgg or w = Wgg + Wyps/Neg, and the units of & are ft2/1b%3 or m2/kg?/3. The reference
area is then Shac = NengSwet- The nacelle area is included in the aircraft wetted area if the drag coefficient
is nonzero. The drag area or drag coefficient is defined for forward flight and for vertical flight. The
drag coefficient at angle-of-attack « is

Cp =Cpo+ (CDV — CD0)| SiIlOé|Xd
typically using X4 = 2. In sideward flight, Cp = Cpy is used. The nacelle drag is Dy, = ¢SnacCh-

17-4 Engine Scaling

The parameters of the engine model can be defined for a specific engine, but it is also necessary to
scale the parameters as part of the aircraft sizing task, in order to define an engine for a specified power.
In addition, advanced technology must be represented in the model. Scaling and advanced technology
are handled in terms of specific power and specific fuel consumption (at SLS static conditions, MCP, and
Nipec)- Figures 17-1 through 17-3 present historical data for engine specific fuel consumption, weight,
and specific power; the variation at a given power reflects technology insertion with time.

The engine model includes reference values of the engine performance parameters: Pyr, SFPog,
Prechrsstcoc, SFoc s Nepec, and Nopioc. Mass flow and fuel flow are obtained from rigr = Por/SPor and
woc = sfcoc Poc. The reference power at each engine rating R defines a ratio to MCP: r,0r = Por/Poc.
Similarly for specific power and mechanical limits: rsogr = SPyr/SPoc and 7,0 = Pmechr/FPoc. These
ratios are kept fixed when the engine is scaled.

The engine size is specified as takeoff power P;, = P.,,;: power atrating R, for SLS static conditions
and specification turbine speed Ng,e.. Hence the MCP is Poc = Pi,/rp0r, and the power at all other
ratings follows. If Py¢ is not equal to the reference value of the engine model, then the engine is scaled.
To reflect advanced technology, the specific power, specific fuel consumption, and specification turbine
speed can be specified: SPyc = SPiech, sfcoc = sfciech, Nspee = Nieon. The default values are the
reference values of the engine model.

The actual (perhaps scaled) values of the performance parameters are available for the engine group:

Por, SPors Pmechrs Sfcocs Fyocs Nspecs Noptoc -

17-5 Weights

The component weight consists of engine system, engine section or nacelle group, and air induction
group. The engine system consists of engine, exhaust system, and accessories. The engine section or
nacelle group consists of engine support, engine cowling, and pylon support. These weights are for the
engine group, consisting of N, engines. The engine system weight Wrg = Weng + Wexn + Wacc 18
used for the engine nacelle wetted area, the rotor pylon wetted area, and the rotor moving weight.
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Figure 17-1. Historical data for turboshaft engine specific fuel consumption.
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Figure 17-2. Historical data for turboshaft engine weight.
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Figure 17-3. Historical data for turboshaft engine specific power.



Chapter 18

Referred Parameter Turboshaft Engine Model

Aircraft gas turbine engine performance capabilities are formally specified by computer programs
known as engine decks, which are created by engine manufacturers in an industry-standard format.
Engine decks are typically based on thermodynamic cycle analysis using real engine component per-
formance maps. The most important performance maps for turboshaft engines are compressor, gas
generator turbine, and power turbine. These component performance maps are critical to obtaining
realistic off-design engine performance. Design and analysis codes calculate aircraft performance for
a very wide range of operating conditions. Thus engine performance must be realistic even far from
the engine design point. A simple thermodynamic cycle analysis that assumes design point component
efficiencies everywhere is not realistic for such an application. Rather than developing models for com-
ponent performance, the approach taken is to use a model for the total engine performance. The engine
is not being designed.

The Referred Parameter Turboshaft Engine Model (RPTEM) is based on curve-fits of engine
performance data for existing or projected engines over a range of operating conditions. The curve-fits
are typically obtained by exercising an engine deck. The use of referred parameters tends to collapse
the data, and provides a basis for scaling the engine. The operating condition is described by pressure
altitude, ambient air temperature, flight Mach number, power turbine speed, exhaust nozzle area, and
either engine rating or engine power required. These curve-fits, typically based on real engines, are
scaled to the required size and adjusted to the appropriate technology level to represent a notional
engine. Engine size is represented by mass flow. Engine technology is represented by specific power
available and specific fuel consumption at maximum continuous power (MCP), sea level/standard day
(SLS), static (zero airspeed) conditions. Engine installation effects (inlet and exhaust losses) are also
modeled.

The use of referred parameters to curve-fit engine performance data was suggested by David
Woodley from Boeing during the JVX program (1983). The RPTEM was developed and documented
by Michael P. Scully and Henry Lee of ASRAO, U.S. Army Aeroflightdynamics Directorate (AFDD),
with a subsequent implementation written by Sam Ferguson (1995).

18-1 Operating Environment

The operating condition and atmosphere give the standard conditions (temperature T4 and pressure
psta) for a specified pressure altitude; the sea-level standard conditions (temperature T, and pressure pg);
and the operating temperature 7" and pressure p = pyiq. Here the temperatures are °R or °K. The engine
characteristics depend on the temperature ratio ¢ = T'/T; and pressure ratio § = p/po.

The flight Mach number M = V/c, = V/c4V/0 is obtained from the aircraft speed V.
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The inlet ram air temperature ratio and pressure ratio are obtained then from M and the inlet ram
recovery efficiency 74:

-1

Oy = (1 + VTM2> = (1+0.2M?)
v—1 9 71 213.5

o =11+ TTMM = (1 + 0.2na M )

where the ratio of specific heats v = 1.4.

18-2 Engine Ratings

The power available from a turboshaft engine depends on the engine rating. Each engine rating
has specific operating limitations, most importantly an operating time limit intended to avoid damage
to the engine. Typical engine ratings are given in table 18-1. Engine power is generally specified in
terms of SLS static MCP. Takeoff typically uses MRP. CRP or ERP are restricted to use in one-engine
inoperative (OEI) emergencies.

Table 18-1. Typical engine ratings.

rating description time limit
MCP maximum continuous power 00

IRP intermediate rated power 30 min
MRP maximum rated power 10 min
CRP contingency rated power 2.5 min
ERP emergency rated power 1.0 min

18-3 Performance Characteristics

The engine performance is described by: the power available P,, at each engine rating and the
specification engine turbine speed Npc.; the mass flow 72 and fuel flow w required to produce power
required P, at engine turbine speed N; and the gross jet thrust F' at a given power required P,. Then the
specific power is SP = P/m, and the specific fuel consumption is sfc = w/P.

The reference performance is at sea-level-standard static conditions (subscript 0), and MCP (sub-
script C). Referred or corrected engine parameters are used in the model:

ower i fuel flow L
P 5V0 5V
m F
mass flow —_— thrust —
5/V0 J
. P/m . N
specific power L turbine speed —
p p g p /o

Foreachrating R, the performance is characterized by the following quantities for sea-level-standard
static conditions: power Pyg, specific power S Py, and mechanical power limit P,ec,z. The mass flow
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is then 7hor = Por/SPor. The gross jet thrust Fyoc is given at MCP. These characteristics are at the
specification turbine speed Nypcc.

The installed power required P,., and power available P,, > P,., are measured at the engine output
shaft. In addition to shaft power, the engine exhaust produces a net jet thrust Fy, from mass flow that
goes through the engine core. The fuel flow and mass flow are the total required to produce the shaft
power and jet thrust. The forces produced by mass flow that does not go through the engine core (such
as IR suppressor or cooling air) are treated as momentum drag D,

The difference between net and gross jet thrust is the momentum drag: F,, = Fy — iV =
mreq(V; — V), where Vj is the engine jet exhaust velocity. Note that traditional units for mass flow are
pound/sec (pps), while this equation requires slug/sec (1i,¢q/g replaces r,cq).

The uninstalled power required is P, the power available P, , the gross jet thrust F;, and net jet thrust
F,. The engine model calculates P, as a function of flight condition and engine rating; or calculates
engine mass flow, fuel flow, and jet thrust at P,.

