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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 NASA 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; then 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 U.S. Department of Defense Joint Study Group was formed in April 1975 to perform an Interser-
vice Helicopter Commonality 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 developer 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 per-
formance 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 (Light Helicopter Experimental) 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
HELQ, 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 nautical miles, at
aspeed of 350 knots and 30000-foot 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 previously 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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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 (fig. 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
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 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 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
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fixed model or
previous job or

DESIGN previous case ANALYZE

Airframe
Aerodynamics Map

Sizing Task
size iteration

Aircraft Engine
Description Performance Map

| Mission Analysis

design

conditions design Flight
missions N Performance
\ Analysis
VvV 4,1/

Flight Condition : M'SS'On. :

max GW adjust & fuel wt iteration
max takeoff GW
\ Jeach segment

Flight State
max effort / trim aircraft / flap equations

Figure 1-1. Outline of NDARC tasks.

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 the basis for 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
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Chapter 2

Nomenclature

The nomenclature for geometry and rotations employs the following conventions. A vector z 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) = is a vector measured in axes A;
b) z¥F/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 —us (5
u= us 0 —Uu
—Ug (U5} 0

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

(AB _ _5AB/AGAB _ AB;BA/B

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

(1 0 0
Xa=10 cosa sinao

|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, CB4 = X,Y,Z,, means that the axes B are located relative to the axes A by first
rotating by angle v about the z-axis, then by angle 6 about the y-axis, and finally by angle ¢ about the
x-axis.
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Acronyms
AFDD
ASM
CAS
CPI
CRP
DoD
ECU
EG
ERP
FCE
ICAO
IGE
IRP
IRS
ISA
1SO
JVX
MCP
MEP
MRP
OEI
OGE
PG
RPTEM
SDGW
SLS
TAS
WMTO

Weights
Wp
WEg
Wharro
Wsp

inb
Wcont

U.S. Army Aeroflightdynamics Directorate
available seat mile

calibrated airspeed

consumer price index

contingency rated power

Department of Defense

environment control unit

engine group

emergency rated power

flight control electronics

International Civil Aviation Organization
in-ground-effect

intermediate rated power

infrared suppressor

International Standard Atmosphere
International Organization for Standardization
Joint Vertical Experimental

maximum continuous power

mission equipment package

maximum rated power

one-engine inoperative
out-of-ground-effect

propulsion group

referred parameter turboshaft engine model
structural design gross weight

sea-level, standard day

true airspeed

maximum takeoff weight

design gross weight

empty weight

maximum takeoff weight
structural design gross weight

gross Weight, Wa =Wg +Wyr = Wo + Wpay + Whuel

operating weight, Wo = Wg + Wgyp,
useful load, Wy, = Wrur + Woay + Whuel
payload

fuel weight

fixed useful load

mission fuel burn

vibration control weight

contingency weight

technology factor

Nomenclature
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Fuel Tanks
Nauxtank number of auxiliary fuel tanks
Vtuel—cap fuel capacity, volume
Waux—cap auxiliary-fuel-tank capacity
Wiuel—cap fuel capacity, maximum usable fuel weight
Power
Ninop number of inoperative engines, engine group
Piopc power available, propulsion group; min(}" fpPavra, (Qprim/ret) PDSlimit )
P..Ec power available, engine group; (Neng — Ninop) Pav
Pregpc power required, propulsion group; Peomp + Pxmsn + Pace
PreqEG power required, engine group
Peomp component power required
Pimen transmission losses
P, accessory power
Ppsiimit drive-system torque limit (specified as power limit at reference rotor speed)
Prstimit engine-shaft rating
Prstimit rotor-shaft rating
Engine
D,y momentum drag
Fn net jet thrust
m mass flow (conventional units)
N specification turbine speed
Neng number of engines in engine group (EG)
Peng sea-level static power available per engine at specified takeoff rating
P, power available, installed; min(P, — Ploss; Prmech)
P, power available, uninstalled
Preq power required, installed; P, — Pioss
P, power required, uninstalled
Pioss installation losses
Prech mechanical power limit
sfc specific fuel consumption, w/P (conventional units)
SP specific power, P/ (conventional units)
SW specific weight, P/W
w fuel flow (conventional units)
Tip Speed and Rotation
Nspec specification engine-turbine speed (rpm)
r gear ratio; Qgep/Qprim for rotor, Qspec/Qprim for engine
Viip—ref reference tip speed, propulsion group primary rotor; each drive state
Qprim primary-rotor rotational speed, Q = Viip_ret/R
Qqep dependent-rotor rotational speed, Q = Vi;p—rer/R

Qspec

specification engine-turbine speed
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Mission
D
dR
FE
R
T
w
Environment
Cs
g
h
T
Vw
o
12
p
T

Axis Systems

R Bl oe N

Geometry
l
L
S wet

SL, BL, WL

z/L,y/L,z/L

Ty Y, 2

mission segment distance

mission segment range contribution
endurance

range

mission segment time

fuel flow

speed of sound
gravitational acceleration
altitude

temperature, °R or °K
wind speed

viscosity

kinematic viscosity
density

temperature, °F or °C

component aerodynamic
component

aircraft

inertial

velocity

length

reference length (fuselage length, rotor radius, or wing span)

wetted area

fixed input position (station line, buttline, waterline)
positive aft, right, up; arbitrary origin

Nomenclature

scaled input position; positive aft, right, up; origin at reference point

calculated position, aircraft axes; positive forward, right, down;

origin at reference point for geometry,
origin at center of gravity for motion and loads

component position vector, in aircraft axes, relative reference point
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Motion

F
Auc

¢F’ HF’ wF
H.V’ ’(/}V
(4

F
Wac
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aircraft linear acceleration

load factor

aircraft velocity magnitude

aircraft velocity

climb velocity

calibrated airspeed, V\/p/po

forward velocity

horizontal velocity

sideward velocity

roll, pitch, yaw angles; orientation airframe axes F relative inertial axes
climb, sideslip angles; orientation velocity axes V relative inertial axes
turn rate

aircraft angular velocity

Aerodynamics and Loads

Cds C
Cp,Cy,Cp
Ce, Crr, Cn
D,Y,L
D/q

F

by

M

M,, My’ M,

L)

SRR <

Aircraft
Aref
c
CAC
D e
DL
L / D,
M
S ref
T
WL

Qtilt

section drag, lift coefficients

component drag, side, lift force coefficients

component roll, pitch, yaw moment coefficients

aerodynamic drag, side, lift forces (component aerodynamic axes A)
drag area, SCp (S = Reference area of component)

force

ratio flap chord to airfoil chord, ¢;/c

moment

aerodynamic roll, pitch, yaw moments (component aerodynamic axes A)
dynamic pressure, 14p|v|?

component velocity relative air (including interference)

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

flap deflection

reference rotor area, ., f4 A; typically projected area of lifting rotors
component control, ¢ = STcac + co

aircraft control

aircraft effective drag, P/V

disk loading, Wp /A,et

aircraft effective lift-to-drag ratio, WV/P
aircraft hover figure of merit, W/W/2pA,.s/P
reference wing area, »  S; sum area all wings
control matrix

wing loading, Wp /St

tilt control variable



14

Rotor

Cdmean

Nomenclature

disk area

profile power mean drag coefficient, Cp, = (0/8)cimeanF'r
thrust coefficient divided by solidity, T/pA(QR)%o
design blade loading, W/pAV;3 o (Vi;, = hover tip speed)
drag, side, thrust force on hub (shaft axes)

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

rotor hover figure of merit, T fpv/P

advancing tip Mach number

roll, pitch moment on hub

induced, profile, parasite power

shaft torque

blade radius

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

design thrust of antitorque or auxiliary thrust rotor

disk loading, W = fyyWp

longitudinal, lateral flapping (tip-path plane tilt relative shaft)
blade Lock number

propulsive efficiency, TV/P

induced power factor, P; = £ Piqeal

inflow ratio

advance ratio

blade flap frequency (per-rev)

blade collective pitch angle (at 75% radius)

lateral, longitudinal blade pitch angle)

solidity (ratio blade area to disk area)

blade azimuth coordinate

aspect ratio, b?/9

span

chord, S/b

area

wing loading, W = fiy Wp



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 (Pepg).
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 P.,, for fixed R. The engine power is the maximum
of the power required for all sizing flight conditions and sizing missions (typically
including vertical flight, forward flight, and one-engine inoperative). Hence the
engine power is changed by the ratio max(P,.qrc/Pavpc) (excluding 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 sizing flight conditions and sizing missions is calculated, and then the rotor
radius determined such that the power required equals the input power available.
The change in radius is estimated as R = Roia\/Preqpc/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
and missions (for which gross weight is not fixed).
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b) Maximum takeoff gross weight Wj,;ro: maximum gross weight from designated
conditions (for which gross weight is not fixed).

¢) Drive-system torque limit Ppg)imit: 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.

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

A successive substitution method is used for the sizing iteration, with an input tolerance e. Relax-
ation is applied to Pepe O R, Wp, Warro, Ppsiimits Wiuel—cap> aNd Tyesion. Convergence is tested in terms
of these parameters, and the aircraft weight empty Wx. 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, Ppsiimits Wiuel—caps aNd Taesign. 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+¢€)P.upa
(for each propulsion group).

b) The torque required does not exceed the drive-system limit: For each propulsion
group Pre,pc /S < (14€) Ppsiimit/Qprim- Rotor-shaft torque and engine-shaft torque
are also checked.

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

These checks are performed using an input tolerance .

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.

If the sizing task determines the engine power for a propulsion group, the power P.,, of at least one
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engine group is found (including the firstengine group). The total powerrequiredis Pp = r Y Neng Peng.
where r = max(Preqpc/Pavpc). The sized power iS Psized = Ppa — Y giyeq 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 =}, ; ,.q [» 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 V;;,, and blade loading Cyy /o = W/ pAVt?pa. 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 Cyy /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 Cyw /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 adjusted 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 f7T4esign, Where fr is an input factor and Tyegign 1S the maximum thrust from
designated design conditions.

3-1.2.4 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 = fi Wp.

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 Wiyel—cap (maximum usable fuel weight) is determined from designated
sizing missions. The maximum mission fuel required, Wiye1—miss (€xcluding reserves and any fuel in
auxiliary tanks), gives

quelfcap = max(ffuelfcapwfuelfmissa quelfmiss + Wreserve)

where frel—cap > 1 18 an input factor. Alternative, the fuel-tank capacity We1—cap can be input.

3-1.2.6 Weights

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

dspew + fspaw Wb
Wsp =d W =
SD SDGW + fSDGW { dSDGW + fS'DGW(WD - quel + ffueleuelfcap)

dwyrro + fwuroWp

%% =dwnm W =
mro = dwmro + fwmro { dwmro + fwmro(Wp — Wiel + Whael—cap)

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

3-1.2.7 Drive-System Rating

The drive-system rating is defined as a power limit, Ppgsimit- The rating is properly a torque limit,
Qpsimit = Ppsumit/2, but is expressed as a power limit for clarity. The drive-system rating can be
specified as follows:

a) Input Ppgiimit-

b) From the engine takeoff power rating, Ppsiimit = fiimit p_ Neng Peng (Summed over
all engine groups).

¢) From the power available at the transmission sizing flight conditions, Ppgiimit =
Jiimit (Qret/Qprim) Y, Neng Paw (largest of all conditions).

d) From the power required at the transmission sizing flight conditions, Ppgiimit =
Siimit (Qrer/Qprim) D Neng Preq (largest of all conditions).

with fiinit 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 (Pgsimis). 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 it is scaled with the rotational speed of
the flight state. The rotation speed for the drive-system rating Ppsiimit i the hover speed of the primary
rotor of the propulsion group (for the first drive state). The rotation speed for the engine-shaft rating
Pgsiimit 18 the corresponding engine turbine speed. The rotation speed for the rotor-shaft rating Prsiimit
is 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
is calculated. Power required, torque (drive system, engine shaft, and rotor shaft), and fuel weight are
then verified to be within limits.
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3-4.1 Engine Performance

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

3-4.2 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 vi, = 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 C¥f4 =Y, Z_ s (optionally ctrA=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,
FA=|Y | =C*F" MA=| M, | =CcFMF

L M,

The center of action for the total loads is the fuselage location zf,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.
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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 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, Wp (calculated or input).

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

c¢) 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;r0 (W =d + fWyro).
e) Input W.

f) Gross weight from specified mission segment (such as midpoint hover).

g) Gross weight maximized, such that power required equals power available: zero
power margin, min(Py, pg — Pregpe) = 0 (minimum over all propulsion groups).
h) Gross weight maximized, such that power required equals input power:

min((d + fPuwpra) — Pregpe) = 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).

i) Gross weight fallout from input payload and fuel weights: Wg = Wo + Wyay +
Wiuel-

Only the last three 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 midpoint mission segment. 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: Wyl = We — Wo — Wiy

b) Input fuel weight Wi, payload-weight fallout: Wy, = W — Wo — Wyl

¢) Input payload and fuel weights, gross-weight fallout (must match gross-weight
option): Wa = Wo + Wpay + Weyel.

The input fuel weight is Wiyer = min(dsyer + fruet Wiuel—cap, Wiuel—cap) + 2 Nauxtank Waux—cap- For fallout
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fuel weight, Nauxtank 1S adjusted (optionally only increased). If the auxiliary tank weight is greater than
the increment in fuel weight needed, then the fallout fuel weight W1 = Wg — Wo — Wpa,y 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 fixed useful load can have increments, including crew-weight increment;
furnishings-weight increment; and installed folding, 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 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, Wp (calculated or input).

b) Structural design gross weight, Ws 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 + fWgp; or function of Wy,70, W =d + fWaro.

e) Input W.

) Gross weight maximized at specified mission segments, such that power required
equals power available: zero power margin, min(Py,pe — Pregpg) = 0 (minimum
over all propulsion groups).

g) Gross weight maximized at specified mission segments, such that power required
equals input power: min((d+ fPyypa) — Pregpe) = 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).

h) Gross-weight fallout from input initial payload and fuel weights: Wg = Wo +
Wpay + Whyel.

i) Gross-weight fallout from input initial payload weight and calculated mission fuel
weight: W = Wo + Wpay + Wigel.

If maximum gross weight is specified for more than one mission segment, then the minimum takeoff
gross-weight increment is used, so the power margin is zero for the critical segment and positive for
other designated segments. Only the last four options are available for W 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
specification:

a) Input initial payload weight W, fuel-weight fallout: We,e1 = W — Wo — Whay.
b) Input fuel weight W4, initial payload-weight fallout: W,y = We — Wo — Wiyl
c¢) Calculated mission-fuel weight, initial payload-weight fallout: Wy, = W —
Wo — Whyel.

d) Input payload and fuel weights, takeoff gross-weight fallout (must match gross-
weight option): Wg = Wo + Woay + Wrel.
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e) Input payload weight and calculated mission fuel weight, takeoff gross-weight
fallout (must match gross-weight option): W¢ = Wo + Wpay + Wiyel.