18—4 Installation

The difference between installed and uninstalled power is the inlet and exhaust losses Pjoss:

P, av — P a — —Ploss

Preq:Pq_Ploss
The inlet ram recovery efficiency n, (through d,,) is included in the engine model calculations. The inlet
and exhaust losses are modeled as fractions of power available or power required: Pioss = (€in + lez) P

or Ploss = (Kzn + gex)Pq~ So
Pav = Pa(]- _gin - gez)

Py =Preg/(1 = Llin, — Le)
The engine model gives uninstalled power and the gross thrust F; for a nominal exhaust nozzle area. The
gross jet thrust Fo and exhaust power loss (£.;) are both functions of the exhaust nozzle area. Smaller

exhaust nozzle areas increase exhaust losses and increase gross thrust. Thus the ratio of installed to
uninstalled thrust is approximated by a function of the exhaust power loss:

FG/Fg = Kygr = Kfgro + Kfgriles + Kf9T2€gm + ngTB@I

so the net installed jet thrust is
Fy = Kpgr Fg — MipeqV

The momentum drag of the auxiliary air flow is a function of the mass flow 7aux = fauxtreq:
Daux = (1 - naux)mauxv = (1 - naux)fauxmreqv

where 7.« is the ram recovery efficiency. Exhaust losses (¢.,) and auxiliary air flow parameters (7.ux,
faux) are defined for IR suppressor on and off. Inlet particle separator loss is added to the inlet losses

18-5 Power Turbine Speed

The shaft power available is a function of the gas power available P and the power turbine efficiency
n:: P, = nPg. Generally the power turbine speed N has a significant effect on 7, but almost no effect
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on P;. The model used for the efficiency variation is 7, = 1 — [(N/Nept) — 1|¥¥7, where N, is the
speed for peak efficiency, hence
P(N) _ m(N) 1= |(N/Nops) = 1¥¥0
P(Nspec) T]t(Nspec) 1- |(Nspec/N0pt) - 1|XN"

Two approximations for the optimum turbine speed are used. The first is a linear expression in p =

P/(Pyrév0):

Kno
Nopt = J\fspec\/é (KNoptA 9]\1 + Mp)

oM
and the second is a cubic function of p = P/(Pycdv/6):

Nopt = Noproc VO (K Nopto + KNopt1p + K noptap® + K nopt3p®) [037) X Nort

The second expression is based on a larger data sample. For power available calculations, P = P, (Ngpec);
for power required calculations, P = P,(N).

18-6 Power Available

Given the flight condition and engine rating, the power available P, is calculated as follows. The
specific power and referred mass flow (at Ny, relative to SF, and i for this rating) are approximated
by functions of the ambient temperature ratio § and inlet ram air ratios:

Xspa
SPa(Nspec) = SPOeKspa |:6]W V 9M:|

1a(Nspec) = 1o (6/\/5) eKmia {51\/[\/%} Xomfa

where the static lapse rate (K,pq, Kpnf,) and ram air exponents (X,q, Xmye) are piecewise linear
functions of 6. The power available is then

S-Pa Ns ec i a Ns ec XspatXmsfa
PG(NSPCC) =5 S('Pop ) ™ (mop ) =P (5\/5) KspaeKmfa {&M\/ QM] ’ !

This expression for 7, is used only to calculate P,; elsewhere the 12, expression below (for performance
at power required) is used to obtain the mass flow at a power P,. Finally

1 —[(N/Nopt) — 1|XN"
1- |(NspeC/N0pt) - 1|XN'7

Pa(N) = Pa(NSpeC)

is the power available at turbine speed N. Installation losses P are subtracted from P, (P,, =
P, — Pioss), and then the mechanical limit is applied: P,, = min(P,y, 7Pmechr)> 7 = N/Nspec. The
mechanical limit is properly a torque limit, Qmech = Pumech/Nspec, DUt is expressed as a power limit for
clarity.

18-6.1 Piecewise Linear Parameters

Several parameters K are input as piecewise linear functions of the temperature ratio #. One format
of the input is a set of I regions, with the function in the i-th region given by K = K; + K1,60. The break
point between the ¢ and ¢ — 1 regions is
Ko — Ko(i—1)

Ky — K-
Ky = Koi + K16

Opi = —
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for i = 2 to I. Another format is a set of I + 1 break points, with the values at the i-th point (6y;, Kj;).
Then the coefficients between ¢ and ¢ + 1 are

Kyibp(iv1) — Kyitr1)0bi

Ko =
’ Op(iv1) — Obi
Ky = —Kpi + Kp(iv1)
Op(it1) — Obi

for i = 1to I. The interpolation is performed using K = Ko; + K1,60 for 6 in the range 0y; to Op(;11).
Outside the defined regions, the linear expression is continued; hence 6,; is used only for i = 2 to I.

18-7 Performance at Power Required

The engine performance (mass flow, fuel flow, and gross jet thrust) is calculated for a specified power
required P, (which might equal the power available), flight condition, and engine rating. Installation
losses Pioss are added to P,y (P; = Preq + Ploss). The referred quantities (relative to SLS static MCP
quantities) are approximated by cubic functions of ¢ = P,(Nepec)/(PocdV0):

w'req = wOC (5\/§> (Kffqo + Kffqlq + Kffq2q2 + Kffq3q3) [awj}ix'ffq
TMreq = oC (5/\/5) (KquO + Kpfq1q + Kqu2q2 + Kqugqg) [91\4])("1”
Fy = Fgoc (9) (ngqO + Kygq1q + ngq2q2 + ngq3q3) [eM]ngq

at Nypec, With woc = sfcoe Poc. The mass flow and fuel flow are primarily functions of the gas power P,
and are assumed to be independent of 7, hence independent of turbine speed. However, these equations
are functions of P, (Nspec), obtained from P, (V) using

1 — |(Nspec/Nopt) — 1[*¥
1- ‘(N/Nom) - 1|XN"

Pq(NSpeC) = Pq(N)
Then the installed net jet thrust Fy and momentum drag D, are calculated.

18-8 Scaling

The parameters of the engine model can be defined for a specific engine, but it is also necessary to
scale the parameters as part of the aircraft sizing task, in order to define an engine for a specified power.
In addition, advanced technology must be represented in the model. Scaling and advanced technology
are handled in terms of specific power and specific fuel consumption (at SLS static conditions, MCP,
and Ngpec).

The engine model includes reference values of the engine performance parameters: Por, SPor,
Pechrs sfcoc, SFoc, Nspecs Noptoc- Mass flow and fuel flow are obtained from ryg = Pyr/SPor and
woc = sfcoc Poc- The reference power at each engine rating R defines a ratio to MCP: r,0r = Por/Poc.
Similarly for specific power and mechanical limits: rsor = SPor/SPocs 'mor = Pmecnr/FPoc. These
ratios are kept fixed when the engine is scaled.

The engine size is specified as takeoff power P;, = Py, which is the power at rating R, for SLS
static conditions and specification turbine speed Ngp... Hence the MCP is Py = P,,/rpor, and the
power at all other ratings follows. If Py is not equal to the reference value of the engine model, then
the engine is scaled. To reflect advanced technology, the specific power, specific fuel consumption, and
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specification turbine speed can be specified: SPyc = SPiech, sfcoc = sfCiech s Nspec = Niecn- The default
values are the reference values of the engine model. In the following paragraph, the subscript “tech”
refers to these quantities; the subscript “ref” means the engine model reference values.