The inPUt fuel Weight is Wiel = rnin(dfuel + ffueleuel—cap7 quel—cap) + Z NauxtankWaux—cap- If the
fuel weight is not calculated from the mission, then the mission is adjusted. 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 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 mission fuel weight. Range credit segments
(described at the end of this section) 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 adjusted
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 adjusted for the auxiliary-fuel-tank weight given Nayxiank (fixed Wa —Whay = Wo +Wiyel).
If the auxiliary-tank weight is greater than the increment in fuel weight needed, then the fallout fuel
weight Wi, = W — Wo — Wpay can not be achieved; in such a case, the fuel weight is capped at the
maximum fuel capacity and the takeoff payload weight adjusted instead. For fuel-tank design missions,
Nauxtank and fuel-tank capacity is determined from W4, . 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 adjustments, including crew-weight increment; furnishings-weight increment; and
installed wing extension and other Kits.
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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, dwind + fwina?)), 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 4 0.00149A (with altitude & 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 Wryel = (1 + fres)Whum. Fuel reserves can be an input fraction of the fuel capacity, so
Wiel = Whurn + fresWruel—cap- 1f 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] + 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,,, = 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 &, 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,,.
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: Y dWhym = Y wdT = > wdD/(Vy, — Vi) = AWpya. 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 = AWy /(Y fir/ (Vi — W)) or
AT = AWyyer /(Y- fi). 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 — Dogner). It is necessary to separately accumulate Dogpe, from earlier segments and Dggpe, from
later segments; Dyner from later segments are estimated initially from the last iteration. At the end of
the mission, the times and fuel burned are recalculated for all range credit destination segments.

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.
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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, — Vi) D
hold time 0 D
climb (h— hend)/ Ve T(Vi, — Vi) D
spiral (h— hend)/ Ve 0 D
range credit

source T D 0

destination D/(Vy, — V) dist — Dother dist
adjusted

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

time T+dT =T+ fAT D +dT(Vy, — V) Dyew

hold T+dI' =T+ fAT 0 Diyew

The mission endurance (block time), range, and fuel burned are £ = > T, R = }_ dR, Whum =
> 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 fesWhurm, Or the fraction fiesWiyei—cap. The calculated mission fuel
is then Wiyl = Whurn + Wies-

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 V7o, perhaps
including engine failure at speed Vgr; 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
speeds. The ground is at angle ~ relative to the horizontal (inertial axes), with ¢ 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
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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 Vo) 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, and rotation and transition
segments must be 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 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 14
engine failure Ver engine failure Ver
ground run Vv brake Vv
liftoff Vio brake V=0
rotation Vr

transition Vrr

climb, to h Ver

climb, to A, 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
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
height above ground-level specification 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 Vgr < Vi is specified. Start, liftoff, and engine-failure segments
designate events, but otherwise are analyzed as ground-run segments. The decision speed Vi is 1
seconds after engine failure (typically ¢; = 1 to 2 sec). Up to ¢; after engine failure, conditions of
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Figure 4-1. Takeoff distance and accelerate-stop distance elements.

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 the wheels (W — L in airplane notation):

Ma=T-D—pW-L)=Y 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 u. 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 + 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 the 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:

dt d
tG:/dtzf%dv—/v Z - al) v —v) =Y At

seg

vdv_ d(v?) 171 1 _ vy + U1
/vdt /v—d T—/ 50 _§;§<2—@+%)(U§_U%)_Z(72 )At

seg
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hg=0

wgz/wfdt:z:(w>m

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
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 Vi; usually Vg = Vi o isused. The duration ¢y is specified; then s = Viitg,
hr =0, and wr = wytr are the ground distance, height, and fuel burned. Typically ¢tz = 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 Vrr. Usually Vg = Vo is used, and typically nrg = 1.2. From the load factor nyrr =
1 4 V25/gRrr, the flight-path radius is Rrz = V2,/(g(nrr — 1)) and the pitch rate is § = Vrr/Rrg.
Then R v

b — ) — ~ BTR TR
TR ="7/0="7 7P —

STR = RTR sin'y

hTR = RTR(l — COS’)/)
wrR = WrlTR

are the time, ground distance, height, and fuel burned.

4-3.5 Climb

Climb occurs at angle + relative to the ground and air speed V¢, 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
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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 maximum-effort calculation of maximum flight-path
acceleration for zero power margin and 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 Vygrouna = Vor, cosy — V,, (from the wind speed V,,). Then

toL = SCL/Vground
sor = (h — hiast)/ tany
her = h

wer = Wwrtcr

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 perfor-
mance 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 degrees).

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

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

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 at specified altitude.

2) Standard day plus temperature increment.
3) Standard 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).
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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.

4) Default for hover, cruise, maneuver, OEI, or transmission sizing con-
dition.

5) From input Cr /o = to — pty, 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:

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

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 /.

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 — Preqpe) = 0 (minimum over all
propulsion groups).

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

h) Wing stall: zero wing-lift margin, Cp.x — Cr, = 0 (for designated wing).

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

¢) Aircraft angular rate, 6 (pull-up) or Y (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
(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 method. A tolerance ¢ 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.

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 furnishings
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 ¢,, 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. The following options are implemented:

a) Input the altitude hgeom and a temperature increment A7 Calculate the tempera-
ture and pressure for the standard day, add AT, and then calculate the density from
the equation 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 for the standard 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 c;, and viscosity u. Calculate the temperature
from the sound speed.

Here hgeom is the geometric altitude above mean sea level.

The International Standard Atmosphere (ISA) is a model for the variation with altitude of pressure,
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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 kilometer geopotential altitude and is identical to the ICAO Standard Atmosphere up
to 32 kilometers.

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 (po, 7o, 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
with temperature is defined by adopted values for Sutherland’s empirical coefficients 5 and S.

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

Tsta = Ty + Ly(h — hy)

for h > h;. The altitude ranges and lapse rates are given in table 4-4. Note that h is sea level, and k4 is
the boundary between the troposphere and the stratosphere. This altitude 4 is the geopotential height,
calculated assuming constant acceleration due to gravity. The geometric height hgeom 1S calculated using
an inverse square law for gravity. Hence h = rhgeom /(" + hgeom), Where 7 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)dh). So in isothermal regions (L, = 0)

the standard-day pressure is
Pstd _ —(g/RT)(h—hs)
Py

Pstd T —9/RLy
o <ﬁ)

where p, is the pressure at h;, obtained from these equations by working up from sea level. Let Ty,
Dos Po» Cs0, Mo De the temperature, pressure, density, sound speed, and viscosity at sea-level standard
conditions. Then the density, sound speed, and viscosity are obtained from

“n(2) (%)
P = Po 20 Ty
T 1/2
CS:CSO(%)

_ (T/Ty)*?
p=Ho <a(T/T0) F1- a)

and in gradient regions (L; # 0)

where 1o = ﬁTg’ /2 /(To +S) and a = Ty /(Tp + S). For the cases using input temperature, T = Tjer0 + 7.
The density altitude and pressure altitude are calculated for reference. From the density and the standard
day (troposphere only), the density altitude is:

hd _ & L (ﬁ) 1/(g/R|Lo|-1)
| Lol Po
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From the pressure p = pRT and the standard day, the pressure altitude is:

L :E - ﬁz 1/(g/R|Lol)
P L] po To

The required parameters are given in table 4-5, including the acceleration produced by gravity, g. The
gas constant is R = pg/poTo, and pg is actually obtained from S and 5. The ISA is defined in SI units.
Although table 4-5 gives values in both SI and English units, all the calculations for the aerodynamic
environment are performed in SI units. As required, the results are converted to English units using the
exact conversion factors for length and force.

The gravitational acceleration g can have the standard value or an input value.

Table 4-4. Temperatures and vertical temperature gradients.

level base altitude h; lapse rate L, temperature 7,
km °K/km °K
troposphere -2 -6.5 301.15
0 troposphere 0 -6.5 288.15
1 tropopause 11 0 216.65
2 stratosphere 20 +1.0 216.65
3 stratosphere 32 +2.8 228.65
4 stratopause 47 0 270.65
5 mesosphere 51 -2.8 270.65
6 mesosphere 71 -2.0 214.65
7 mesopause 80 0 196.65

Table 4-5. Constants adopted for calculation of the ISA.

parameter SI units English units
units h m ft

units 7 °C °F

m per ft 0.3048

kg per Ibm 0.45359237

To 288.15 °K 518.67 °R

Thero 273.15°K 459.67 °R

Do 101325.0 N/m? 2116.22 1b/ft?

Po 1.225 kg/m3 0.002377 slug/ft?
Cs0 340.294 m/sec 1116.45 ft/sec

to 1.7894E-5 kg/m-sec 3.7372E-7 slug/ft-sec
S 110.4 °K

6] 1.458E-6

~ 1.4

g 9.80665 m/sec? 32.17405 ft/sec?
T 6356766 m 20855531 ft
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4-6 References

1) International Organization for Standardization: Standard Atmosphere. ISO 2533-1975(E), May
1975.



Chapter 5

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 (fig. 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; and 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 ¢ 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, Ppsiimits Winel—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, Ppsiimits Wivel—cap> and
Taesign- 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; 0.01W e 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 relation 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.
5-1.4 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 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.



Table 5-1. Maximum-effort solution.
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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 6 (pullup), ¢ (turn) QA Qe
aircraft linear acceleration Az Qy, G 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

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

lift margin, Crimax — Cr, =0

thrust margin, (Cr/0)max — Cr/oc =0

high or low side, or 100%

over all propulsion groups
over all limits

for designated wing

for designated rotor

Table 5-3. Trim solution.

trim quantity target tolerance
aircraft total force x, y,  components 0 Fe
aircraft total moment  z, y, z components 0 Me
aircraft load factor x, y, 2 components Flight State €
propulsion group power Flight State Pe
power margin P.vpc — Pregra Flight State Pe
rotor force lift, vertical, propulsive  Flight State, component schedule  Fe
rotor thrust Cr/o Flight State Ce
rotor thrust margin (Cr/0)max — Cr /0 Flight State Ce
rotor flapping Bes Bs Flight State Ae
rotor hub moment z (roll), y (pitch) Flight State Me
rotor torque Flight State Me
wing force lift Flight State, component schedule  Fe
wing lift coefficient Cr, Flight State Ce
wing lift margin Crmax — Cr Flight State Ce
tail force lift Flight State 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 = (6 75 0. 65). For no-feathering plane
command, the thrust and cyclic pitch are known, so v = (fo.75 3. 8s). 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, z = G(x)
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(x) = x — 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 /(o) = 0 or G’ (o) = 1 means that « is a higher-order root. For nonlinear problems, the method will
be iterative: x,, 1 = F'(x,). The operation F' depends on the solution method. The solution error is:

€n+1 = — Tp1 = F(a) = Fla,) = (a = 2,)F' (&) = €1 (a)

Thus the iteration will converge if F' is not too sensitive to errors in x: |F'(«a)| < 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 x; the extension to vector z
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.
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The following subsections describe the solution methods used for the various iterations, as shown
in Figure 5-2.

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,+1 = G(z,), but |G’| > 1 for many practical problems. A relaxed iteration
uses F' = (1 — Nz + \G:

Tnt1 = (1= Nan + AG(2n) = 2n — Af(20)

with relaxation factor A. The convergence criterion is then
|[F'(a) =1 =X+ AG'| <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 X 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 = « is not known, convergence must be
tested by comparing the values of two successive iterations:

error = ||x,4+1 — Tn|| < tolerance

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

Tpyl — Ty = )\(G(mn) — xn)

Hence the convergence test is applied to (z,+1 — )/ 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:

f(@n)

Tn+l1 = Tn — [f,(xn)]

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, F = = — C'f:

Tpn+l = Tn — Cf(ajn) =Tn — )‘D_lf(mn)
where the derivative matrix D is an estimate of f’. The convergence criterion is then
[Fl(a)] =1 -Cf|=1- D" f| <1

since f(a) = 0. The iteration converges if the magnitude of X 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



Solution Procedures 43

successive substitution iteration
save: Tog =<
evaluate =z
relax: z=XAx+ (1 —XNzoq
test convergence: error = ||z — Z4|| < Atolerance x weight

Figure 5-3. Outline of successive-substitution method.

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:

1

Fl(a) = J;J; =0

since f(a) = 0 (if f' # 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:

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 z is perturbed, one at a time, giving the i-th column of D:

D:[... gi ]:{ f(xi+5§;2*f(%) }

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

D:{... gi_ ]:{ f(wi+5f’fi)2(;nf(%—5wi) }

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(x) = hiarger becomes a zero-point problem with f = h — hyarger. A successive-substitution problem,
x = G(z), becomes a zero-point problem with f = xz — G. At the beginning of the solution, z has an
initial value. The perturbation identification can optionally never be performed (so an input matrix is
required), performed at the beginning of the iteration, or performed at the beginning and every Mpip
iterations thereafter.
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initialize
evaluate h
test convergence: error = |h; — hgarget;| < 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.

5-2.3 Secant Method

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

Tpy1 = 2p — Of(xn) = 2 — AD ™ 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:

f(@n) = f(Tn-1)

Tp — Tp—1

IR

f' (@)

It can be shown that then the error reduces during the iteration according to:

lental = 1f7/2f enl len—a] = |7 /21| %] €n|

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 = x — G(x), the derivative f’ is dimensionless, so a universal limit (say
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 xy and z; such that f(z) and
f(x1) have opposite signs. Then the derivative f’ and new estimate x,,; are

f(an) = far)

f’(:L'n) = Ty — Tk

Tn41l = Tp — /\Dilf(xn)
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initialize
evaluate f() at v, f1 at U1:U0+AU, f2 at v, =v; + Av
iteration
calculate derivative f’
secant: from f;, and f;
false position: from f;, and f; or f; (opposite sign from f)
calculate gain: C=)\/f
increment solution: dv=-Cf
shift: fo=fi, fi=/f
evaluate f
test convergence

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

initialize
evaluate f() at zq, f1 at z; =29+ Ax, fg at z9 =21+ Ax
bracket maximum: while not f; > fo, f2
if fo> fo, then $3:l‘2+($2—$1); 1,2,
if f0>f2, then l‘gz.ro—(d?l—l‘o); 3,0,
iteration (search)
if Xo — X1 > T1 — Toy, then {E3:.’E1+W("E2—{E1)
if fy<f1, then 0,1,3 — 0,1,2
if fs> f,, then 1,3,2 — 0,1,2
if 1 — o> To— T1y then $3:$1—W($1—1‘0)
if f;<f, then 3,1,2 — 0,1,2
if f;>fi, then 0,3,1 — 0,1,2
test convergence

3 —-0,1,2
1 -0,1,2

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

using k = n— 1 or k = n — 2 such that f(z,) and f(z;) 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’(z) = 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 zy < 21 < @2
and the corresponding functions fy, f1, fo. 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 < o1 < w9 determined such that the maximum is still bracketed. The new value x5 is a fraction
W = (3 —/5)/2 = 0.38197 from z, into the largest segment. The process for the golden-section search
is shown in Figure 5-6.
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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 (Cpains, 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 consumer price index (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
operating cost plus interest. The basic statistical relations for airframe purchase price and maintenance
cost per hour are:

car = 739.66 Kpp Kpn K Kr WERS (P/Wap)2 08T NG5 4 coomp
Cmaint = 0.49885 Wl%3746P0.4635
with Wap = Wi —Wugp — Wrcg. The term coomp = LWeomp accounts for additional costs for composite

construction; Weomp i the composite structure weight, obtained as an input fraction of the component
weight, with separate fractions for body, tail, pylon, and wing weight. The configuration factors are:

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 MEP and FCE costs are obtained from input cost-per-weight factors: Cygp = rvep Wumep and
Crce = rrceWrcr. These cost equations are based on 1994 dollars and current technology levels.
Including an inflation factor F; and technology factors x gives the unit flyaway cost C 4 and maintenance
cost per flight hour Ciyaing:

Cac = Fi (xarcar + Cugp + Creg)

Cmaint = Fz Xmaint Cmaint

The statistical equation for ¢4y predicts the price of 123 out of 128 rotorcraft within 20% (figs. 6-1 and 6-
2). These equations also serve to estimate turboprop airliner flyaway costs by setting Nyotor = Nplade = 1
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and using additional factors 0.8754 (pressurized) or 0.7646 (unpressurized). The other terms in the

operating cost are:
Ctuel = G(quel/pfuel)Ndep

Corew = 3.19 Kerew Whiho B
Cins = 0.0056 Cac

1+ 8
Cdep:CAC (1_V)

1+S20+1 i
Cin = Cae =~ =4 10

The fuel burn Wy, block time T},;ss, and block range R,,;ss are obtained for a designated mission. The
number of departures per year is Ngep = B/Tmiss. The flight time per trip is Tivip = Tmiss — Inr. The
flight hours per year are Tx = TiipNaep. The yearly operating cost Cop and DOC + I are then:

C1OP = TFOmaint + C’fuel + Ccrew + Cdep + Cins + Oﬁn
DOC +1=100Cop/ASM

where the available seat miles per year are ASM = 1.1508 Npass Rmiss Vaep. Parameters are defined in
table 6-2, including units as used in these equations.
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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 17.02 17.54 1991 93.99  91.90
1912 1952 16.26 17.88 1992 96.21 94.67
1913 6.68 1953 1631 18.02 1993  98.16  97.50
1914 6.75 1954 16.02 18.15 1994 100.00  100.00
1915 6.82 1955 17.29 18.08 1995 101.73  102.83
1916 7.35 1956 17.58 18.35 1996 103.25 105.87
1917 8.64 1957 18.17 18.96 1997 104.41 108.30
1918 10.19 1958 18.02 19.50 1998 105.47 109.99
1919 11.67 1959 18.11 19.64 1999 106.88 112.42
1920 13.50 1960 18.34 19.97 2000 108.46 116.19
1921 12.08 1961 18.31 20.18 2001 109.99 119.50
1922 11.34 1962 18.84 20.38 2002 111.63 121.39
1923 11.54 1963 19.09 20.65 2003 113.88 124.16
1924 11.54 1964 19.76  20.92 2004 116.81 127.46
1925 11.81 1965 2036 21.26 2005 120.04 131.78
1926 11.94 1966 2197 21.86 2006 123.05 136.03
1927 11.74 1967 22777 2254 2007 125.67 139.91
1928 11.54 1968 24.03 23.48 2008 127.67 145.28
1929 11.54 1969 25.10 24.76 2009*  129.37

1930 11.27 1970 2576 26.18 2010*%  131.22

1931 10.26 1971 27.24 27.33 2011*  133.41

1932 9.24 1972 2898 28.21 2012*%  135.77

1933 8.77 1973 3134 29.96 2013*  138.26

1934 9.04 1974 34.13 33.27 2014*  140.72

1935 9.24 1975 38.10 36.30 2015*% 143.25

1936 9.38 1976 42.14 38.39

1937 9.72 1977 43.75 40.89

1938 9.51 1978 47.82 43.99

1939 9.38 1979 53.02 48.99

1940 9.45 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 73.95

1947 15.05 1987 81.87 76.65

1948 16.26 1988 85.01 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

Wnmep 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
L additional labor rate for composite construction $/1b or $/kg
Wiuel mission fuel burned Ib or kg
Trniss mission time hr

Roiss 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

6-2 References

1) National Defense Budget Estimates for FY 1998/2010. Office of the Under Secretary of Defense
(Comptroller), March 1997/2008. Department of Defense deflators, for Total Obligational Authority
(TOA), Procurement.

2) Consumer Price Index. U.S. Department Of Labor, Bureau of Labor Statistics, 2009. All Urban
Consumers (CPI-U), U.S. city average, all items.

3) Harris, ED.; and Scully, M.P.: Rotorcraft Cost Too Much. Journal of the American Helicopter
Society, vol. 43, no. 1, January 1998.

4) Harris, F.D.: An Economic Model of U.S. Airline Operating Expenses. NASA CR 2005-213476,
December 2005.

5) Coy, J.J.: Cost Analysis for Large Civil Transport Rotorcraft. American Helicopter Society Vertical
Lift Aircraft Design Conference, San Francisco, California, January 2006.
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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.

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 Disk Loading and Wing Loading

The aircraft disk loading is the ratio of the design gross weight and a reference rotor area: DL =
Wp /At 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:

T _fwWo _ fw Wb
A A AfArer Avet
where probably »° . - fw = 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,ef = NA,
fw = A/Ars = 1/N, and (DL),otor = DL. For rotors designated antitorque or auxiliary-thrust, the disk
loading is calculated from the design rotor thrust: (DL),otor = Tdesign/A-

(DL)rotor =

For coaxial rotors, the default reference area is the area of one rotor: f4 = %, Ares = A, fw = Lo,
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™,
fw = 1k, 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 Jw Wp
WL wing — 5 — =
( ) & S S S/Sref Sref

fw = 1. If there are N wings of the same area, then fiy = S/S,er = 1/N, and

where probably >
(WL)wing = WL.

wing

7-2 Controls

A set of aircraft controls ca¢ are defined; they are connected to the component controls. The
connection to the component control ¢ is typically of the form ¢ = ST'cac + cg, where T is an input
matrix and ¢y the component control for zero aircraft control. The connection (matrix 7') 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.

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.

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

An optional conversion schedule of control is defined in terms of conversion speeds: hover and
helicopter mode for speeds below Vipover, Cruise mode for speeds above Vicruise, and conversion mode
between. The nacelle angle is a4, = 90 in helicopter mode and ay;; = 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
schedule.

The flight speed used for control scheduling is usually the calibrated airspeed (CAS): Ve = V\/p/po
(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

Thcol 1 0 0 0 CACO
Taviag | _ |0 = 0 0 CACc
TMlng 0 0 -1 0 CAC's
Trecon 6 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

Trcoll 1 0 -1 0 CACO
Triat | _ |0 —rp 0 —rp CACe
TReoll 10 1 0 CACs
TRlat 0 —-rg O TR CACp
For the coaxial configuration:
Ticon 10 0 mn
T'1at 0 -m 0 O CACO
Ting | |0 0 -1 0 CACe
Toeol 1 0 0 1] CACs
To1at 0 - 0 0 cACp
Tolng 0 0 -1 0

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

TRcoll rB -1 0 07
TRing 0 0 -1 1 Cace
Tt.con 1 1 0 0 .
Timg | =10 0 -1 -1 Ace
& cAC
Tl 0 -1 0 0 e
Totey 0 0 1 0 ACp
Trud lo o o0 1]
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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
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 P,,pg — Preqra;

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 Cpnax — Cr;
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 j3;
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 (fig. 7-1). These aircraft axes are body axes (« 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
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axes for description of aircraft coordinate

aircraft geometry system

(arbitrary reference) (origin at CG)

JAN

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

Figure 7-1. Aircraft geometry.

right), and waterline (WL, positive up), measured relative to some arbitrary origin (fig. 7-1). 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
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 (z, 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)
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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.

The aircraft operating length and width are calculated from the component positions and dimensions:
Liotal = Tmax — Tmin ANd Wiotal = Ymax — Ymins Where the maximum and minimum dimensions are for the
fuselage and all rotors, wings, and tails. The corresponding footprint area is then Siota1 = £rotal Wiotal-

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 xz-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¢FY9F ZﬂlF

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 = Yo, Zﬂ)v ZibF

Sideslip is positive for the aircraft moving to the right, and climb is positive for the aircraft moving up.
Then
CFV — CFIcIV — X(i)F}/@FwaVYf@V

In straight flight, all these angles and matrices are constant. In turning flight at a constant yaw rate, the
yaw angle is ¢p = w rt; the turn radius is Ry =V, / 7,[; r; and the nominal bank angle and load factor are
tangp = vn? — 1= Vi /g. Then the forward, sideward, and climb velocities are:

Vi =V cos by cosypy = Vi, cosyy
Vs = Vcosby sinyy = Vj, siny
V. =Vsinby = Vj tan Oy

where Vj, = V cos 0y is the horizontal velocity component. The velocity components in airframe axes
are v, = o'/ = CFV(V 00)7 (aircraft velocity relative to the air). The aircraft angular velocity is

¢;F 1 0 —sin@F ¢F
wf;c:wFI/F:R 0 | =10 cos¢p sinop cosfp Or
VE 0 —singrp cos¢rcosfp Yp
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For steady-state flight, 0z = ¢ = 0; ¢ is nonzero in a turn.

Accelerated flight is also considered, in terms of linear acceleration af{, = 07!/ = gn;, and pitch
rate 0. The nominal pullup load factoris n = 1 + 0p Vi /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-moment and yaw-moment terms needed for general
unsteady flight (notably derivatives L,, L,, L,, N,, N, 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 aecrodynamic forces F' and moments M are typically calculated in wind axes and then
resolved into body axes (z, 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(eFV/F 4 GFIFFIFY — pF Fr.
[FGFI/F 4 GFI/F[F FI/F _ g/F

where m = W/g is the aircraft mass; the gravitational force is Ff,, = mC*/g" = mC*1(00¢)"; and
the moment of inertia matrix is
Izm *Izy *Izz
"=\ -1, I, -I,.
_Izw Izy Izz
For steady flight, o 1/F = ¢FI/F = 0, and wF/F = R(00¢ )T is nonzero only in turns. For accelerated

flight, ¥/F can be nonzero, and w*!/¥ = R(00 ¢r)T. The equations of motion are thus
m(ahe +Dhovho) = FF + Fgliav
Ghclfwic =M"

The body axis load factor is n = (C*1gl — (afi, + &4 vk -))/g. The al 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 Fforcc + Z wing + Z F tail + Z cnglnc ank
Mfus + Z rotor + Z Mtorcc + Z wing + Z Mtall + Z cnglnc Fank

Forces and moments in inertial axes are also of interest (F/ = C/F' F¥ and M! = C'F' M¥'). 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; = F¥' +
Ff —Ff o a=0and E,, = M" — ME . =o0.

grav inertial — inertial —
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The component power required P, is 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
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: w = > Wyeqrc + D Wiorce-

7-7 Aerodynamics

Each component has a position z*" 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) « forward and z 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 v, (velocity of air, in F axes), from all other components. Then the total
component velocity relative to the air is

v = vl + Bh oA — Z vl
where AzF = 2 — zI'. Then v® = CPFv! is the velocity in component axes. The aerodynamic
environment is defined in the component axes: velocity magnitude v = |v?|, dynamic pressure g = /spv?,
angle-of-attack «, and sideslip angle 3. 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? = CB4(v00)7;
from which the angle-of-attack and sideslip in terms of the components of v are obtained:

a = tan"t ol /0P
8 =sin"t vy /0"

This definition is not well behaved for v# = 0 (it gives o = 90sign(v¥)), so for sideward flight a
pitch-then-yaw definition can be useful: CF4 = Z_;Y,,. Then

a = sin~ v /|vB]
B =tan"t vl /0P
which gives 3 = 90sign(vf) for vE = 0.

From v, ¢, a, and 3, the aerodynamic model calculates the component force and moment, in wind
axes acting at 2%

-D M,
FA=| Y M4 = | 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¥ — 2. 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 degree.

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 + ™0d), Where
n = 0.85 — 0.4305 is an empirical correction for viscous effects (ref. 1, eq. 3.54 and fig. 3.36). Thin
airfoil theory gives

0y —sind
TZl—f Slnfg

i n
s (i )
with 6; = cos™(2¢y — 1) (ref. 1, eq. 3.56 and fig. 3.35; ref. 2, eq. 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, fig. 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

ACZ max

>~ (1 — 1 — 502 3
Ao (1—£5) (14 €5 — 503 + 363)

(ref. 1, fig. 3.37). Thin airfoil theory gives the moment-coefficient increment about the quarter chord:
Acym = ~0.85 (1= £4)sin0y )d; = =085 (1~ £5)2,/ (1~ ()¢5 ) oy
(ref. 1, eq. 3.57; ref. 2, eq. 5.41); with the factor of 0.85 accounting for real flow effects (ref. 2, fig. 5.19).
The drag increment is estimated using
ACH = 0,905 2 g2 g
S f
for slotted flaps (ref. 1, eq. 3.51). In summary, the section load increments are:

Cc
AC[ = Cyn ?f Lfnféf
ACgmaX = Xf ACg
&
Acm = ?f Mf5f

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

A - A max A
Aty = — b= SCtmax _ (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 former equations.

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,
CLa

Aamax = 7(1 — Xf)
ACp = %Df sin? §¢

where S;/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
Cpvcomp) 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 s the reference rotor
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disk area); or the drag can be estimated based on the gross weight, D/q = k(Wx10/1000)%/3 (Wiro is
the maximum takeoff gross weight; units of k are feet?/kilo-pound®/? or meter?/Mega-gram?/3). Based
on historical data, the drag coefficient Cp = 0.02 for old helicopters and Cp = 0.008 for current low-drag
helicopters. Based on historical data, & = 9 for old helicopters, k£ = 2.5 for current low-drag helicopters,
k = 1.6 for current tiltrotors, and & = 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(2v3)? = 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 = ZEZ;F;?
(D/q)ac = Dac/q

where the aircraft velocity (without interference) gives the direction e, = —v4./[v],| and dynamic
pressure ¢ = Lhp|vh,|?. Here FF is the component force in body axes that is produced only by the
component drag. An overall-skin friction drag coefficient is then Cp ac = (D/q)acwet/Sac, based
on the aircraft wetted area Sac = > Swet and excluding drag terms not associated with skin friction
(specifically landing gear, rotor hub, and contingency drag).
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Table 7-2. Component contributions to drag.

component

drag contribution

reference area

fuselage

fuselage

fuselage vertical

fittings and fixtures

rotor-body interference
contingency (aircraft)

payload increment (flight state)

fuselage wetted area
fuselage projected area
fuselage wetted area
fuselage wetted area

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.

Aircraft

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. 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 We=Wg+ Wy =Wo + Wpay + Whel
operating weight Wo =Wg +Wryr
useful load Wur = Wrur + Wpay + Whgel

where W 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 Wi,;ro can be input, or
specified as an increment d plus a fraction f of a weight W:

dspew + fspewWp

sp =dspaw + fspaw { dspew + fspaw (Wp — Wruel + fruel Weuel—cap)

dwmvro + fwmroWp

W =d rroW =
mro = dwyro + fwaro { dwmro + fwmro(Wp — Wiel + Weael—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).
The structural design gross weight is used in the weight estimation. For Wj,r0, 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,ro 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
configuration because of changes in auxiliary-fuel-tank weight or kit weights or increments in crew or
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furnishings 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 added to the
results of the parametric weight model. The parametric weight model includes technology factors.
Weights of individual elements in a group can be fixed by setting the corresponding technology factor
to zero.

For scaled weights of all components, the AFDD weight models are implemented.

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 7-2. 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 (*)
empennage group
horizontal tail (*)
vertical tail (*)
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 7-2a. 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
avionics group (mission equipment)
armament group
armament provisions (*), armor (*)
furnishings & equipment group
environmental control group
anti-icing group
electrical system (*), anti-ice system (*)
load & handling group
VIBRATION (*)
CONTINGENCY
FIXED USEFUL LOAD
crew
fluids (oil, unusable fuel) (*)
auxiliary fuel tanks
other fixed useful load (*)
furnishings increment (*)
folding kit (*)
wing extension 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 7-2b. Weight statement (* indicates extension of RPSA).
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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, = fvinWge. The contingency weight can be input, or specified as a fraction of weight empty:
Weont = feont We. 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, Wx. Then:

a) Fixed weight empty: W, input or Wi, = foibtWe; Weont = We — (Wx + Weib).
b) Both fractional: Wg = Wx /(1 — fuib — feont)s Wyib = frinWE, Weont = feons WE-
¢) Only vibration weight fractional: Weoy input, W = (Wx + Weont)/(1 — feib)s
Wb = furinWe.

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

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

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

The fixed useful load Wy 1, consists of crew (Weew ), trapped fluids (oil and unusable fuel, Wi;ap,),
auxiliary fuel tanks (Wayuxtank), furnishings increment, kits (folding, wing extension, other), and other
fixed useful load (Wry Lother). Werews Werap, and Wep rotner are input. For a each flight state, the fixed
useful load may be different than the design configuration because of changes in auxiliary-fuel-tank
weight, kit weight, and crew or furnishings weight increments.

Folding weights can be calculated in several weight groups, including wing, rotor, and fuselage.
These weights are the total weights for folding and the impact of folding on the group. A fraction
froaxit Of these weights can be in a kit, hence optionally removable. Thus of the total folding weight,
the fraction fi,1qxit 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, instru-
ments group, pneumatic group, electrical group, 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, 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 ., and x.,;,, be the maximum (forward) and minimum (aft) position
of all rotors, wings, and tails. Then the calculated fuselage length is

gfus = gnose + (xmax - xmin) + gaft

The nose length ¢, (distance forward of hub) and aft length ¢, (distance aft of hub) are input, or
calculated as £,0sc = frose Pt and Lag = fagsR. Typically fai = 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 Sy (reference area for drag coefficients) and projected area S,,.; (refer-
ence area for vertical drag) are input (excluding or including the tail-boom terms); or calculated from
the nose length:

Swet = fwet (zznosehfus + 2lposeWrys + thuswfus) + Choom R

Sproj = fproj (gnoscwfus) + wboomR

using input fuselage height A, and factors fye; and foro;; or calculated from the fuselage length:

Swet = fwet (2£fushfus + 2 gusWiys + thuswfus) + Choom R

Sproj = fproj (‘gfuswfus) + wboomR

Using the nose length and the tail-boom area is probably best for a single-main-rotor and tail-rotor
helicopter. Here Choom 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 xf,s + fretlrus (forward) and xp,s — (1 —
fret)lrus (aft). Here fof is the position of the fuselage acrodynamic reference location aft of the nose, as
a fraction of the fuselage length. If the fuselage length is input, then f,.f is input; if the fuselage length
is calculated, then fiof = (Zmax + fnose — Ttus )/ Leus-

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, C2¥ = 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, v2. The angle-of-attack oy, sideslip angle Gy, (hence C54), and dynamic pressure
q are calculated from v7. The reference area for the fuselage forward-flight drag is the fuselage wetted
area Sy.t, Which is input or calculated as described previously. The reference area for the fuselage
vertical drag is the fuselage projected area S,,.j, which is input or calculated as described previously.

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 apmin 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 Cpg, plus an
angle-of-attack term. Thus if |a.| < o

Cp = Cpo (1 + Kgla.|*?)

and otherwise X
Cpt = Cpo (1 + Kglay|*?)

Cp =Cpt+ (i‘i::j Cpv — CDt) sin (g —|:/e2| : Zi)
and similarly for the transition of payload drag (D/q),.y 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

2Xq X X4—1 (Sproj/Swet)CDV — Cpo
- - 1 d __ X d
( T ) “ i - KaCpo

=0

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

1 (S ro'/Swet)CDV - CDO
== [144/1—a 20
YT ( +\/ ¢ KqCpo

with a = (4/7) — 1; oy is, however, required to be between 15 and 45 degree. For sideward flight
(v2 = 0) the drag is obtained using ¢, = tan™'(—v? /v?) to interpolate between sideward and vertical
coefficients:

S TOj .
Cp = Cpg cos® ¢, + SP—OJ Cpy sin® ¢,
wet

Then the drag force is

D = 48w (Cp + e + 3 Cow ) +a((D/a)pay + (D/a)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.

9.-3.2 Lift and Pitch Moment

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

C(L = CLaae
Cyr = Caro + Crra0re
and otherwise
m/2 — |a|
/2 — |Omax]
/2 — o] )

/2 — |Omax]|

Cr, = Cpamaxsigna, <

CVM = (CMO + CMaamaxSignae) (

for zero lift and moment at 90 degree angle-of-attack. In sideward flight, these coefficients are zero.
Then L = ¢SwetCr, 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 — B2y, Where 3., 1s the angle of zero side force; in reverse flow (]3| > 90), B < B — 180 signfe.
Let Biax be the sideslip-angle increment (above or below zero side-force angle) for maximum side force.
If |Be| < fmax
Cy = Cngfe
Cn = Cno + CnpBe

and otherwise

Cy = CypPmaxsignfe <%)
Cn = (Cno + CnpPmaxsignfe) (%)

for zero side force and yaw moment at 90 degree sideslip angle. ThenY = ¢Syt Cy and N = ¢SyetlrusCn
are the side force and yaw moment. The roll moment is zero.

94 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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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, h;, is specified in the flight state. The landing-gear
position z¥" is a distance dr.c 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
2I" gives the drag direction e = —v¥' /|v¥'| and dynamic pressure g = 1/p|vf’|? (no interference). Then

F''=eqq(D/q)rc
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 V4;p, and blade loading Cyw /o = W/ pAVt?pa. With more than one main rotor, the disk
loading and blade loading are obtained from an input fraction of design gross weight, W = fuWp.
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 WW/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 + 0.00711W/A), where f is an input factor and the units of
disk loading W/A are pound/feet®. 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,—.ef 1s 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—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/Qprims Qprim = Viip—ret/R). The latter option
means the specification engine turbine speed Nqpe. corresponds to Vi, .o 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.

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
Venhover aNd Vioepuise- The tip speed is Viip—_nover 10 helicopter and conversion mode, and Viip—cruise 1N
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,
maneuver, one-engine inoperative, drive-system limit conditions, and a function of flight speed (piece-
wise 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 — pt1, from p = V/Vp, or from
My = Myip/(1+ p)2 + p2; from which Vi, = /T/pActy + (Vi1 /2t)2 + (Vi1 /2tg), Viip = V/u, or

‘/tip =/ (CsMat)2 - V? - 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
Nipee. 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 o = N¢/7R; 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 2. A general blade
chord distribution is specified as ¢(r) = ceré(r), Where c¢,¢ 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
ChOI'dS, f = O't/O'g = 6475R/C,50R.

The rotor hub is at position z{,,. 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 = [kTCF ([, — 2L ,,)/(2R)| (fraction rotor diameter), or the hub
locations are calculated from the input separation s, and the input location midway between the hubs:

0

Fr _ _F FS
Zhub = Zcenter +C 0
sR
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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:

ZThub = Lcenter + R(l - O)

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

Thubtr = Thubmr — (Rmr + 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 dy,s, and fuselage width wgys:

Yhub = + (fR + dfus + 1/2wfus)

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 dus = |yhub| — (R+ Yowsys)-
Alternatively for a tiltrotor, the lateral position can be calculated from the wing span, yn,, = +£b/2, so
the rotors are at the wing tips; or from a designated wing-panel edge, ynun = £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 ¢ =
[(Zhub1 — Thab2)? + Whubt — Ynub2)?]/? (£ = 2R for no overlap and ¢ = 0 for coaxial). The overlap area
is mA, with A the area of one rotor disk and

2
m =2 leos™ (¢/2R) — (¢/2R)\/1 — (4/23)2}
71'
The vertical separation is s = |zhub1 — Zhubz2|/(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 Sqpin. 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>2/3

where w = W5 or w = Wypes + Y. Wes, and the units of k are feet?/pound?/3 or meter?/kilogram?/3.
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 = f (T‘-R2 )

spin
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 = 2nup + RCOTS(cos ) sintp 0)T. The longitudinal distance from the hub position is
Az = R(acosv + bsin), so the maximum distance is Az = +Rv/a2 + b2. The lateral distance from the
hub position is Ay = R(ccos + dsin), so the maximum distance is Ay = +Rv/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
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plane command. The collective control variable is the rotor thrust amplitude 7" or Cr /o (in shaft axes),
from which the collective pitch angle can be calculated. This approach eliminates an iteration between
thrust and inflow, and allows thrust limits to be applied directly to the control variable.

The relationship between tip-path plane tilt and hub moment is M = S 1,0?(v2 — 1) = Kpubf3,
where N is the number of blades, 2 the rotor speed, and v the dimensionless fundamental flap frequency.
The flap moment of inertia I is obtained from the input Lock number: v = pacR*/I,, for SLS density
p and lift-curve slope a = 5.7. 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 Kga, = [,Q%(v* — 1), obtained from the
hover quantities; then Ky, = & Kqap, and

and Ky, = §1,0%(v? — 1), using I, from v (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, ~ R2, and Lock number as v ~ R2.

11-3.1 Tip-Path Plane Command

Tip-path plane command is characterized by direct control of the rotor thrust magnitude and the
tip-path plane tilt. This control mode requires calculation of rotor collective and cyclic pitch angles
from the thrust magnitude and flapping.

a) Collective: magnitude of the rotor thrust 7" or C/o (shaft axes).

b) Cyclic: tilt of the tip-path plane, hence tilt of the thrust vector; longitudinal tilt 3.
(positive forward) and lateral tilt 3, (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.

c¢) Shaft tilt: shaft incidence (tilt) and cant angles, acting at a pivot location.

The relationship between tip-path plane tilt and hub moment is M = Ky,;,3, and between moment and
lift offset is M = o(T'R). Thus the flapping is

(%) =mm () =5 ()
Be)  Kpub \—My)  Kpu \ —0y

for hub moment command or lift offset command, respectively.
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11-3.2 No-Feathering Plane Command

No-feathering plane command is characterized by control of rotor cyclic pitch angles and direct
control of the rotor thrust magnitude. This control mode requires calculation of rotor collective pitch
angle and tip-path plane tilt from the thrust magnitude and cyclic control, including the influence of
inflow.

a) Collective: magnitude of the rotor thrust 7' or C/o (shaft axes).

b) Cyclic: tilt of the no-feathering plane, usually producing tilt of the thrust vector;
longitudinal cyclic pitch angle 65 (positive aft) and lateral cyclic pitch angle 6.
(positive toward retreating side).

c) Shaft tilt: shaft incidence (tilt) and cant angles, acting at a pivot location.

11-3.3 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. For cyclic matrices, S = 1 with no-feathering plane
command, and S = —1 for tip-path plane command.

11-3.4 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 C3F'. 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:

hub incidence and cant: CHE = Uy, Vy,

pivot dihedral, pitch, and sweep: CPF = Xy, Yo, 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:

C'cont = Ui*ircf ‘/C*Crcf

For a tiltrotor aircraft, one of the aircraft controls is the nacelle angle, with the convention oy, = 0 for
cruise, and a4, = 90 degree for helicopter mode. The rotor-shaft incidence angle is then connected to
agii¢ 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
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or just C5F = WCHF with no shaft control. From the pivot location 2., and the hub location for the
reference shaft control z[, /, the hub location in general is

F _ _F FP PF\NT (_F F
Zhub — Zpivot + (C CCOHtO ) (ZhubO - 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(ZF - ZCF;]O) = WIIlOVe(Zfac - ZfacO) = WHIOVQ(CFPCCI(lnt

ctt — 1) (F 25

nacO pivot)

where W is the gross weight and W, .. the weight moved. Table 11-2 summarizes the geometry options.

Table 11-2. Rotor-shaft axes.

nominal thrust incidence cant
25 -axis x5 -axis w + forT' +forT Uy, Vy,
main rotor —zF up —F  aft Yiso aft right Yo Xy
2F down —zF  aft Z180 aft right Yoo X_4
propeller zF" forward —zF up Yoo up right Yy Zy
—zF  aft —zF up Z180Y—90 Up right Y _ gZ_4
tail rotor (r = 1) y¥ right —zF  aft Z180X _go  aft up ZgX_4
tail rotor (r = —1) —y¥  left —xF  aft Z180X90 aft up Z_9 Xy
(-1 0 0] [0 0o -1
Ylgg = 0 1 0 Zlgoy_go = 0 —1 0
L0 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=|0 1 O Z180Xo0= | O 0o -1
|11 0 0 |0 -1 0

11-3.5 Hub Loads

The rotor controls give the thrust magnitude and the tip-path plane tilt angles §. and (;, either
directly or from the collective and cyclic pitch. The forces acting on the hub are the thrust T, 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 —fpT

M:c Khub (rﬁs)
MS - My - Khub (_60)

-rQ _""]Dshaft/Q
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The force includes a term proportional to the rotor thrust and an input blockage factor fg = 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 = CFSMS 4 AZFFF

where AzF =2 — 2L

The wind axis lift L and drag X are calculated from the net rotor-hub force F¥" and the rotor velocity
vF'. 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 = —¢] F¥ and
L = |(I —epel) F¥|, respectively. Thus XV = —(v¥)T F¥ and L? = |F¥|> —| X|2. The rotor contribution
to vertical force is the z-axis component of the force in inertial axes, Fy, = —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

5 SF F e 5 SF, F T
vW =C""v" =QR | rpy w? =C""wyuo=0| &
Kz ray

where QR is the rotor tip speed. The advance ratio 4, inflow ratio A, and shaft angle-of-attack « are

defined as
RV -

a = tan™" (u=/p)
The blade velocity relative to the air has the maximum amplitude (advancing tip velocity) of ., =
v (1 + p)? + 2, from which the advancing tip Mach number is M,; = Mipita, Using the tip Mach
number M, = (QR)/cs. The rotor thrust coefficient is defined as C7 = T//pA(2R)?. The dimensionless
ideal induced velocity J; is calculated from i, 1., and Cr; then the dimensional velocity is v; = QR ).
The ideal induced power is then P40, = Tv;. Note that for these inflow velocities, the subscript “i”

denotes “ideal.” The ideal induced velocity could be solved based on the reference velocity v, rather
than the tip speed 2R, but the advance ratio is required for other purposes as well.