The engine technology parameters S Py and sfcoc are assumed to vary linearly with mass flow 7g¢
up to a limit 7hy;,,, , and constant thereafter at S P;,,, and sfcy;, . The mass flow at the technology condition
1S MMtech = Pref/S Piech, With the technology values S P, and sfcieq,. The intercept values are projected
from the technology values: K0 = SPiech — Kop1Mitechr Kspt = (SPiim — SPiech)/(Tlim — Mtecn); and
similarly for sfc. Then for rhoc < 7h1im

SPyc = Kepo + Ksprmigc
sfcoc = Kspeo + Ksfeimoc
and for oo > Miim
SPoc = SPim
sfcoc = sfelim
These equations are used if 1w, > 7teen. Otherwise the model sets K1 = K,¢e1 = 0, so there is no
variation with scale: SPyc = SPiech and sfcoc = sfeieen. Usually the effect of size gives K2 > 0 and
Kfeo < 0. The power at the limit iS Py, = SPimuim. Using moc = Poc/SPoc, the specific power
equation can be solved for the mass flow given the power:

POC/KspO K5p1 =0
Moo = Poc /S Pim Poc > Pim
(22((01 )2+ % — 211201 otherwise

From this mass flow, SPyc and sfcoc are calculated, hence the fuel flow oo = sfcoc Poc- The specific
thrust available at MCP is assumed to be constant, and the specification power turbine speed decreases
with the mass flow:

Fyoc = SEoc 1o

Nspec = (Nspec - KNS2/ V mOC)t | + KNSQ/ V mO = KNsl + KNSQ/ V mOC

echn
(NoptOC)ref
Ntech

Then the power and specific power at all ratings R are obtained from the ratios: Por = rporPoc,

NoptOC = Nspec = KNoNspec

SPor = 1s0rSPoc, Pmechr = TmorPoc -

18-9 Engine Speed

The model as described in the previous sections may not adequately account for variation of engine
performance with engine speed, so it is also possible to define the parameters corresponding to a set
of engine speed ratios r = N/Ng,e.. Then the engine performance and power available quantities are
linearly interpolated to obtain the values at the required engine speed N. If this option is used, then the
correction based on P(N)/P(Nspec) = 1:(N) /1t (Ngpec) 1s not applied.

18-10 Weight

The engine weight can be a fixed input value, calculated as a function of power, or scaled with
engine mass flow. As a function of power, the weight of one engine is:

Xeng
Wone eng — K()eng + Klengp + KQengP &
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where P is the installed takeoff power (SLS static, specified rating) per engine. A constant weight per
power W/P is given by using only K.n.. Alternatively, the specific weight SW = P/W can be scaled
with the mass flow 7gc. The scaling is determined from the specific weight SW,¢¢ at the mass flow
Thiech , and the limit SWi;,, at m;m. Then

Koo + Ksw1moc moc < Milim
SW =

SWlim mOC Z mlim

(if 7im < Mgech, then Kgy1 = 0,50 SW = SWier) and Wone eng = P/SW.

18-11 Units

In this engine model, only the reference values and scaling constants are dimensional. Conventional
English units and SI units are shown in table 18-2. Units of specific power and specific fuel consumption
follow from these conventions.

Table 18-2. Conventional units.

power P mass flow 1 fuel flow w force F’ turbine speed N
English: horsepower pound/sec pound/hour pound rpm
SI: kiloWatt kilogram/sec kilogram/hour Newton rpm

18-12 Typical Parameters

Typical values of the principal parameters describing the engine and its performance are given in
table 18-3 for several generic engine sizes. These values represent good current technology. Advanced
technology can be introduced by reducing the specific fuel consumption and weight, and increasing the
specific power. Typical ratios of the power, specific power, and mass flow to the values at MCP are
given in table 18-4 for several ratings. Figure 18-1 shows typical performance characteristics: fuel flow
w, mass flow 1, and net jet thrust Fy; variation with power P and speed (referred quantities, normalized,
at Ngpec). Figure 18-2 shows typical variation of the power available with engine turbine speed. Figures
18-3 to 18-8 show typical power available characteristics: specific power SP, mass flow 72, and power P
variation with temperature ratio ¢, for static and 200 knots conditions and several engine ratings (referred
quantities, normalized, at Nypeo).
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Table 18-3. Typical engine performance parameters.

power (MCP)

Poc 500 1000 2000

4000 8000 16000 hp

specific power
mechanical limit
specific fuel cons.
specific jet thrust
gross jet thrust
mass flow

turbine speed
weight

SPoc 116 125 134
Poeecn 750 1500 3000
sfeoc 0.54 0.48 0.44
SFoe 59 7.3 89
Fyoc 25 58 134
moc 43 8.0 15.0
Nspec 35600 26100 19100
wW/P, 034 0.23 0.18

143 153 164 hp/lb/sec
6000 12000 24000 hp

0.40 0.38 0.35 Ib/hp-hr
11.0 13.6 16.7 Ib/Ib/sec
308 707 1625 1b

279 52.1 97.3 Ib/sec
14000 10200 7500  rpm

0.16 0.16 0.15 Ib/hp

Table 18-4. Typical parameter ratios for various ratings (percent).

IRP MRP CRP Prech
power Py/Poc 120 127 133 150
specific power SPy/SPyc 117 123 128
mass flow o /moc 102.6 103.2 103.9
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Figure 18-1. Fuel flow, mass flow, and net jet thrust variation with power.
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Figure 18-2. Power variation with turbine speed.
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Figure 18-3. Specific power variation with temperature ratio, static.
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Figure 18-4. Specific power variation with temperature ratio, 200 knots.
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Figure 18-5. Mass flow variation with temperature ratio, static.
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Figure 18-6. Mass flow variation with temperature ratio, 200 knots.
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Figure 18-7. Power variation with temperature ratio, static.
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Figure 18-8. Power variation with temperature ratio, 200 knots.



Chapter 19

AFDD Weight Models

This chapter presents the rotorcraft weight models developed by the U.S. Army Aeroflightdynamics
Directorate (AFDD). For some weight groups several models are available, designated AFDDnn. The
weights are estimated from parametric equations, based on the weights of existing turbine-powered
helicopters and tiltrotors. The figures of this chapter compare the weights calculated from these equations
with the actual weights. The results of these equations are the weight in pounds, and the units of the
parameters are noted in the tables. Technology factors x are included in the weight equations. The input
usually includes a weight increment dW that can be added to the results of the weight model. Thus
typically a component or element weight is obtained from W = xWyyode + dW. Weight of individual
elements in a group can be fixed by using dWW and setting the corresponding technology factor y = 0.
With x # 0, the increment dWW can account for something not included in the parametric model.

The weight models are implemented as part of the aircraft components. The weights are entered
into the weight statement data structure (extended RP8A format) for each component, reflected in the
organization of this chapter.

19-1 Wing Group

The wing group consists of: basic structure (primary structure, consisting of torque box and spars,
plus extensions); fairings (leading edge and trailing edge); fittings (non-structural); fold/tilt structure;
and control surfaces (flaps, ailerons, flaperons, and spoilers). There are separate models for a tiltrotor
or tiltwing configuration and for other configurations (including compound helicopter).

19-1.1 Tiltrotor or Tiltwing Wing

Wing weight equations for a tiltrotor or tiltwing aircraft are based on methodology developed by
Chappell and Peyran (refs. 1 and 2). The wing is sized primarily to meet torsional stiffness requirements.
The primary structure weight is calculated from torque box and spar weights:

Wbox - Atbptbbw/etb
Wspar = CtAsppspbw/esp
Wprim = (Wbox + Wspar)funits

Wprim = XprimWprim
A consistent mass-length-time system is used in the equations for Wi, and Wp,,, which therefore have

units of slug or kg. The primary structure weight Wi, however has units of 1b or kg, hence a conversion
factor funits = g is required for English units. The wing fairing (leading edge and trailing edge), control
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surface (flaps, ailerons, flaperons, and spoilers), fittings (non-structural), and fold/tilt weights are:

Wrair = SfairUfair Wfair = Xfair Wrair
Whap = SﬂapUﬂap Wﬁap = XflapWAap
wat = fatLcap Wat = XatWat

Wiold = frotd (Wprim + Whair + Waap + Wae + Whip) Wiold = XfoldWiold

The control surface area Sp,, for a tiltrotor wing is the sum of the flap and flaperon areas. The fairing
area is

Sfair - (bw - wattach) Cw (1 - wtb) - Sﬁap

The wing extension weight is:

Wext = SextUext Wext = XextWext
Wefold = fefold Wext Wefold = XefoldWefold
and these terms are added to Wi and Wigq. The tiltrotor wing weight (and wing folding weight in
fuselage group) depends on W, the weight on the wing tips; which is the sum of rotor group, engine
section or nacelle group, air induction group, engine system, drive system (except drive shaft), rotary

wing and conversion flight controls, hydraulic group, trapped fluids, and wing extensions. The weight
on wing tip is used as the fraction fi;, = Wi,/ Wgp; the mass on the wing tip is My, (slug or kg).

To estimate the wing weights, the required stiffness is scaled with input frequencies (per rev)
of the wing primary bending and torsion modes. First the torque box is sized to meet the torsional
stiffness (frequency) requirement. Next spar cap area is added as required to meet the chord and beam
bending frequency requirements. Finally spar cap area is added if necessary for a jump takeoff condition.
Wing section form factors, relating typical airfoil and torque box geometry to ideal shapes, are input or
calculated from the thickness-to-chord ratio and the torque box chord to wing chord ratio:

Fp = 0.073sin(27 (7, — 0.151)/0.1365) + 0.145987,,
+ 0.610 sin(27 (wyy, 4 0.080)/2.1560) — (0.4126 — 1.63097,, ) (wy, — 0.131) + 0.0081
Fo = 0.640424w?, — 0.8971 7wy, + 0.46157, + 0.655317
Fr = ((0.27 — 7,)/0.12)0.12739 (—0.96 + 1/3.32 4 94.6788wy;, — (wtb/0.08344)2)
— 2.7545w%, 4 5.1799wy;, — 0.2683
Fyg = 0.25sin(5.236wy) + 0.325

for beam bending, chord bending, torsion, and spar cap vertical/horizontal bending. The ideal shape for
torsional stiffness is a tube of radius t,,, so the torsional stiffness J = FrA;t2 /4. The ideal shape for
chord bending is two caps ¢y, apart, so Iy, = FoAwcy, /4. The ideal shape for beam bending is two caps
ty apart, so Ips, = Fy g Aspt? /4 and Iy, = FpAyt? /4. The torque box cross-sectional area is obtained

from the wing torsion frequency;

1 1
GJ — (MTQ)Q §(bw - wattaCh)§MtiprI2)ylon

Ap =4GJ/(GyFrts,)

It is assumed that between the points of attachment to the fuselage, the torque box is very stiff in torsion,
but does deflect in bending. So the effective length is %(bw — Wattach ) for torsion, and %bw for bending.
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The spar cap cross-sectional area (in addition to torque box material) is obtained from beam and chord
bending frequencies:

1 1
EIC = (LUCQ)Q ﬂb?ﬂ §Mtipfmode

1 1
E]B = (wBQ)2 ﬂbi} §Mtipfmode

Elcy = EgFoAwch, /4
Elosy = Elc — Elgy,
Acsp = EICSP/(ESPC?b/4)

Elpy = EnFpAut;, /4

Elyy = EgyFynAcspts, /4

Elps, = Elp — Elpy, — Elvyg
Apsp = Elpsp/(Bspts /4)
EL, = Elyy + Elp.,

Asp = ACsp =+ ABsp

where Elc,, and Elg,, are replaced by zero if negative (no additional spar material required). The factor
fmode = 1 — fiip 1s @ mode shape correction for fuselage motion. Next the primary structure, fairing,
flap, and fitting weights are calculated as before; and the sum Wying = Worim + Wrair + Waap + Whs.
Additional spar cap material for a jump takeoff condition is obtained from the ultimate applied bending
moment at the wing root:

MU = Tcapgw (075(1 - ftip) - 0-375(6111/1711))(Wwing/WSD))

where T.,,, is the maximum thrust capability of one rotor, equal to the greater of njumpWsp/Niotor OF

(Cr/0)pAyVi, (from an input Cr /o at the jump takeoff condition, SLS and hover rotor speed). The

bending moment capacity of the wing is
My, = 2EIBtb6U/tw
My, = 2CmEIsp€U/tw

Then the additional cross-section area is obtained from the moment deficit:

AM = My — (Mtb + Msp)
AAg, = 2AM/(ey Espto)
AWgpar = CiAAgppspbu [ €sp

where AM is replaced by zero if negative (no additional spar material required). If AWy, is positive, it
is added to Wy, , and the primary structure, fairing, flap, and fitting weights are recalculated. Parameters
are defined in table 19-1, including units as used in these equations. Here a consistent mass-length-time
system is used, producing Wy, and Wy, in slug or kg. Typically the input uses conventional English
units for density (Ib/in®) and modulus (Ib/in?).
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Table 19-1. Parameters for tiltrotor wing weight.

parameter definition units

Whoxs Wepar wing torque box and spar weights slug or kg
Wsp structural design gross weight Ib

(C1/0)jump rotor maximum thrust capability (jump takeoff)

Njump load factor at Wsp (jump takeoff)

Neotor number of rotors

bu wing span (length of torque box) ft or m

Ly = by — Wys wing length (span less fuselage width) ft or m

Cuw wing chord ftorm

Wep torque box chord to wing chord ratio

Cth = WipCop torque box chord ft orm

Tw wing airfoil thickness-to-chord ratio

tw = TwCw wing thickness ft or m

T'pylon pylon radius of gyration (pitch inertia = rgylothip) ft orm

Q rotor speed for wing weight design condition rad/sec

wr wing torsion mode frequency (fraction rotor speed) per rev

wp wing beam bending mode frequency (fraction rotor speed) per rev

we wing chord bending mode frequency (fraction rotor speed)  per rev

Pib density of torque box material slug/ft® or kg/m?
Psp density of spar cap material slug/ft? or kg/m?
G torque box shear modulus 1b/ft2 or N/m?
By torque box modulus Ib/ft? or N/m?
E,, spar modulus 1b/ft? or N/m?
€U ultimate strain allowable (minimum of spar and torque box)

Cy weight correction for spar taper (equivalent stiffness)

C; weight correction for spar taper (equivalent strength)

Cm strength correction for spar taper (equivalent stiffness)

e structural efficiency factor, torque box

Esp structural efficiency factor, spars

Utair unit weight of leading and trailing edge fairings 1b/ft? or kg/m?
Utap unit weight of control surfaces 1b/ft? or kg/m?
Stair area of leading and trailing edge fairings ft?> or m?

Shap area of control surfaces ft* or m?

St wing fittings and brackets (fraction maximum thrust of one rotor)

ftold wing fold/tilt (fraction total weight excluding fold, including weight on tips)
Wattach width of wing structural attachments to body ftorm

Uext unit weight of wing extension 1b/ft? or kg/m?
Sext area of wing extensions (Span bey times mean chord cexy) ft? or m?

Sefold wing extension fold/tilt (fraction extension weight)
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19-1.2 Aircraft Wing

There are two models intended for the wing of a compound helicopter: area method and parametric
method. For the area method (based on weight per unit area), the total wing weight excluding folding

1S:
Wwing = Sw Uy

fprim =1~ ffair - fﬂap - fﬁt
Typically U, = 5 to 9 Ib/ft?. For the parametric method (AFDD93), the total wing weight including
folding is:

Wsp 0.847
wine = 5.66411 ey 0'3957950'21754A0'50016
Wyying fLGloc (1000 COS Aw) n, w w

((1 + )‘w)/Tw)O'O%SQ (1 - l7f01d)7()'14356
fprim =1- ffair - fﬂap - fﬁt - ffold
where frgioe = 1.7247 if the landing gear is on the wing, and 1.0 otherwise. Based on 25 fixed-wing

aircraft, the average error of the aircraft wing equation is 3.4% (figure 19-1). Then the primary structure,
secondary structure, and control surface weights are:

Wprim = Xprimfprimwwing
Whair = Xfairffairwwing
Wﬂap = Xﬂapfﬂapwwing
Whe = Xft [t Wwing
Wrold = Xfold ftoldWwing
The wing extension weight is:

Wext = Sext Uext Wexe = Xext Wext

Wetold = fefold Wext Wefold = XefoldWefold
and these terms are added to Wp,in, and Wi,q. Parameters are defined in table 19-2, including units as
used in these equations.