11-4.1 Ideal Inflow

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

- CT - 5/\I21
2/ N2+ 12 N+ 2

i

where X = \; + p1., A2 = |Cr|/2 (N, is always positive) and s = sign C. This expression is generalized
to

Ai = A s F(u/n,spz/An)
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If 11 is zero, the equation for \; can be solved analytically. Otherwise, for non-axial flow, the equation

is written as follows:
5)‘%

et

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

SV
VAZ 4+ p?
)\n - Mz _/)\\in
>\n+1 = An K

L A/ O2 4 p2)

A relaxation factor of f = 0.5 is used to improve convergence. Three or four iterations are usually
sufficient, using

s\
\/(SAh + pe)? + p?
to start the solution. To eliminate the singularity of the momentum theory result at ideal autorotation,
the expression

A

Il

+l1/z

0.373u2 4 0.598y2

A= pe
A

—0.991

18 used when
L5p% 4 (25, + 30n)? < A7

The equation A = i, (apu? — bAZ + cu?)/A7 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 = v/5/6 = 0.3726780 and b = (4v/5 — 3)/6 = 0.9907120. Then
matching to the forward-flight momentum theory result at (i = Ap,, 1. = —1.5\;) gives ¢ = 0.5980197.
For axial flow (1 = 0) the solution is:

1 Pz \ 2
324—5 (7) + A2 Y IT
037342
A={ [ )PM - 0.991] —2\p < sp2 < —An
h
W Hz\2
5 =8 (7) - A2 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 = fy-v. The far-wake area is A, = A/f4. 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 fy,V,, with f-, = 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 Tyotor = frT. For this model, the
duct aerodynamics are defined by the thrust ratio fr or far-wake area ratio f4, plus the fan velocity ratio
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fv. The mass flux through the rotor disk is 7 = pAU = pA U, Where U and U, are respectively the
total velocity magnitudes at the fan and in the far wake:

U? = (fvaV cosa)® + (fv.Vsina + v)?
U2 = (Veosa)? + (Vsina + w)?

Mass conservation (f4 = A/A, = U /U) relates f4 and fy,. Momentum and energy conservation give

T = 1w = pAUxw/ fa = pAU fwv

1
P= §mw 2Vsina+w)=T (Vsina—I— %)

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 =Totor(fv:Vsina+v) =T fr(fv.Vsina+ v)

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 = fv. = fv. = 1),
the far-wake velocity is always w = 2v, hence fy = 2. With an ideal duct (f4 = fv. = fv. = 1), the
far-wake velocity is fi = 1. In hover (with or without a duct), f = fa = 2fr and v = \/2/ fwrvs. The
rotor ideal induced power is Pigeas = 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 f;r = Tiotor /7T Or the far-wake area ratio f4 = A/A. is specified
(and the fan velocity ratio fi/). The wake-induced velocity is obtained from the momentum theory result
for a ducted fan: A} = (fw\; /2)\/ (fvzi)? + (fvzpe + A;)2. If the thrust ratio fr is specified, this can
be written

AL/ fr Pz
\/(sz/sz + Ai)Z + (wa/J’)z fT
In this form, \; can be determined using the free-rotor expressions given previously: replacing A7, u.,

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

fvaphz + X =

?

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

fA:\/ 12+ (pz + fwhi)?

(f\/a?ﬂ)2 + (sz/Jz + )\1)2

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

sAi?fA
V(e + fwXi)? + 12

Nz+fW>‘2: + b

In this form, fy\; can be determined using the free-rotor expressions given previously: replacing A7, A
with respectively A\?2f4, u, + fwi. The induced velocity is

(vt + )2 = é 62+ (s + fwd)?] = (Frrap)?
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The velocity ratio is fw = (fw:)/\:, and

_ Be Tt fwi/2

fT N szMz + )\z

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 ./ 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 = (T%/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 out-of-ground-effect (OGE) thrust, for constant power: T/T., = (M/My)?*/? = x, > 1. The
effect on power at constant thrust is then P = P, f,, where f, = KZ;B/ ? < 1. Ground effect is generally
negligible at heights above z,/D = 1.5 and at forward speeds above y = 3.

The ground plane is assumed to be perpendicular to the inertial-frame z-axis. The ground normal
(directed downward) is kI’ = C*'k in airframe axes, or k; = C5Fk[" in rotor-shaft axes. The height
of the landing gear above ground level, i ¢, is specified in the flight state. The height of the rotor hub
above ground level is then

zg =hrg — (kf)T (Zhap — 21c) +dra

where z£, is the position of the landing gear in the airframe and d,¢ is the distance from the bottom of
the gear to the location 2. From the velocity

Mz
vS = —T lhy
—-A

the angle e between the ground normal and the rotor wake is evaluated: cose = (k7)Tv/|v®] (e = 0 for
hover, e = 90 degree in forward flight). Note that if the rotor shaft is vertical, then cose = A/1/pu? + A2 (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 cose, the ground-effect factor f, = x4 3/% is calculated. Then

(MNi)ice = fg (Mi)ocEe

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):
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- 1 3/2
1— W] Cheeseman and Bennett
- A 1 —3/2
_1 +1.5 % W] Cheeseman and Bennett (BE)
B 1.0991 — 0.1042/(z,/D) 8/2 Law
fo =9 |15 (Cr/0)(0.2894 — 0.3913/(z,/ D))
[ 0.03794 17"
9926 + ————— Hayd
_099 6 + (zg/QR)Q} ayden
[ 00544 |7
09122 4 ————— 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 database for ground effect extends only to about z/D = 0.3. Also, f, < 1 is required.
Figure 11-2 shows T'/T, = kg = fg_g/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\yrsiney. There are contributions to A from forward flight and from
hub moments, which influence the relationship between flapping and cyclic. The linear inflow variation
caused by forward flight is AXy = X;j(kg7 cosy) + kyrsine), 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 "
Coleman and Feingold: Kgo = fo——tany/2 = fr— ——m-——
g 0=/ 32 X/ f32«/,u2—|—)\2+|)\|
Ry0 = _fy2/*"
W

VA

White and Blake: kg0 = foV2siny = fov/2
Kyo = —2fypt

where tanx = |A|/p is the wake angle. Extending these results to include sideward velocity gives
Ky = (Kgote + Kyolty)/p and &y, = (—Kgofty + Kyottz)/p. 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, = fim (—2C w1 cos ) + 2Cn a7 SiNY) = Agp 7 COS Y + Ay 7 sIN Y

Ve R

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.
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® Hayden ———— Cheeseman & Bennett
®  Rabbott ——— Cheeseman & Bennett (BE)
1.3 A Cerbe —— Law
v Cheeseman ——————— Hayden
¢ Zbrozek Zbrozek
12
8
E 11
=
1.0 [~
0.9 | | | | | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

z/R

Figure 11-2. Ground-effect models (hover).

11-4.2 Rotor Forces

Direct control of the rotor thrust magnitude is used, so the rotor collective pitch angle 8, must be
calculated from the thrust Cr/o. If the commanded variable were the collective pitch angle, then it
would be necessary to calculate the rotor thrust, resulting in a more complicated solution procedure;
in particular, an iteration between thrust and inflow would be needed. 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 should be changed so the required or specified thrust is an
achievable value.

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.
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The forces acting on the hub are the thrust T, 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_5.. Then

C’H 0 C’Htpp CHo
Cy | =c°F 0 + | 7Cytpp | + | 7Cvo
Cr Cr/ C§3P 0 0

The inplane forces relative to the tip-path plane can be neglected, or calculated by blade-element theory.
Note that with tip-path plane command and Cppp, and Cyp, 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 (fig. 11-3a) and thrust vector tilt (fig. 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 g [/ 11
= 5 Cdm anF
(Cw) g CdmeantHl (—uy/u
where the mean drag coefficient cgpean 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, =
[ LocqU(rsing + p)dr = [ Locg(ud + u¥ +u3)V2(rsing + p)dr; so (from Harris)

2m 1
Fyg = 4% / / ((r + psiny)® + (peos)® + ,uz)l/Q (rsiney + p) dr dyp
o Jo

1, V21 3 V1I+VZi4+1
=~ \/1+V2 e S+ ) In |
+ (3u+4u (1+V2)2)+(uuz+4u) n v

with V2 = p? + 2.
11-4.3 Blade-Element Theory

Blade-element theory is the basis for the solution for the collective and cyclic pitch angles (or flap
angles) and evaluation of the rotor inplane hub forces. The section aerodynamics are described by lift
varying linearly with angle-of-attack, ¢, = ¢« (no stall), and a constant mean drag coefficient cgmean
(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 o, v, and v 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
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Figure 11-3a. Tip-path plane tilt with cyclic pitch.
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Figure 11-3b. Thrust-vector tilt with cyclic pitch.
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inflow angles are obtained, and then the angle-of-attack:
Ur =T + g Sint + p, cosy

UR = [hg COS Y — [Ly SIN Y

up = A+ (B + dysiny — éy cosy) + upf

cosA = U/\/uz +u? + u%
¢ = tan"! up/ur
a=0—¢
In reverse flow (Ja| > 90), a < a — 180 signe, 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+ 0y +0.cosp + 0ssinyy — Kpf3
ﬂ = ﬂO +ﬁcCOS¢ +ﬁsSiH¢
where Kp = tands. The twist is measured relative to 0.75R; 04, = 601 (r — 0.75) for linear twist. The
inflow includes gradients caused by edgewise flight and hub moments:
A=+ Xi(1 4+ Kgrcosy + kyrsing) + AXp,
fm
/MZ + )\2

<_C]Wy> _ ﬂ V2_1 (/Bc)
CMw N 2 84 ﬁs

_ Im oa\ v?—1 ] y _ v2—1 ] .
AN, = <\/m §> 78 (rB.cosv) +rBssiny) = K, 7—/8 (rB.cos) + rBssinh)

The constant K, is associated with a lift-deficiency function:
1 1
1+ Km 1+ froa/(8y/p2+22)

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

= + A (1 + Kprcosy + kyrsingy) + (—2Cyr cos ) + 2C 7 siny)

From the hub moments

the inflow gradient is

C =

1 1

L= ipUQCCg F,=Lcos¢ — Dsing = §pUC(CguT — cqup)
1 1

D = EpUQCcd F,=Lsing+ Dcos¢p = ipUc(Cgup + cqur)
1 1

RzipUzcc,«thanA Fr:—ﬁFZ—FR:—ﬁFZ—FipUccduR

These equations for the section environment and section forces are applicable to high inflow (large ),
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/*FECOSI/J+FTSiI’11/}d7’
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with an average over the rotor azimuth implied, along with the integration over the radius. Lift forces
are integrated from the root cutout r, to the tip-loss factor B. Drag forces are integrated from the root
cutout to the tip.

In coefficient form (forces divided by pAV;3,) the rotor thrust and inplane forces are:

- ~ 1
Cr = U/FZ dr L = 5éU(cmT — cqup)
~ ~ ~ 1
Chy = U/ F,sint + F, cosv dr F, = iéU(ceuP + cqur)
~ ~ ~ ~ 1,
Cy = a/—Fl. cos ) + Fi.sin dr F,. =—-pF, + §CUC[1UR

(and the sign of Cy- is changed for a clockwise rotating rotor). The terms Aﬁr = 132 3 and Aﬁr = — AZ 8
produce tilt of the thrust vector with the tip-path plane (Cy = —Crf. and Cy = —Crf3,), which
are accounted for directly. The section drag coefficient ¢; produces the profile inplane forces. The
approximation up = u, is consistent with the simplified method (using the function F), hence

F\xo = %éUOCdUT CHo = U/ ﬁa:o Sinlﬁ + ﬁro COSl/}dT = %/éUOCd(TSinw + /14:10) dr

=)

1 ~ ~
o = iéUOCduR Cy, = U/—Fm costp + Fr,sint dr = —% /éUocd(r cos Y + fiy) dr

where U = u% + p2, and cq = Camean/ cos A. Using blade-element theory to evaluate C, and Cy,
accounts for the planform (¢) and root cutout. Using the function F; implies a rectangular blade and no
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:

N 1 .1 .
—F,, = §éUCg(UP—uTﬁ)+ iéUCd((l—Uo/U)uT-f—uPﬁ)

)

8

|

o)
= m.

Chipp = U/ Fyisint + F,; cost dr
Cytpp = U/ _ﬁmi cos ) + F\”' sin v 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. 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+V2ﬁ+2dysinw+2dxcosw = g/ﬁzrdr—f— (v? — 1)8,

including precone angle ,; the Lock number v = pacyes R*/I,. This equation is solved for the mean
(coning) and 1/rev (tip-path plane tilt) flap motion:

V2B = /F rdr+ (v? —1)8,

v ()= R (Gme) (3
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with an average over the rotor azimuth implied. The solution for the coning is largely decoupled by
introducing the thrust:

25 7 6Cr v / P(r —
v5fo = S oa + (2 ﬁp—l—a F,(r—3/4)dr
A separate flap frequency vy 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:

B, = 6/F ar - %r
a aa

E.\ 8 [& 2cos v —1 (4. 16 ( éu,
(7)) =2 Frar(ns) -5 () 7 ()

The solution v such that E(v) = 0 is required. For tip-path plane command, the thrust and flapping are
known, so v = (.75 0. 6,)" . For no-feathering plane command, the thrust and cyclic pitch are known, so
v = (0o.75 B Bs)T. Note that since ¢, = ¢y, is used (no stall), these equations are linear in . However,
if 9T /00y 75 1s small, the solution may not produce a reasonable collective. A Newton—Raphson solution
method is used: from E(v,11) = E(v,) 4+ (dE/dv)(vp+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 can be estimated from
Sa = 80 — (ur/U?)6up and U = (up/U)dup, hence
~ 1 1 1
oF, = EécmuT(adU +Uba) & §échuT5oz = 56(:@(, (UuT59 — (UQT/U)(SUP)

with
00 = 0p.75 + 0. costp + O sinyp — Kp(B. costp + Bssinv))
Sup = SN+ 163 + urdf

2 2 _
= (K,,L(V’y—ml)rcosw —rsinw—i—uRcosw) Be + (Km(yv—/gl)Tsinw—|—rcosw+uRSinw> Os

For hover 6 F, = 1écea (r?00 —roup), and the derivatives are easily evaluated. Including axial flight gives

0E; = epbo.7s
0E.\ 0.\ | n ep Oe
0FE, ] €o 0 —e3 N B
where
n—E(HeK)JFeK v v ol ok
= /8 BHm ofp =7 e o p

The constants are functions of . :
Cieo:3/Uqur:3/r\/r2+,u§dr:(1—1—/13)3/2—|,uz|3
1 1 1+4/1
—69:4/UUT7'd7"—4/ \/r2+uzdr—\/l+uz<1+2uz)—2,u4 ( i +MZ>

‘:uz|

4 1+4/1
ieg:él/(UQT/U)Tzdr:él/\/r;—+7u2 Vl—ﬁ-uz(l—%yz) 2,u4 ( i +/Jz>

Coa |12
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(all equal to 1 for 1, = 0). Hence

(00.75)n+1 = (B0.75)n — iEt
€o
(96) :<96) _i(EC)
0s n+1 0s n €9 Es
for tip-path plane command; or

(60.75)n+1 = (Bo.75)n — iEt
)
ﬁc _ ﬁc + f n —€3 Ec
Bs ) pin Bs), e3+n?les n E,
for no-feathering plane command. Alternatively, the derivative matrix dE/dv can be obtained by nu-

merical perturbation. Convergence of the Newton—Raphson iteration is tested in terms of |E| < e for
each equation, where ¢ is an input tolerance.

11-5 Power

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

The induced power is calculated from the ideal power: P; = kPgeal = £fDT Videal. 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)cdmeanFp- The function Fp(u, 1) accounts for the increase of the blade section velocity with rotor
edgewise and axial speed: Cp, = [ $ocqUdr = [ 2ocy(u3 + u% + u3)*/2dr; so (from Harris)

1 2m 1
Fp = 42— / ((r + psiney)? + (pcosp)® + u§)3/2 dr dvp
0

™ Jo

5 3 L4+TV244vt 9yt
>~ 14 V2 (14 V2p o =0
- ( M AR R IR T 7o

34 3949 9 4 VI+V2Z 41
2 2 = Inp|>X—"' "'~
+ <2uz—|—2uzu +16M n v

with V2 = 12 + ;2. This expression is exact when u = 0, and fp ~ 4V 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 values from the performance method.
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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): &nover,
Kprop» Kedge- 1WO models are implemented: constant model and standard model. The constant model
USES K = Khover 1If ft = f1, = 0; OF kK = Kprop 1f |t| < 0.1|p|; OF K = Kedge Otherwise.