Table 19-2. Parameters for aircraft wing weight.

parameter definition units
Sw wing planform area (theoretical) ft2
Uy unit weight of wing planform 1b/ft?
Wsp structural design gross weight 1b

n, design ultimate flight load factor at Wgp g

Ay wing sweep angle deg
Ay wing aspect ratio

Aw wing taper ratio (tip chord/root chord)

Tw wing airfoil thickness-to-chord ratio

bold fraction wing span that folds (0 to 1)

Stair fairings (fraction total wing weight)

fAap control surfaces (fraction total wing weight)

St fittings (fraction total wing weight)

frord fold/tilt (fraction total wing weight)

Uext unit weight of wing extension 1b/ft?
Sext area of wing extensions (Span by times mean chord ceyt) ft2

Jefold wing extension fold/tilt (fraction extension weight)
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19-2 Rotor Group

The rotor group consists of: blades, hub and hinge, spinner, and blade fold structure. The blade
and hub-hinge weights for the AFDDS82 model are:

0.6592 1.3371 ,0.99597,0.6682_,2.5279
Wplade = 0-02606Nr0t0rNb]ade R c ‘/tip Vhlade Wblade = XbladeWhblade
0.2807 p1.53777,0.4290 ,,2.1414 0.5505
Whub = 0~003722Nr0t0rNb13de R V;;ip Yhub (Wblade/Nrotor) oom Whub = XhubWhub

Based on 37 aircraft, the average error of the blade equation is 7.7% (figure 19-2). Based on 35 aircraft,
the average error of the hub equation is 10.2% (figure 19-3). The blade and hub-hinge weights for the
AFDDO00 model are:

0.53479 1»1.74231 ,0.772917,0.87562,,2.51048
Whlade = 0.0024419 feitt Nrotor Vpjade 12 c Viip " Vblade Whiade = XbladeWhlade
0.20373 10.604067,0.52803,,1.00218 0.87127
Whub = 0~0061182Nrot0rNb1ad0 R Vvtip Yhub (Wblade/Nrotor) Whub = XhubWhub

where fi;; = 1.17940 for tilting rotors; 1.0 otherwise. Based on 51 aircraft, the average error of the blade
equation is 7.9% (figure 19-4) and the average error of the hub equation is 12.2% (figure 19-5). This
equation for hub weight was developed using the actual blade weight. Using the blade weight equation
instead gives

0.16383 10.199377,0.06171 . 0.46203 1.02958
Whub = 0~18370Nr0t0rNb1ade R ‘/tip Yhub (wblade/Nrotor)

1.02958 0.71443 11.99321 0.795771,0.96323 0.46203, 2.58473
= 0.00037547 fiiis " Nrotor Vplade 1 c Viip Vhub  Vblade

which really just adds chord and fi;; to the regression parameters. Based on 51 aircraft, the average
error of this equation is 9.2% (figure 19-5). For teetering and gimballed rotors, the flap frequency v
should be the coning frequency. Thus using the blade weight equation results in a lower average error,
and best represents legacy rotor systems. The hub weight equation using the actual blade weight is best
for advanced technology rotors with blades lighter than trend.

The fairing/spinner and blade fold weights are:

Wepin = Xspin 7-386 Nyotor D2

spin

Wiold = Xtold froldWhlade

The blade weight is for all blades of the rotors. If the weight is evaluated separately for each rotor, then
Nyotor = 1 should be used in the equations. Typically fiq = 0.04 for manual fold and f;,q = 0.28 for
automatic fold. Parameters are defined in table 19-3, including units as used in these equations.

Table 19-3. Parameters for rotor weight.

parameter definition units
Niotor number of rotors

Nplade number of blades per rotor

R rotor radius in hover ft

¢ rotor mean geometric blade chord ft

Viip rotor hover tip velocity ft/sec
Vblades Vhub flap natural frequency (for weight estimate) per rev
Dgpin spinner diameter ft

frold blade fold weight (fraction total blade weight)
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19-2.1 Lift-Offset Rotor

For lift-offset rotors, the blade and hub weights can be calculated based on the methodology of
reference 3. The blade weight is estimated based on the beam stiffness required to maintain the clearance
s when the blade is loaded by the lift offset. The blade tip deflection is proportional to § o« PR3/EI,
where ET is the bending stiffness. The beam loading is P « n,WgspL/Npjage. With A, the blade
cross-section area, the moment of inertia I oc A,,t2. The criterion is § = h — s. Hence the blade weight
is Whiade ¢ pNplade RAzs x (p/E)n.WspLR*/(t?(h — s)) with E the elastic modulus, and p here the
material density. The hub weight is estimated based on the structure in upper and lower hub plates
required to react a tensile force F' = Ceont + Mpend/(2/2) due to combined centrifugal force and bending
moment at the root; where the hub plate separation x scales with the blade thickness ¢. The centrifugal
force Ceent X (Whiade /Nbladc)vt%p /R. The bending moment Myeng x n.WgspR. The limit tensile stress
o x F/A,s gives a criterion for the total hub arm area A, . The radius of the hub ¢ scales with the blade
thickness ¢. Hence the hub weight is Wy, < pNpladelAzs < (p/0) (Wbmdevgpt /R + Kn.WgspRNpade)
The distribution factor K is determined from the calibration weights. The inter-rotor shaft weight
is estimated based on the structure to react the hub moment caused by lift offset. The hub moment
M x n,WspLR. The shaft diameter d scales with the blade thickness ¢. The shaft length ¢ scales with
the rotor separation h. The ultimate bending stress ¢ = M/(I/c) gives a criterion for the area moment
I/c < d*w, hence for the shaft wall thickness w. Then Wypag o< pldw o< (p/o)n.WspLRh/t is the shaft
weight.

The blade, hub-hinge, and inter-rotor shaft weights are:
Whiade = Nrotor 0000083770 wL R/ (2(h — 5)t% ) Whlade = XbladeWblade

Whub = Nrotor (017153 w RNblade + 0~000010534(Wb1ade/Nrotor)vgpt.QR/R) Whub = XhubWhub

Wehatt = Nrotor 0.081304 wL R22h/t o5 Wihatt = XshaftWshatt

where w = n,Wsp /1000, and
0.8 4 0.2X

0.5 + 0.5)\>
is the blade thickness at 20% R. These equations were developed for the coaxial rotor configuration
(Niotor = 2), and calibrated to the XH-59A weights. The material factors (p/F and p/o) are included in
the technology factors x. These weight terms can be used separately, with other hub and blade weight
models. Parameters are defined in table 19-4, including units as used in these equations.

tor = T.2RC (

Table 19-4. Parameters for lift-offset rotor weight.

parameter definition units

Nirotor number of rotors

Nplade number of blades per rotor

Wsp structural design gross weight b

n, design ultimate flight load factor at Wsp g
blade taper ratio (tip chord/root chord)

ToR blade airfoil thickness-to-chord ratio (at 20% R)

R rotor radius ft

c blade mean chord ft

h coaxial rotor separation (fraction rotor diameter)

S coaxial rotor tip clearance (fraction rotor diameter)

L lift offset (Mroll/TR)

Viip rotor hover tip velocity ft/sec




162 AFDD Weight Models

19-3 Empennage Group

The empennage group consists of: horizontal tail, vertical tail, and tail rotor. The tail plane weight
consists of the basic structure and fold structure. The weight model depends on the aircraft configuration.
The helicopter or compound model is AFDD82. The horizontal tail weight is:

tiltrotor or tiltwing Wit = XntSnt(0.003958%:2Vyive — 0.4885)
helicopter or compound Wit = xnt0.71765;;,1881 49,3173
Based on 13 aircraft, the average error of the helicopter horizontal tail equation is 22.4% (figure 19-6).
The vertical tail weight is:
tiltrotor or tiltwing Wt = XotS0:(0.003955%2Viive — 0.4885)
helicopter or compound Wt = Xt 1.0460 f;, 52,2441 A9;5332
where fi, = 1.6311 if the tail rotor is located on the vertical tail; 1.0 otherwise. Based on 12 aircraft,
the average error of the helicopter vertical tail equation is 23.3% (figure 19-7). Vgive is the design dive
speed, calculated or input; Viive = 1.25Viax, Where Viax is the maximum speed at design gross weight

and SLS conditions. The fold weight is a fraction of the basic weight: Wiya = Xtold ffola Whasic, Where
Wbasic - Wht or th-

The tail rotor weight is:

Wi = XtT1’3778Rt07‘~0897(PDSlimitR/‘/tip)O-895l

Based on 19 aircraft, the average error of the helicopter tail rotor equation is 16.7% (figure 19-8). The
tail rotor weight is calculated by the rotor component model. Rotor weight models can be used for the
tail rotor. Parameters are defined in table 19-5, including units as used in these equations.

Table 19-5. Parameters for tail weight.

parameter definition units
She horizontal tail planform area ft2
St vertical tail planform area ft2
Apy horizontal tail aspect ratio

Ay vertical tail aspect ratio

Viive design dive speed at sea level kts
Ry, tail rotor radius ft
Ppsiimit drive system rated power hp
R main rotor radius in hover ft
Viip main rotor hover tip velocity ft/sec
frold fold (fraction basic weight excluding fold)

194 Fuselage Group

The fuselage group consists of: basic structure; wing and rotor fold/retraction; tail fold/tilt; and
marinization, pressurization, and crashworthiness structure. The AFDD84 model is a universal body
weight equation, used for tiltrotor and tiltwing as well as for helicopter configurations. The AFDD82
model is a helicopter body weight equation, not used for tiltrotor or tiltwing configuration.
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For the AFDD84 (UNIV) model, the basic structure weight is

0.4879 0.2075
Warro n.Wsp §0-1676 40.1512
1000 1000 body

Whpasic = 25-41fLGlochGretframp (
Whasic = Xbasic Whasic

where frgoc = 1.1627 if the landing gear is located on the fuselage, and 1.0 otherwise; frgret = 1.1437
if the landing gear is on the fuselage and retractable, and 1.0 otherwise; framp = 1.2749 if there is a
cargo ramp, and 1.0 otherwise. Based on 35 aircraft, the average error of the body equation is 6.5%
(figure 19-9). The tail fold, wing and rotor fold, marinization, pressurization, and crashworthiness
weights are:

Wifold = [ifola Whail Wifold = Xtfold Wtfold
Wywtold = fwtold(Wiwing + Whip) Wivtold = XwoldWwfold
Wmar = fmaerasic Wnar = XmarWmar
Wpress = fpresstasic Wpress = XpressWpress
Wew = fcw(Wbasic + Witold + Wywiold + Wiar + Wpress) Wew = Xew Wew

Typically fit1qa = 0.30 for a folding tail, and f.,, = 0.06. For wing folding the weight on the wing tip
(Wiip) 1s required (calculated as for the wing group). Parameters are defined in table 19-6, including
units as used in these equations.

Table 19-6. Parameters for fuselage weight (AFDD84 model).

parameter definition units
Wuro maximum takeoff weight Ib
Wsp structural design gross weight b
Shody wetted area of body ft2
R main rotor radius ft
n, design ultimate flight load factor at W p g
14 length of fuselage ft
fitold tail fold weight (fraction tail weight)

fwtold wing and rotor fold weight (fraction wing/tip weight)

Whail tail group weight

Weing + Whip wing group weight plus weight on wing tip

Jmar marinization weight (fraction basic body weight)

Spress pressurization (fraction basic body weight)

fow crashworthiness weight (fraction fuselage weight)

For the AFDDS82 (HELO) model, the basic structure weight is

WMTO 0.4908 .
Whasic = 5~896framp ( 1000 ) n2‘1323sg;)2d5;l460.6100

Whasic = XbasicWhasic

where framp = 1.3939 if there is a cargo ramp, and 1.0 otherwise. Based on 30 aircraft, the average
error of the body equation is 8.7% (figure 19-10). The tail fold, wing and rotor fold, marinization,
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pressurization, and crashworthiness weights are:

Wisold = fitold Whasic Wifold = Xtfold Wtfold
Wwiold = fwfold(WbaSic + Wtfold) Wwfold = Xwfold Wwfold
Wmar = fmaeraSic War = XmarWmar
Wpress = fpresstasic Wpress = XpressWpress
Wew = few(Whasic + Witold + Wiwtold + Winar + Woress) Wew = XewWew

Typically fito1qa = 0.05 for a folding tail, and f.,, = 0.06. Parameters are defined in table 19-7, including
units as used in these equations.

Table 19-7. Parameters for fuselage weight (AFDD82 model).

parameter definition units
Wyrro maximum takeoff weight Ib
Shody wetted area of body ft2
R main rotor radius ft
n, design ultimate flight load factor at Wsp g
14 length of fuselage ft
Jtfold tail fold weight (fraction basic structure)

fwold wing and rotor fold weight (fraction basic structure and tail fold)

fmar marinization weight (fraction basic body weight)

fpress pressurization (fraction basic body weight)

few crashworthiness weight (fraction fuselage weight)

19-5 Alighting Gear Group

The alighting gear group consists of: basic structure, retraction, and crashworthiness structure.
There are two models, parametric (AFDD82) and fractional. The basic landing gear weight is:

parametric wrg = 0.4013W G NP &0 (W) §)0-19%
fractional wrg = fraWuro

and Wrg = xrewre. Typically fre = 0.0325 (fractional method). Based on 28 aircraft, the average
error of the parametric equation is 8.4% (figure 19-11). The retraction and crashworthiness weights are:

WrGret = fLGretWra WLGret = XLGretWLGret

Wrgew = fraew Wra + Wicret) WiGew = XLGewWLGew

Typically frgret = 0.08,and frgew = 0.14. Parameters are defined in table 19-8, including units as used
in these equations.

Table 19-8. Parameters for landing gear weight.

parameter definition units
Wyrro maximum takeoff weight b
fre landing gear weight (fraction maximum takeoff weight)

w/Ss wing loading (1.0 for helicopter) 1b/ft?
Nia number of landing gear assemblies

frGret retraction weight (fraction basic weight)

fLGew crashworthiness weight (fraction basic and retraction weight)
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19-6 Engine Section or Nacelle Group and Air Induction Group

The engine section or nacelle group consists of: engine support structure, engine cowling, and
pylon support structure. The weights (AFDD82 model) are:

Wsupt - Xsupto-0412(1 - fairind)(Weng/Neng)l'lzlggNelﬁZ?ﬁz
Weowt = XCOW10'231551'3476

nac

Wpylon = Xpylon fpylon Warro

Based on 12 aircraft, the average error of the engine support equation is 11.0% (figure 19-12). Based on
12 aircraft, the average error of the engine cowling equation is 17.9% (figure 19-13). The air induction
group weight (AFDD82 model) is:

Wairind = Xairind0~0412fairind (Weng/Neng) 1'1433N1'3762

eng

Typically fairina = 0.3 (range 0.1 to 0.6). Based on 12 aircraft, the average error of the air induction
equation is 11.0% (figure 19-14). Parameters are defined in table 19-9, including units as used in these
equations.

Table 19-9. Parameters for engine section, nacelle, and air induction weight.

parameter definition units
Wuro maximum takeoff weight Ib
Weng weight all main engines Ib
Neng number of main engines

Shac wetted area of nacelles and pylon (less spinner) ft2
Sairind air induction weight (fraction nacelle plus air induction)

foylon pylon support structure weight (fraction Wy;7r0)

19-7 Propulsion Group

The propulsion group consists of the engine system, fuel system, and drive system.