The standard model calculates an axial-flow factor xaxia from Knover, Kelimb, 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 B )
Kh = Khover + kn1An + kn2A7 + (Kelimb — Fhover ) p tan~! [((\Mz|//\h)/Maxia1)Xax‘al

where |p.|/An, = Maxia 1 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 (X,xia1 = 0.65). A polynomial describes the variation
with axial velocity, scaled so k = kp, at u, = 0 and kK = K, at ; = lzprop, INcluding a variation with
thrust:
Kp = Kprop + kp1Ap + k;pgAz
Kaxial = K + ka1 iz + S(ka2pt? + Kagpy®)

where S = (kp— (Kn+ka1 pzprop))/ (KaztiZprop T Kaskidiop)s S = 0if kaa = ka3 = 0 (not scaled); Kaxial = kn
if ft2prop = 0. A polynomial describes the variation with edgewise advance ratio, scaled so k = Kaxial at
w=0and k = fogKedge At {1 = ftedge- Thus the induced power factor is

K = Kaxial T kelﬂ + S(keQ,ufz + ke3ﬂxe)

where S = (forkedge — (Kaxial + kemcdgc))/(kegugdge + kegujfﬁge); S =01if kes = ke3 = 0 (not scaled);
K = Kaxial if fedge = 0. The function fog = 1 — ko1 (1 — e~*o29=) accounts for the influence of lift offset,
0y =My /TR = (Knuw/TR)Gs. Figure 11-6 illustrates x in edgewise flight. Minimum and maximum
values of the induced power factor, ki, and kn,ax, respectively, are also specified.

11-5.1.2  Profile Power

The profile power is calculated from a mean blade drag coefficient: Cp, = (0/8)cdmeanF'p. 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,.¢/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 Re,er
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.

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
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Figure 11-4. Induced power factor for rotor in hover.

(C1/0) 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% + dsep Az

sep

Cdp = d()prop + dlpropA + d2propA2 + dsepAggi)ep
The separation term is present only if Ay, > 0. The helicopter and propeller values are interpolated as
a function of p:

2,
Cdbasic = Cdh + (Cap — th); tan™" (|u=]/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/forr)(Cr/0)s (fs is an input factor). 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/0)s, 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,; — Myq, where M, is the drag divergence Mach number of
the tip section. Then the compressibility increment in the mean drag coefficient is

Cdcomp = dm1 AM + dmZAMXm
(ref. 9). M4 is a function of the advancing tip lift coefficient, ¢, 90). The advancing tip lift is estimated
from ov(1,90) = (0.75 +0.250L, + 05 — (A — B.) /(1 + ) = 1.6(1 — 2.97u 4 2.21%) (6Cr /oa) 4 0.250,,, (zero

above u = 0.6). Then the Korn expression (ref. 10) gives M, for small lift coefficient:

Mdd = KA — H|Cg| - T = MddO — IQ|C@|
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Figure 11-5. Induced power factor for rotor in axial flight.
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Figure 11-6. Induced power factor for rotor in edgewise flight.

where M40 is the drag divergence Mach number at zero lift, and typically x = 0.16.

b) Similarity model: From transonic small-disturbance theory (refs. 11-12), the scaled wave drag must
be a function only of K = (Mg, — 1)/[MZ,7(1 +)]*/*. An approximation for the wave drag increment

1S

5/3 75/3
DK)= o
)= g

T

Acg= —————
T ME 1+ )

L774(Ky + 1.674)%/2

(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
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Figure 11-7. Stall function.
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Figure 11-8. Mean drag coefficient for rotor in hover.

is approximately:
Cacomp = 1.52f (K1 + 1?[(1+ p)7]P/2(1 4 7)1/

including the input correction factor f; cgcomp 18 zero for K1 < —1, and constant for Ky > —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
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Figure 11-9a. Mean drag coefficient for rotor in forward flight, high stall.
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Figure 11-9b. Mean drag coefficient for rotor in forward flight, low stall.

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.
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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; = kP.geal = kfpT videa) fOr €ach 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; = kiwiny/T/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 = 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; = kKiwinT/(2pAV), from the total
thrust 7" and a span of 2R. The correction factor for ideal induced power (biplane effect) is kqyin = 0.88
to 0.81 for rotor separations of 0.06D to 0.12D. The ideal inflow is thus calculated for Cr, = Cry + Cra.
The induced velocity of side-by-side rotors is v; = kwinT/(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)2.
The induced velocity of tandem rotors is vp = 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 2 = 2 = 1 is appropriate. Here xz = m and zr = 2 — m is used.

To summarize, the model for twin-rotor ideal induced velocity uses Cr. = x1C71 + z2Cpo and the
correction factor kywin. In hover, z;, = 1/(2 —m); in forward flight of coaxial and tandem rotors, z; = 1
for this rotor and z; = m or z; = 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

. zpp? + xpCA}
p? +CA}
with typically C' = 1 to 4. This transition is applied to z for both rotors, and to fiyin.

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. 13):
P, = Tyvy, v2 = T,/2pA for the upper rotor; and P, = (as//7)Tyve, v = Ty/2pA for the lower rotor.
Here r = 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 C7., = Cr,, for the
upper rotor and from Cr, = (as/+/7)?>Cr, for the lower rotor, with i, = 1. Thus z, = 1/(2—m) = 1/2
and the input hover ki, 18 not used, unless the coaxial rotor is modeled as a tandem rotor with zero
longitudinal separation.

(Vi+a+rzar-1)

11-5.2 Table Performance Method

The induced power is calculated from the ideal power: P, = kPiqeal = kfpTVidea. The induced
power factor « is obtained from an input table (linearly interpolated) that can be a function of edgewise
advance ratio y or axial velocity ratio 4., and of blade loading Cr /0.
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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 ¢y, 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 C'r/o.

11-6 Performance Indices

Several performance indices are calculated for each rotor. The induced power factoris & = P,/ Pigeal-
The rotor mean drag coefficient is ¢; = (8Cp,/0)/Fp, using the function F(u, u1.) given previously. 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: nmom = T'(V+w/2)/P, wherew/2 = fwv/2 = fpwv.

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 — o[ ,. The direction
of the wake axis is thus ef, = —CPFol’ /ol | (for zero total velocity, ef, = —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 = fyv;, 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 + fwdi)?
¢ (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 + WiEREnT 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 — 2I' | ); the corresponding point on

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

o WPTOPPE — o)
. (RF)Tel

from which f., f., f., and R, are evaluated. The distance r from the wake axis is then
r? = (") (€ — )+ ()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 s)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
Vint = 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 ¢t. Optionally the wake immersion can use
the contracted radius R, or the uncontracted radius R; can be a step function (s = 0, so 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 K, 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 can be calculated at several of points along the span and averaged. The increment in position
is AzE = CFB(0Ay0)T; where Ay = (b/2)(—1+ (2i — 1)/N) fori = 1 to N, and b is the wing 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)T} and (1 —m) A, hence the induced velocity is v; = k+/T1/2pA; similarly
= n\/m. In the overlap region the thrust and area are mT; + mT> and mA, hence the induced
velocity is v, = k+/(T1 + T2)/2pA. So for equal thrust, the velocity in the overlap region (everywhere
for the coaxial configuration) is /2 larger. The factor K is introduced to adjust the overlap velocity:
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vm = k(K7/v2)\/(Ti + T2)/2pA. The interference velocities are calculated separately for the two
rotors, with the correction factor f;: ving1 = fir/T1/2pA and vinge = fiky/T2/2pA. The sum ving; + vingo
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
Kp/V?2
VTL+ VT2

where 7, = T,, /(T + T3) is the thrust ratio. For equal thrusts, f;, = K7 /2; or fi, = 1/4/2 for the
nominal velocity. The expression f; = f;;, 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 (K7 = v/2);
or use an input velocity factor in overlap region (Kr).

fth =

11-8 Drag

The rotor component includes drag forces acting on the hub and spinner (at z{, ) and on the pylon
(at 2 ),,). 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 CP% = 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 degree for hover, meaning that the body axes are oriented z-axis down
and z-axis forward. Hence 6, = 180 degree.

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 o = 90
degree for helicopter mode (with a tilting pylon), meaning that the body axes are
oriented z-axis down and z-axis forward. Hence 6, = 90 degree.

The aerodynamic velocity relative to the air is calculated in component axes, v”. The angle-of-attack
« and dynamic pressure ¢ are calculated from v”. The reference areas for the drag coefficients are the
rotor disk area A = 7wR? (for hub drag), pylon wetted area Spylon, and spinner wetted area Spi,; these
areas are input or calculated as described previously.

The hub 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 = wR?; or the drag can be estimated based on the
gross weight, using a squared-cubed relation or a square-root relation. 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 relation: (D/q)nun = k(Warro/ 1000)2/ 3 (Warro is the maximum
takeoff gross weight; units of k are feet?/kilopound?/? or meter?/Megagram?/3). Based on historical data,
k = 1.4 for typical hubs, & = 0.8 for current low-drag hubs, and k& = 0.5 for faired hubs (English units).
For the square-root relation: (D/q)nub = kv/Warro /Nrotor (Wairo /Nrotor 1s the maximum takeoff gross
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weight per lifting rotor; units of k are feet?>/pound’/? or meter?/kilogram'/2); based on historical data
(ref. 14), k = 0.074 for single-rotor helicopters, k = 0.049 for tandem-rotor helicopters (probably a blade
number effect), & = 0.038 for hingeless rotors, and k& = 0.027 for faired hubs (English units).

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 = 7 R?.

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
Cp = Cpo + (Cpv — Cpo)| sinal*

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

D= qACDhub + qspylonCDpylon + 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, and blade-fold
structure. 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: Q@ = Ppgsiimit/Qm-. 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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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), then applying a yaw angle ¢, and then an incidence or tilt angle 7 (table 12-1). The control
variables can be connected to the aircraft controls c4¢:

A= Ag+Tacac
Y=o + Tycac
i =19 + Ticac
with Ay, ¢y and 4o zero, constant, or a function of flight speed (piecewise linear input). The force axes
are CP¥ = U,;V,,, where U and V depend on the nominal direction, as described in table 12-1. The force

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

FF = efA
MF = AzFFF
where AzF = 2F — 2F.
Table 12-1. Force 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
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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 (sfc): 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 Fi,.x, plus a fixed increment: W = SFy.x + AW.



Chapter 13

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 = b*/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), ¢, AR = b*/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.

Optionally for the tiltrotor configuration, the wing span can be calculated from the fuselage and rotor
geometry: b = 2(f R+ dsus) + weus, Where R is the rotor radius (cruise value for variable-diameter rotor),
dsus the rotor-fuselage clearance, and wy,; the fuselage width. Note that the corresponding option for the
rotor-hub position is ynu, = =(f R+ dius + Lowes). Optionally the wing span can be calculated from the
rotor-hub position: b = 2|ypup| (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.
Optionally the wing span can be calculated from an appropriate specification of all wing-panel widths.

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

The wing planform is defined in terms of one or more wing panels (fig. 13-1). Symmetry of the
wing is assumed. The number of panels is P, with the panel index p = 1 to P. The span station 7 is
scaled with the semi-span: y = n(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
d,; and offsets (x,, 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 (7 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 7, (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.ef (Where c,f 1S 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, = fu,(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 ngp, y, = NEp(b/2); calculated from the fuselage and rotor geometry,
Yp = fR+ dus + owrs (for a designated rotor); calculated from the hub position, y, = |ynub| (for a
designated rotor); or adjusted. An adjusted station is obtained from the last station and the span of this
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centerline

panel p

% aero center locus

al
N
@ l /

mean aero
center
(wing location)

inboard outboard
edge edge
Mep outboard panel edge, n = y/(b/2)
Mp Nop wing station
A Aop chord ratio, A = c/C,¢
Cip Cop chord
Ay sweep (+ aft)
o dihedral (+ up)
Xip aero center offset (inboard, + aft)
), aero center offset (inboard, + up)
by span (each side)
Cp mean chord
S, area = 2byc,,

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

panel, y, = yp—1 + by OF Y, = yp—1 + fip(b/2); or from the next station and the span of the next panel,
Yp = Yp+1 — bpy1 OF Yp = Ypr1 — fop+1)(0/2). 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 by, 1 OF 1atio fy(,41) is fixed, and if next edge ¥, 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, = ¢ +¢1b/2.
Then the unused fixed panel span gives the equation (co + ¢1b/2)o — (¢o + ¢1b/2); = b, (subscript O
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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)1 = f,b/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\; = ¢;/crer and Ao = co/crer (taper); or free.
The total wing area equals the sum of all panel areas:

S:ZSerSZfS+2prcp+202bpfc+20rebep%()\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 ¢, = 2(c; + co) = cret 3 (A1 + Ao), Sp = 2byc,. 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¢p —cy.

Since the panels have linear taper (¢ = ¢t \), the mean aerodynamic chord is
b/2 1
Sca :/ Ady = b/ 2 N2dn
—b/2 0

1 1
= bchefg(/\§ +Ardo +25) An, = Z g(cg +crco +cb) 2b,

b/2 1
S = / cdy=1> Cref>\ dn
b2

1 1
= bzcrefg()\[ + o) An, = Z 5(01 + co) 2b,

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

The mean aerodynamic center is the point where there is zero moment due to lift: z4CLS =
za [ ciedy = [ xeedy, with cep = £(y) the spanwise lift distribution. Thus

1
| tea = zactmydn =0
0
The locus of section aerodynamic centers x 4¢ 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

T L = b
1A= /0 L(n)xacdn = Z/\/l —n? (x[p + 3 tan A, 77) dn
1 . b 1 .
—Z[x1p§<77 1—n? +sin ln)ﬁtanApg(IUQ)‘j/z}
where T, = >0, (214 + (b/2) tan Ag—1(nog-1) — M1(g-1))) — (b/2) tan Aynr,. 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
~ b ~ b 1
ZA:/ zacdn = E /(21p+§tan6p77) dn = E [szn—i— §tan6p 5772}
0

no

ni

no

nr
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Then (Z 4, z4) is the offset of the mean aerodynamic center from the root-chord aerodynamic center.
Finally,

A = tan™? (Z ;/—Z)Q tanAp)
§ =tan"! (Z bb/—p2 tanép)

2c

Croot

A= -1

are the wing overall sweep, dihedral, and taper.

The wing contribution to the aircraft operating length is zying + (0.25¢) cosi (forward), zying —
(0.75¢) cos i (aft), and ywing = b/2 (lateral).

13-2 Control and Loads

The control variables are flap ¢, flaperon 4, aileron 4,, and incidence i. 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 ¢4, 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, ¢; =
c¢r/cp; and by the ratio of the control-surface span to wing-panel span, f; = b;/b,, such that the control-
surface area is obtained from the panel area by Sy = (¢ f,5,.

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 aying (hence C54) and dynamic pressure g are calculated from
vB. The reference area for the wing aerodynamic coefficients is the planform area, S. The wetted-area
contribution is twice the exposed area: Syt = 2(S — cweys), Where wy,s 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 C'py based on the wing area; or calculated from an airfoil section drag
coefficient (for —90 degree angle-of-attack) and the wing area immersed in the rotor wake:

1
Cpv = g Cdo0 (S — c(weys + 2dsus) — fagobrer (1 — cosdp) — fagobscy(1 — cos 5f))

where wgys is the fuselage width and dy,s the rotor-fuselage clearance. The last two terms account for
the change in wing area due to flap and flaperon deflection, with an effectiveness factor f 0.

From the control-surface deflection and geometry, the increments of lift coefficient, maximum-lift
angle, moment coefficient, and drag coefficient are evaluated: ACry, Aamaxs, ACrmy, ACpys. These
increments 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 Cy,, and maximum lift coefficient Cy,,,ax (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 = max + Actmaxs aNd Apin = —max + Almaxf-
Then
CLaae + ACLf Amin <a < Amax
/2 — ||
CraAmax + AC — e > Amax
= | @b 2000) (Z2050) o
T/2 — ||
aAmin A 7o A1 e Amin
Crotont2017) (SHE) e

(for zero lift at 90 degree angle-of-attack). Note that CroAmax + ACLf = Cratmax + ACLmaxys. In
sideward flight, C;, = 0. Finally, L = ¢S/, is the lift force.

13-3.2 Pitch Moment

The wing pitch moment coefficient is Cas = Crrqc+AChp. 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 = fb/% %AC’ o Then M, = ¢SbC, is the roll moment.
13-3.4 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 < . — 180 signa.. For angles of attack less than a transition angle o, the drag coefficient
equals the forward-flight (minimum) drag Cp¢ plus an angle-of-attack term and the control increment.
If the angle-of-attack is greater than a separation angle a; < «y, 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.| > «5; 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™'(—v? /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:
(Cr = Cro)®

meAR
Conventionally the Oswald efficiency e can represent the wing parasite-drag variation with lift, as well
as the induced drag (hence the use of Cr¢). The wing-body interference is specified as a drag area, or a
drag coefficient based on the wing area. Then

Cp; =

D =¢SCp = qS(C'Dp +Cpi + C’ow)
is the drag force. The other forces and moments are zero.

13-3.5 Wing Panels

The wing panels can have separate controls and different incidence angles. 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:

1
Cr=¢ > 8,Cryp
1
Cy = e Z SpepChrp
1
Co=2> 5Cy

1
Cpp = 5 Z SpCopp

The three-dimensional lift-curve slope Cyr, is calculated for the entire wing and used for each panel.
The induced drag is calculated for the entire wing from the total C7..

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
from the induced drag, assumed to act in the £Z direction: ajng = ving/|v?| = Cpi/CL = Cr/(meAR),
vl | = CFBEB|vB|ay,q. For tandem wings, typically Kj,, = 2 for the interference of the front wing on
the aft wing, and Kj,; = 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

Cr

_ _ ¢ _ 1
Cp; = o +CL Zamt = e AR +CyL ZKmtalnd = e AR +CL Z Klntﬁ

:| other wing

where the sum is over all other wings.
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The wing interference at the tail produces an angle-of-attack change ¢ = FE(C./CL,), wWhere
E = de/da is an input factor determined by the aircraft geometry. Then from the velocity v” of the
wing,

B

—€v;

F _ ~FB
Uiy = C 0 B
vy

is the interference velocity at the tail.

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 b; = 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. For the induced drag
and interference, the effective aspect ratio is then reduced by the factor (b;/b)?, since the lift and drag
coefficients are still based on total wing area S.

13-5 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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Chapter 14

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 ¢ = |zpy — 24| 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 c¢. 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, by /b.

The tail contribution to the aircraft operating length is x.;; + 0.25¢ (forward), z¢.;; — 0.75¢ (aft), and
Ytail = (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 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
1.

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_40,,. The control variables are rudder 4, 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 CZ4) 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 Sye; = 25. From the elevator or rudder deflection and geometry, the increments in lift
coefficient, maximum-lift angle, and drag coefficient are evaluated: ACy s, Aamaxs, ACpy.
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14-3.1 Lift

The tail lift is defined in terms of lift-curve slope C},, and maximum lift coefficient Cr,.x (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 18 the angle of zero lift; in reverse flow (Ja.| > 90), ae < @, — 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, Amax = max + Attmaxs aNd Apin = —max + AQmaxf-
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 degree angle-of-attack). Note that CroAmax + ACLf = CrLaOmax + ACLmaxys. In
sideward flight (defined by (v2)? + (vP)? < (0.05[v®|)?), Cr, = 0. Finally, L = ¢SC, 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, = ayl + % — @pmin, Where apmi, i the angle of minimum drag; in reverse flow
(Jee| > 90), e «— . — 180 signav.. For angles of attack less than a transition angle o, the drag coefficient
equals the forward-flight (minimum) drag Cpy, 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
¢» = 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 tail weight (empennage group) model depends on the configuration: helicopters and com-
pounds, 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 Vjive = 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 Wiyei—cap (maximum usable fuel weight) is determined from designated
sizing missions. The maximum mission fuel required, Wye1—miss (€Xcluding reserves and any fuel in
auxiliary tanks), gives

quelfcap = max(ffuelfcapruelfmissy quelfmiss + Wreserve)

where frel—cap > 1 is an input factor. Alternatively, the fuel-tank capacity Wiyei—cap can be input. The
corresponding volumetric fuel-tank capacity iS Viyel—cap = Winel—cap/pruel (gallons or liters), where pge1
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:

Whuel = min(dfuel + ffueleuel—capa quel—cap) + § NauxtankWaux—cap

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 Vj.. 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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15-4 Auxiliary Fuel Tank

Aucxiliary fuel tanks are defined in one or more sizes. The capacity of each auxiliary fuel tank,
Waux—caps 1S an input parameter. The number of auxiliary fuel tanks on the aircraft, Nayxsank 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 = Wiuel—cap + 2 Nauxtank Waux—cap- 1he fuel-weight adjustment
AWr,e is 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 Wi = W — Wo — Wi,ay 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 weight and drag of NV, 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: Wuxtank =, fauxtank Nauxtank Waux—cap-

15-4.1 Auxiliary-Fuel-Tank Drag

The auxiliary fuel tanks are located at position 2. The drag area for one auxiliary tank is specified,
(D/q)auxtank- The velocity relative to the air gives the drag direction ey = —v!"/|vf'| and dynamic
pressure g = Lhp|vf'|? (no interference). Then

FF =e€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 Wauxtank = Z fauxtankNauxtank Waux—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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if quel > quel—max
for first auxiliary tank
Nauxtank = Nauxtank + 1
A‘/Vfuel = _fauxtankWauxfcap
AI/Vfuelfmax = Wauxfcap
repeat if Wi > Winel—max
if quel < quel—max - aux—cap
Nauxtank = Nauxtank -1
AI/Vfuelfmax = _Wauxfcap
Wiael = Whuel—max (capped)
else if quel < quel—max
for last nonzero Nuuxtank

Nauxtank = Nauxtank -1

AI/Vfuel = fauxtankWauxfcap

AI/Vfuelfmax = _Wauxfcap

repeat if quel < quel—max
undo last increment

Nauxtank = Nauxtank +1

AI/Vfucl = _fauxtankWauxfcap

AI/Vfuelfmax = Wauxfcap

Figure 15-1. Outline of N,uxtank calculation.

123



124 Fuel Tank



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.

161 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 Vi, 1s 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 = Qaep/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/Qprims Lprim = Viip—rer/R). The latter option
means the specification engine turbine speed Nype. corresponds to V.o 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 (Qpuim = Viip/R);
from the gear ratios, the rotational speed of dependent rotors (Qqep, = 7,rim) and the engine groups
(N = (60/27)7engQprim) 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.

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
Venhover a0d Vioeruise. The tip speed is Viip—nover 10 helicopter and conversion mode, and Viip—cruise 1
airplane mode. Drive-system states are defined for helicopter, cruise, and conversion-mode flight. The
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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,
maneuver, one-engine inoperative, drive-system limit conditions, and a function of flight speed (piece-
wise 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 — pt1, from p = V/V4;p, or from
My = Myip/(1+ p)2 + p2; from which Vi, = \/T/pActy + (Vi1 /2t)2 + (Vi1 /2tg), Viip = V/u, or
Viip = V/(csMat)* = V2 —

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 + Pacc

The transmission losses are calculated as an input fraction /y,,s, Of the component power plus windage
loss:

mesn = ‘gxmsnfxmsmpcomp + Pwindage (Qprim/Qref)

The factor f,msm can equal 1 or can include a function of the drive-shaft rating (increasing the losses at
low power):

%P Xlimit Q < i
fxmsmpcomp = (% - ) comp % < Q <1
Pcomp 1< Q

where @ = Peomp/Pxlimit> Pxlimit = T"PDSlimits A0d 7 = N/Ngpec = Qprim/Qrer. Accessory losses are
calculated as an input constant, a fraction of power required (such as environmental control unit (ECU)
losses), infrared suppression (IRS) fan loss (if IRS system is on), and terms that scale with air density
and rotor speed:

Pacc = Facco + ‘gacc( comp + mesn) + KIRfanaNengPeng + Paccdo + Paccno—( prim/Qref)

where o = p/py 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
at fpPeng). The power required for the remaining (perhaps all) engine groups is distributed proportional
to the engine rated power:

(Neng - Ninop)Peng
notfixed (Neng - NiIlOp)Peng

PTquG = reqPG E PrquG Z
fixed
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If the sum of the fixed P,.,z¢ exceeds the propulsion group power required, or if the power is fixed for
all engine groups, then each is reduced by the ratio Prcyp/ > gioq 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: Wyeqpg = Y WreqEG-

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, Ppgimit- The rating is properly a torque limit,
Qpsumit = Ppsumit/$2, 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 flight conditions, Ppgiimit =
Srimit (Qrer /Qprim) D Neng Pav (largest of all conditions).

d) From the power required at the transmission sizing flight conditions, Ppgiimit =
Jiimit (et /Qprim) D, Neng Preq (largest of all conditions).

with fiinit 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 (Pgsimits)- 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 Ppsimit 1S the corresponding engine turbine speed. The rotation speed for the rotor-shaft rating
Pgsiimit 1S the corresponding speed of that rotor.

16-5 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).

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
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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).



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 firstengine group). The total powerrequiredis Pp = r Y Neng Peng.
where r = max(P,cqpc/Pavpc). The sized power iS Pisea = Ppc — Y pyoq NengPeng. Then the sized
engine power iS Peng = fnPsized/Neng for the n-th engine group (with f; = Zn;ﬁl,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 r,). 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)reng Qprim, Where Qp,4m 1s the current rotor
speed and 7., is the gear ratio (depending on the drive-system state). If the reference primary rotor
speed ,,im corresponds to the specification turbine speed Nypec, then reng = Qgpec/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, — Poss), and then
the mechanical limit applied: P,, = min(P,y, PmechR)-

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):

PavE‘G = (Neng - Ninop)Pav

The propulsion group power available is obtained from the sum over the engine groups: P,,pg =
> fpPuwEc, including a specified power fraction fp.

The drive-system rating at the flight condition iS rPpgiimit, Where r = Qprim /Qrer.  Optionally
this limit is applied to the propulsion group power: P,,pc = min(P,,pq, " Ppsiimit). Similarly the
engine-shaft limit at the flight condition is optionally applied to the engine group power.
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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,

Speed iS N - TenngI'iIn'

, flight condition, and engine rating. The flight condition includes the altitude, temperature,
flight speed, and primary rotor speed; and engine, drive system, and IRS states.

The engine turbine

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):

Preq = rquG/( eng

In the engine model, installation losses Pioss are added to P4 (P,

Ninop)
- Preq + -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):

MreqG = (Neng —
WreqpG = (Neng —
Fnee = (Neng —

(

auxEG - Ncng

N mop)mT eq
Ninop )i
Ninop)
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, — Pioss. 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+Lez) 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 flow 1,ux = faux?ireq:

Daux = (1

- naux)mauxv - (1 - naux)fauxmreqv

where 7.« 1S the ram recovery efficiency. Exhaust losses (¢.,) and auxiliary-air-flow parameters (7aux.,
faux) are defined for IRS on and off. Inlet particle-separator loss is added to the inlet losses ().

17-2 Control and Loads

The engine orientation is specified by selecting a nominal direction ey in body axes (positive or
negative z, y, or z-axis; usually thrust forward, hence positive z-axis); and then applying a yaw angle
1, then an incidence or tilt angle ¢ (table 17-1). The yaw and incidence angles can be connected to the
aircraft controls c4¢:

Y =10+ Tycac
1 =10+ Ticac
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).
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The engine group produces a jet thrust Fly, acting in the direction of the engine; a momentum drag
D.ux, acting in the wind direction; and a nacelle drag D,,,., acting in the wind direction. The engine
group is at location 2. The force and moment acting on the aircraft in body axes are thus:

Fr= erF'y + eqDaux + €qDnac

MF = AZFFF
where Az"" = 2 — 2 ey is the engine-thrust direction and e, is the drag direction. The velocity relative
to the air gives e, = —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 ey = C* Be £0-

For a tiltrotor aircraft, one of the aircraft controls is the nacelle angle, with the convention ay;; = 0
for cruise and ayyr = 90 degree for helicopter mode. The engine incidence angle is then connected to
ayiie by defining the matrix 7; appropriately. If the engine nominal direction is defined for airplane mode
(+x), then i = a4, should be used; if the engine nominal direction is defined for helicopter mode (—z),
then 7 = 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 Y Zy,

—x aft —1i 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 Y, 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 z¥'. The nacelle axes are the engine axes, hence CPF is
calculated as described previously (see table 17-1). For the engine nominal direction forward (4z-axis),
the nacelle z-axis is downward and the z-axis is forward; zero incidence angle corresponds to zero
angle-of-attack; and 90 degree incidence angle corresponds to 90 degree 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 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 = Wgs + Wyirs/Nec and the units of k are feet?/pound?/? or meter?/kilogram?/3.
The reference area is then S,ac = NengSwet. The nacelle area is included in the aircraft wetted area if
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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

CD = CDO + (CDV — CDO)l SinO&lX‘i
typically using X4 = 2. In sideward flight, Cp = Cpy is used. The nacelle drag is Dyac = ¢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, respectively; the variation at a given power reflects technology insertion with time.

The engine model includes reference values of the engine performance parameters: Pyr, SPyg,
Piechr» sfcocs SFocs Nepec, and Nopioc. Mass flow and fuel flow are obtained from rivgg = Por/SPor and
woc = sfcoc Poc. The reference power at each engine rating R defines a ratio to MCP: r,0r = Pyr/Poc.
Similarly for specific power and mechanical limits: rsog = SPyr/SPoc and 7,0z = 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 Pyc = P,,/rp0r, and the power at all other
ratings follows.

The actual (perhaps scaled) values of the performance parameters are available for the engine group:
-P()R’ SPOR’ PmechR’ SfCOC’ Fg()C’ Nspeca Nopt()C-

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 Ne,, engines.
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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.
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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 Joint Vertical Experimental (JVX) program (1983). The RPTEM
was developed and documented by Michael P. Scully and Henry Lee of 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 74 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 = pyq. Here the temperatures are °R or °K. The engine
characteristics depend on the temperature ratio § = T'/T, and pressure ratio 6 = p/po.