19-7.1 Engine System

The engine system consists of the main engines, the engine exhaust system, and the engine acces-
sories. The engine system weights are:

chg = chchngWonc eng
Wexh = Xetheng(KOexh + Klexhp)
VVacc = Xac020088 flub(Weng/Neng)O‘sglgNOjSSS

eng

where fi,, = 1.4799 if the accessory weight includes the lubrication system weight, 1.0 if the lubrication
system weight is in the engine weight. The exhaust system weight is per engine, including any IR
suppressor. The accessory weight equation is the AFDD82 model. Based on 16 aircraft, the average
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error of the accessories equation is 11.5% (figure 19-15). The engine system weight Wgg = Wepg +
Wexn + Wace. Parameters are defined in table 19-10, including units as used in these equations.

Table 19-10. Parameters for engine system weight.

parameter definition units
Neng number of main engines

r installed takeoff power (SLS static, specified rating) per engine hp
Koexhs Kiexh engine exhaust weight vs. power, constants

19-7.2 Propeller/Fan Installation

The auxiliary propulsion or propeller weight is:

AFDD82 Wt = Xat0.0809484 N, T4 (T,,, /A gy ) 007821
AFDD10 Wee = Xat9_90350NatP3f:91996N&;Jc.li8578Q;r%§5904Dg.r§£)690fm

where T,; is at maximum speed, design gross weight, and SLS conditions, calculated or input. The
material factor f,, = 1 for composite construction; 1.20 for wood; 1.31 for aluminum spar; 1.44 for
aluminum construction. Based on 16 aircraft, the average error of the AFDD10 equation is 10.5%. The
propeller weight is calculated by the rotor component model. Rotor weight models can be used for the
propeller. Parameters are defined in table 19-11, including units as used in these equations.

Table 19-11. Parameters for propeller weight.

parameter definition units
Na: number of auxiliary thrusters

Tot thrust per propeller Ib
Ay auxiliary thruster disk area ft?
Porop power per propeller hp
Nilade number of blades per propeller

Qprop propeller rotation speed rpm
D propeller diameter ft

19-7.3 Fuel System

The fuel system consists of tanks and support structure (including fuel tanks, bladders, supporting
structure, filler caps, tank covers, and filler material for void and ullage), and fuel plumbing (including
fuel system weight not covered by tank weight). The fuel system weights (AFDD82 model) are:

Wtank _ Xtank0.434100.7717Ni(31.t5897fcw fét.9491

int

Wplumb = Xplumb [KOplumb + Klplumb (0~01Nplumb + O-O6Neng)(F/Neng)0'866}

where f., = 1.3131 for ballistically survivable (UTTAS/AAH level) and 1.0 otherwise. The ballistic
tolerance factor fi,; = 1.0 to 2.5. Based on 15 aircraft, the average error of the fuel tank equation is 4.6%
(figure 19-16). The fuel flow rate F' is calculated for the takeoff power rating at static SLS conditions.
Kipumb 18 a crashworthiness and survivability factor; typically Kipumb = 2. Koplumb 1S the sum of
weights for auxiliary fuel (typically up to 120 Ib), in-flight refueling (up to 150 Ib), pressure refueling



AFDD Weight Models 167

(up to 150 1b), inerting system (up to 20 Ib), etc.; typically Kopjump = 50 to 250 Ib. Parameters are
defined in table 19-12, including units as used in these equations.

Table 19-12. Parameters for fuel system weight.

parameter definition units
Nint number of internal fuel tanks

Cint internal fuel tank capacity gallons
fo ballistic tolerance factor

Nplumb total number of fuel tanks (internal and auxiliary) for plumbing

Neng number of main engines

Koptumb, K1plumb plumbing weight, constants

F fuel flow rate Ib/hr

19-74 Drive System

The drive system consists of gear boxes and rotor shafts, drive shafts, and rotor brake. This
distribution of drive system weights is based on the following functional definitions. Gearboxes are
parts of the drive system that transmit power by gear trains, and the structure that encloses them. Rotor
shafts are the structure (typically a shaft) that transmits power to the rotor. Drive shafts are the structure
(typically a shaft) that transmits power in the propulsion system, but not directly to the rotor or by a gear
train. The rotor brake weight encompasses components that can prevent the rotor from freely turning.
The gear box and rotor shaft weights for the AFDD83 model are:

Woprs = 57.T2PSEL05, F50650 NO0663 () /1000)0-0869 /(20,6379

rotor
ng = ng(]- - frs)wgbrs
Wys = erfrswgbrs

Based on 30 aircraft, the average error of the gear box and rotor shaft equation is 7.7% (figure 19-17).
The gear box and rotor shaft weights for the AFDD00 model are:

— 0.38553 p0.78137 (7/0.09899 0.80686
Wybrs = 95'7634Nr0tor PDSlimitQCng /Qrotor

qu = ng(l - frs)wgbrs
Wys = erfrswgbrs

Based on 52 aircraft, the average error of the gear box and rotor shaft equation is 8.6% (figure 19-18).
Typically f,s = 0.13 (range 0.06 to 0.20). Parameters are defined in table 19-13, including units as used
in these equations.

The drive shaft (AFDD82 model) and rotor brake weights are:

Wi = e LIGOQBEES 55 N 0,01 )25

Wiy = xr60.000871Wi1aae(0.01V45,)?

where fp = foQother/main. Based on 28 aircraft, the average error of the drive shaft equation is 16.0%
(figure 19-19). Based on 23 aircraft, the average error of the rotor brake equation is 25.1% (figure 19-20).
The clutch weight in the weight statement is associated with an auxiliary power unit, and is a fixed input
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value. The conventional rotor drive system clutch and free wheeling device weights are included in the
gear box and rotor shaft weight equations. Parameters are defined in table 19-14, including units as used
in these equations.

Typically fp = fo = 60% for twin main rotors (tandem, coaxial, and tiltrotor); for a single main
rotor and tail rotor, fo = 3% and fp = 15% (18% for 2-bladed rotors).

Table 19-13. Parameters for drive system weight.

parameter definition units

Ppsitimit drive system rated power hp

Nrotor number of main rotors

N, number of gear boxes

Qrotor main rotor rotation speed rpm

Qeng engine output speed rpm

fo second (main or tail) rotor rated torque %
(fraction of total drive system rated torque)

frs rotor shaft weight (fraction gear box and rotor shaft)

Table 19-14. Parameters for drive shaft and rotor brake weight.

parameter definition units

QDSlimit PDSlimit/Qrotor hp/rpm

Nys number of intermediate drive shafts

Thub length of drive shaft between rotors ft

fp second (main or tail) rotor rated power %
(fraction of total drive system rated power)

Viip main rotor tip speed ft/sec

19-8 Flight Controls Group

The flight controls group consists of cockpit controls, automatic flight control system, and system
controls. W,. and W, ;. weights are fixed (input). System controls consist of fixed wing flight controls,
rotary wing flight controls, and conversion (rotor tilt) flight controls. The weight equations model
separately non-boosted controls (which do not see aerodynamic surface or rotor loads), boost mechanisms
(actuators), and boosted controls (which are affected by aerodynamic surface or rotor loads). The load
path goes from pilot, to cockpit controls, to non-boosted controls, to boost mechanisms, to boosted
controls, and finally to the component.

Fixed wing flight controls consist of non-boosted flight controls and flight control boost mechanisms.
The weights are:

full controls w = 0.91000W %5,
only stabilizer controls w = 0.01735W](\)ﬁ184552't40952

and then
WrEWwnb = XFWnbfFwns W

Wewmb = Xewmb(1 — frwny) w
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For a helicopter, the stabilizer control equation is used. Parameters are defined in table 19-15, including
units as used in these equations.

Table 19-15. Parameters for fixed wing flight control weight.

parameter definition units
Shi horizontal tail planform area ft2
Wumro maximum takeoff weight Ib
fEWnb fixed wing non-boosted weight

(fraction total fixed wing flight control weight)

Rotary wing flight controls consist of non-boosted flight controls, flight control boost mechanisms,
and boosted flight controls. The non-boosted flight control weight (AFDD82 model) is:

fraction method Wrwnb = XRwnbfRWnb(1 — fRWhyd)Wye
parametric method Wawnb = XRwnb2- 1785 frpso Wiing N385

where fp5, = 1.8984 for ballistically survivable (UTTAS/AAH level); 1.0 otherwise. The parametric
method assumes the rotor flight controls are boosted and computes the weight of the non-boosted portion
up to the control actuators. Based on 20 aircraft, the average error of the non-boosted flight controls
equation is 10.4% (figure 19-21). The flight control boost mechanism weight and boosted flight control
weight (AFDDS82 model) are:

Wee = 02873fmb8’u (NrotorNblade)0.625701.3286 (O_Olmip)2.1129 103.‘%9;162(1

Wawmb = Xrwmb(1 — fRWhyd)W e
Waws = Xrw60.02324 foss (Nrotor Notade) " Nigtar > 229 (0.01 V) > 1577

rotor

where f,.ps0 = 1.3029 and f,s, = 1.1171 for ballistically survivable (UTTAS/AAH level); 1.0 otherwise;
and frwreda = 1.0 to 3.0. Typically frwns = 0.6 (range 0.3 to 1.8); frwnya = 0.4. Based on 21 aircraft,
the average error of the boost mechanisms equation is 6.5% (figure 19-22). Based on 20 aircraft, the
average error of the boosted flight controls equation is 9.7% (figure 19-23). Parameters are defined in
table 19-16, including units as used in these equations.

Table 19-16. Parameters for rotary wing flight control weight.

parameter definition units
Wyrro maximum takeoff weight b
Nrotor number of main rotors

Nplade number of blades per rotor

c rotor mean blade chord ft
Viip rotor hover tip velocity ft/sec
FRWnb rotary wing non-boosted weight (fraction boost mechanisms weight)

frRWhyd rotary wing hydraulics weight

(fraction hydraulics plus boost mechanisms weight)
JfRWred flight control hydraulic system redundancy factor
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The conversion controls consist of non-boosted tilt controls, and tilt control boost mechanisms;
they are used only for tilting rotor configurations. The weights are:

wevmy = fevmmWuro Wevmb = XCVmbWoVmb

wevns = fevaWevms Wevne = XCvnbWevnb

Parameters are defined in table 19-17, including units as used in these equations.

Table 19-17. Parameters for conversion control weight.

parameter definition units
Wyrro maximum takeoff weight Ib
fovne conversion non-boosted weight (fraction boost mechanisms weight)

fovme conversion boost mechanisms weight (fraction maximum takeoff weight)

19-9 Hydraulic Group

The hydraulic group consists of hydraulics for fixed wing flight controls, rotary wing flight controls,
conversion (rotor tilt) flight controls, and equipment. The hydraulic weight for equipment, Wgopua, 1S
fixed (input). The weights (AFDDS82 model) are

Wrwhyd = XFWhyd [FWhyd WFEWmsb
WRWhyd = XRWhyd fRWhydW fc

Wevhyd = XcFhyd fovhyaWevms

Typically frwnya = 0.4. Parameters are defined in table 19-18, including units as used in these equations.

Table 19-18. Parameters for hydraulic group weight.

parameter definition units
fFWhyd fixed wing hydraulics weight (fraction boost mechanisms weight)
frRWhyd rotary wing hydraulics weight
(fraction hydraulics plus boost mechanisms weight)
fovhya conversion hydraulics weight (fraction boost mechanisms weight)

19-10 Anti-Icing Group

The anti-icing group consists of the anti-ice system. The electrical system for anti-icing is part of
the electrical group. The weights are obtained from the sum over all rotors, all wings, and all engines:

Whrelect = XDIelect § kelecAblade

WDIsys = XDIsys (Z krotorAblade + Z kwinggwing + kair Z Weng)
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Parameters are defined in table 19-19, including units as used in these equations.

Table 19-19. Parameters for anti-icing group weight.

parameter definition units
Ablade total blade area of rotor, from geometric solidity ft2 or m?
Lwing wing length (wing span less fuselage width) ft or m
Eelect electrical system weight factor

Erotor rotor deice system weight factor

Ewing wing deice system weight factor

Eair engine air intake deice system weight factor

19-11 Other Systems and Equipment

The following weights are fixed (input) in this model: auxiliary power group; instruments group;
pneumatic group; electrical group (aircraft); avionics group (mission equipment); armament group
(armament provisions and armor); furnishing and equipment group; environmental control group; and
load and handling group. Typical fixed weights are given in table 19-20, based on medium to heavy
helicopters and tiltrotors.

Table 19-20. Other systems and equipment weight.

group typical weight (Ib)
SYSTEMS AND EQUIPMENT
flight controls group
cockpit controls 100-125
automatic flight control system 35-200
flight control electronics, mechanical 35-100
flight control electronics, fly-by-wire 250
auxiliary power group 130-300
instruments group 150-250
hydraulic group
equipment 50-300
electrical group 400-1000
avionics group (mission equipment) 400-1500
furnishings & equipment group 600-1000
crew only 100-200
environmental control group 50-250
anti-icing group 50-300
load & handling group
internal 200400
external 150-300
FIXED USEFUL LOAD
crew 500-800

fluids (oil, unusable fuel) 50-150
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19-12 Folding Weight

Folding weights are calculated in a number of groups: wing Wi,4 (including extensions), rotor
Wiold» tail Wioa, fuselage Wigo1g and Wyso1a. These are the total weights for folding and the impact of
folding on the group. A fraction fi,qxis Of these weights can be in a kit, hence optionally removable.
Thus of the total folding weight, the fraction fiqxis 1S @ kit weight in the fixed useful load of the weight
statement, while the remainder is kept in the wing, rotor, or fuselage group weight.

19-13 Parametric Weight Correlation

Table 19-21 summarizes the satistics of the parametric weight estimation equations. Figure 19-24
shows the error of the calculated weight for the sum of all parametric weight, accounting on average
for 42% of the empty weight. This sum is composed of the structural group (based on the AFDDO00
equation for rotor blade and hub weights, and the AFDD84 equation for body weight), the propulsion
group (based on the AFDDO0O equation for drive system weight), and the flight controls group. Based
on 42 aircraft, the average error of the sum of all parametric weight is 5.3%. The corresponding average
error is 6.1% for the structural group (8.6% for the rotor group alone), 10.9% for the propulsion group,
and 8.7% for the flight controls group.

Table 19-21. Statistics of parametric weight equations.

group number of aircraft average error (%)
wing 25 34
rotor blade AFDD8g2 37 7.7
rotor hub AFDDg2 37 10.2
rotor blade AFDDO00 51 79
rotor hub AFDDO00 51 12.2
horizontal tail 13 224
vertical tail 12 233
tail rotor 19 16.7
fuselage AFDDg2 30 8.7
fuselage AFDD84 35 6.5
alighting gear 28 8.4
engine support 12 11.0
engine cowling 12 179
air induction 12 11.0
accessory 16 115
propeller AFDDI10 16 10.5
fuel tank 15 4.6
gear box + rotor shaft AFDDS3 30 7.7
gear box + rotor shaft AFDDO00 52 8.6
drive shaft 28 16.0
rotor brake 23 25.1
rotary wing flight controls non-boosted 20 104
rotary wing flight controls boost mechanisms 21 6.5

rotary wing flight controls boosted 20 9.7
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Figure 19-15. Propulsion group, accessories weight (AFDDS2).
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Figure 19-17. Propulsion group, gear box and rotor shaft weight (AFDD83).
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Figure 19-18. Propulsion group, gear box and rotor shaft weight (AFDDO00).
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Figure 19-19. Propulsion group, drive shaft weight (AFDD82).
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Figure 19-20. Propulsion group, rotor brake weight.
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Figure 19-21. Flight controls group, rotor non-boosted control weight (AFDD82).
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Figure 19-22. Flight controls group, rotor boost mechanisms weight (AFDDS2).
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Figure 19-23. Flight controls group, rotor boosted control weight (AFDDS82).
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Figure 19-24. Sum of all parametric weight.
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