The flight Mach number M = V/c, = V/c4\/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 Nec; the mass flow i and fuel flow w required to produce power
required P, at engine-turbine speed IV; 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 Nypec.

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 ,x.

The difference between net and gross jet thrust is the momentum drag: F,, = Fy; — itV =
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 (ri,¢q/g replaces riy.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 7, (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) Py

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 F; 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 + ngTQEgm + KfsJTB@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.« 1S the ram-recovery efficiency. Exhaust losses (¢..) and auxiliary air-flow parameters (1aux.,
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, = n:Pe. Generally the power-turbine speed N has a significant effect on 7, but almost
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no effect on Pg. The model used for the efficiency variation is n; = 1 — |(N/Nopt) — 1|X¥7, where Nypt
is the speed for peak efficiency, hence
PON)  uN) 1= |(N/Noge) = 1[¥s
P(Nspec) nt(Nspec) 1- |(Nspec/N0pt) - 1|XN"

Two approximations for the optimum turbine speed are used. The first is a linear expression in p =

P/(POR(S\/é)

K
Nopt = Nepec VO (KNoptA\/eM + % p)

and the second is a cubic function of p = P/(Pycdv/0):

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:

SPy(Nspec) = SPy 0 Kgpa [5M \/@] Xepa
1t (Napec) = 10 (5/\/5) Ko ta [5M \/@ Xonta

where the static lapse rate (K,pq, Kmyfqe) and ram air exponents (X,pq, Xmye) are piecewise linear
functions of . The power available is then

SPa NS ec 1 a Ns €ecC XSpa+Xm fa

Pa(Nspec) = PO ( L ) mn ( P ) = PO (6\/5) KspaeKmfa |:6M V 9Mi| !
SP() mo

This expression for 7, is used only to calculate P,; elsewhere the r, expression for performance at

power required is used to obtain the mass flow at a power P,. Finally

1- |(N/N0pt) _ 1|XM7

Pa N) = Pa Ns ec
&) ( i )1_|(NspeC/N0pt)_1|XN”

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, Pnechr)-

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;6. The break
point between the i and i — 1 regions is

Ky = Koi + K10,
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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 (0y;, Kp;).
Then the coefficients between ¢ and ¢ + 1 are

Kyibp(iv1) — Kyit1)0bi

Koi =
’ Op(it1) — Obi
Ky = —Kyi + K1)
Ov(it1) — Obi

for i = 1to I. The interpolation is performed using K = Ko; + K1;60 for 6 in the range 6y; to Oy(;41).
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 Poss are added to P,.., (P, = Preq + Ploss). The referred quantities (relative to SLS static MCP
quantities) are approximated by cubic functions of ¢ = P,(Nepec)/(Pocdv/0):

treq = oc (3VO) (Kppao+ Kpjand+ Ko + Kyppasd®) (0] 7
mreq = m()C (6/\/5) (Kqu(] + Kqulq + Kqu2q2 + Kqudqg) [QM]Xm'fq
Fy = Fyoc (9) (ngqO + Kyfgq1q + ngq2q2 + ngq3q3) [‘9M]ngq

at Nypec, With woc = sfcoc Poc. The mass flow and fuel flow are primarily functions of the gas power Pg,
and are assumed to be independent of 7, hence independent of turbine speed. However, these equations
are functions of P,(Nypec), obtained from P,(N) using

1-— |(NSPEC/N0pt) — 1|XN77
1- ‘(N/Nopt) - 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: Pyr, SPog,
Prechr, sfcocs SFocs Nspec, Noptoc. Mass flow and fuel flow are obtained from rgr = Por/SPyr and
woc = sfcoc Poc. The reference power at each engine rating R defines a ratio to MCP: r,0r = Pyr/Poc-
Similarly for specific power and mechanical limits: r.r = SPor/SPocs Tmor = Pmecnr/FPoc. These
ratios are kept fixed when the engine is scaled.

The engine size is specified as takeoff power P, = P, Which is the power at rating R for SLS
static conditions and specification turbine speed Ngpe.. Hence the MCP is Py = P,,/rpor, and the
power at all other ratings follows.
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The engine technology parameters .S Py and sfcoc are assumed to vary linearly with mass flow 1moc
up to a limit 7, and constant thereafter at S Py, and sfe);,. The mass flow at the reference condition
iS 1o = Prof/S Pret, With the reference values S P, and sfe,.s. The functions are defined by the limit
values, and by the intercept values SP,.,, and sfc,e;o at mmoc = 0. If 7hper > 1uim, the limit values
are set to the reference values. If 1o < 7hym, the intercept values are projected from the reference
values: SP,ero = SPret — Myef®s T = (SPiim — SPret)/(1im — et ); and similarly for sfc,e.0. Then for
moc < Miim

SPyc = SPero + Kopimoe = Kspo + Ksp11oc
sfcoc = sfesero + Kspe1moc = Kspeo + Kgpe1moc

and for moc > Miim
SPOC = Sljlim

sfcoc = sfelim
From the limit and intercept values, the slopes are Kp1 = (SBim — SPrero)/"im and Ko = (sfeim —
sfcsero)/miim. Usually the effect of size gives K,y > 0 and K, peo < 0. The power at the limit is

Piimy = SPimmuim. Using o = Poc /S Poc, the specific power equation can be solved for the mass flow
given the power:

POC/S-Plim POC Zplim or Kspl =0
moc =
Ko \2 o Poc _ K :
(3R)?+ 3¢ — 3% otherwise

From this mass flow, SPyc and sfcoe 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:

Fooc = SFyc moc

Nspec = (Nspec - KNs2/ V mOC) ¢ + KNS2/ V moc = Ky + KNsZ/ V moc

re
NoptOC
NoptOC = Nspec AT
Nspec ref

Then the power and specific power at all ratings R are obtained from the ratios: Pyr = rporPoc,
SPor = rs0rSPocy Pmechr = "morFoc-

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)/m(Ngpec) 18 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 rigc. The scaling is determined from the specific weight ST, at the reference mass
flow ref; and either the limit SWyy, at iy, (for mes < 1huim) or the intercept SWe,, at 1 = 0 (for
Mot > Miim). Then

SW { Serro + szlmOC = szO + Ksmmoc mOC < mlim

SW]im 77.10(7 > 77.”Llim
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 m 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 7, and net jet thrust F, 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 S P, mass flow i, and power P
variation with temperature ratio 6, for static and 200 knots conditions and several engine ratings (referred
quantities, normalized, at Ngpec).
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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
Ppeecn 750 1500 3000
sfeoc 0.54 0.48 0.44
SFoe 59 7.3 8.9
Fyoc 25 58 134
moc 4.3 8.0 15.0
Nspec 35600 26100 19100
wW/P, 0.34 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

27.9 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 Precn
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 y are included in the weight equations. Typically
the input includes a weight increment that can be added to the results of the weight model. Weights
of individual elements in a group can be fixed by setting the corresponding technology factor to zero,
hence using only the input increment.

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:

Whox = Awpivbw/etn
Wspar = CtAsppspbw/esp
Wprim = (Wbox + Wspar)funits

Wprim = XprimWprim

A consistent mass-length-time system is used in the equations for Wi,ox and Wy, which therefore have
units of slug or kilogram. The primary structure weight Wp,.i,, however has units of pound or kilogram,
hence a conversion factor f,nits = ¢ is required for English units. The wing fairing (leading edge and
trailing edge), control surface (flaps, ailerons, flaperons, and spoilers), fittings (non-structural), and
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fold/tilt weights are:

Wiair = SfairUfair Wfair = Xfair Wrair

Whap = SﬂapUﬁap Wﬂap = XflapWAap
 fae

© 1 fae
Wiold = fiold (Wprim + Whair + Waap + Wae + Wiip) Wiold = XtoldWola

Wit (wprim + Wtair + wﬂap) Wge = Xfit Wfit

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 (]- - wtb) - Sﬁap

The wing extension weight is:

Wext = Sext Uext Wext = Xext Wext

Wetold = fefold Wext Wetold = XefoldWefold

and these terms are added to Wp,im and We,q. The tiltrotor-wing weight (and wing folding weight in
fuselage group) depends on the weight on the wing tips, Wy;,, 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 fy;, = Wii,/Wsp; 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 (wyp, + 0.080)/2.1560) — (0.4126 — 1.63097,,) (wy, — 0.131) + 0.0081
Fo = 0.640424w3, — 0.89717wy, + 0.46157,, + 0.655317
Fr = ((0.27 — 7,)/0.12)0.12739 (—0.96 +1/3.32 + 94.6788wyy, — (wtb/0.08344)2)
— 2.7545w7, + 5.1799wy;, — 0.2683
Fy g = 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, = Fo Awc? /4. The ideal shape for beam bending is two
caps t,, apart, so Igs, = Fy HAspth /4 and Iy, = FgApt? /4. The torque-box cross-sectional area is
obtained from the wing-torsion frequency;

1. 1
GJ = (U)TQ)2 §bw §Mtipr§
Ay = 4G T/ (G Frt?)

ylon
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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 = Wprim + Whair + Waap + Wht.
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 Wyex and Wyp,, in slug or kilogram. Typically the input uses conventional
English units for density (pound/inch?) and modulus (pound/inch?).
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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)

Nrotor number of rotors

bu wing span (length of torque box) ft orm

Ly = by — Wys wing length (span less fuselage width) ft or m

Cuw wing chord ft orm

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) ftorm

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/ft3 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?

fat wing fittings and brackets (fraction total weight excluding fold)

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) ft2 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?2. 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% (fig. 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)

Srair 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 AFDD82 model are:

0.6592 1»1.3371 ,0.99597,0.6682_,2.5279
Wplade = 0-02606Nr0t0rNb1ade R c Vvtip Vhlade Wblade = XbladeWhblade
0.2807 p1.53777,0.4290 ,,2.1414 0.5505
Whub = O~OO3722NrotorNbladC R V;;ip Yhub (Wbladc/Nrotor) oov Whub = XhubWhub

Based on 37 aircraft, the average error of the blade equation is 7.7% (fig. 19-2). Based on 35 aircraft,
the average error of the hub equation is 10.2% (fig. 19-3). The blade and hub-hinge weights for the
AFDDO00 model are:

0.53479 11.74231 ,0.772911,0.87562,2.51048
Wplade = 0-0024419ftiltNrotorNblade R & Vvtip Vhlade Wbladc = Xblade Whlade
0.16383 10.199377,0.06171 . 0.46203 1.02958
Whub = 0-18370Nr0t0rNb1ade R ‘/tip Yhub (Wblade/Nrotor) Whub = XhubWhub

where fir = 1.17940 for tilting rotors; 1.0 otherwise. Based on 51 aircraft, the average error of the
blade equation is 7.9% (fig. 19-4). Based on 51 aircraft, the average error of the hub equation is 9.2%
(fig. 19-5). For teetering and gimballed rotors, the flap frequency v should be the coning frequency. The
fairing/spinner and blade fold weights are:

Wspin = Xspin 7-386NrotorD52pin

Wiold = Xfold froldWhiade

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 fi,1q = 0.04 for manual fold, and f¢,1q = 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
Nrotor number of rotors

Nplade number of blades per rotor

R rotor radius in hover ft

c rotor mean geometric blade chord ft

Viip rotor hover tip velocity ft/sec
Vblade, Yhub flap natural frequency (for weight estimate) per rev
Dspin spinner diameter ft

frola blade fold weight (fraction total blade weight)

For lift-offset rotors, the blade and hub weights can be calculated based on the methodology of
reference 3. The blade and hub-hinge weights are:
Whlade = Nrotor 0.000041466 w R* /(2ht% )
Whab = Niotor (0.17153 w RNjade
+ 0'000010543(Wblade/Nrotor)‘/t?thR/R

Whlade = XbladeWhblade

Whub = XhubWhub

+0.081304 w R22hL/t.2R)
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where w = n,Wsp /1000, and

0.5+ 0.5\

is the blade thickness at 20% R. These equations were developed for the coaxial rotor configuration
(Nrotor = 2). The blade-weight estimate is based on the stiffness required for tip clearance of the two
rotors. The first two terms in the hub-weight equation account for the structure required to react the hub

(0.8 + 0.2)\>
tor = T.2RC

moment and the centrifugal force; the last term accounts for the weight of the main-rotor upper shaft.
Parameters are defined in table 19-4, including units as used in these equations.

Table 19-4. Parameters for lift-offset rotor weight.

parameter definition units
Nrotor number of rotors

Wsp structural design gross weight b
n, design ultimate flight load factor at Wsp g

A blade taper ratio (tip chord/root chord)

ToaR blade airfoil thickness-to-chord ratio (at 20% R)

c blade mean chord

Nplade number of blades per rotor

h coaxial rotor separation (fraction rotor diameter)

L lift offset (Mron/TR)

Viip rotor hover tip velocity ft/sec

19-3 Empennage Group

The empennage group consists of: horizontal tail, vertical tail, tail rotor, and auxiliary thruster. The
weight model depends on the aircraft configuration. The helicopter or compound model is AFDD82.
The horizontal tail weight is:

tiltrotor or tiltwing Wht = XntSnt(0.0039582:* Vyiye — 0.4885)
helicopter or compound Whi = xnt0.71765} ;1881 49,3173
Based on 13 aircraft, the average error of the helicopter horizontal tail equation is 22.4% (fig. 19-6).
The vertical tail weight is:
tiltrotor or tiltwing Wt = Xt Svt(0.003955%,2 Vyiye — 0.4885)
helicopter or compound Wyt = Xt 1.0460 f;, 52,2441 A0:5332
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% (fig. 19-7). Vaiv. is the design dive speed,

calculated or input; Vive = 1.25Vi,ax, Where V.« is the maximum speed at design gross weight and SLS
conditions. The tail rotor weight is:

Wer = Xer L3TT8 R (Ppsiimic B/ Vaip) 5!

Based on 19 aircraft, the average error of the helicopter tail rotor equation is 16.7% (fig. 19-8). The
auxiliary propulsion weight (as a propeller) is:

compound, propeller Wat = Xat0.0809484N o, T LT (T, ) Agy) ~0-07821
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where T,; is at maximum speed, design gross weight, and SLS conditions, calculated or input. Parameters
are defined in table 19-5, including units as used in these equations.

Table 19-5. Parameters for tail weight.

parameter definition units
Shi horizontal tail planform area ft2
St vertical tail planform area ft2
Apy horizontal tail aspect ratio

Ayt vertical tail aspect ratio

Vidive design dive speed at sea level kts
Ry, tail rotor radius ft
Ppstimit drive system rated power hp

R main rotor radius in hover ft
Viip main rotor hover tip velocity ft/sec
Ny number of auxiliary thrusters

Tt thrust per propeller Ib
Ay auxiliary thruster disk area ft2

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.

For the AFDD84 (UNIV) model, the basic structure weight is

0.4879 0.2075
Warro ) (nz Wsp ) GO-1676 /0.1512

asic — 25.41 oc ret Jram
wy, frciocfLGretf, p( 1000 1000 body

Wbasic = XbasicWhasic

where [ = 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; fiamp = 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% (fig. 19-9).
The tail fold, wing and rotor fold, marinization, pressurization, and crashworthiness weights are:

Wifold = fifold Whail Witold = Xtfold Wefold

Wfold = fwfold(Wwing + Wtip)

Wmar = fmaerasic

Witold = XwioldWwfold
Wmar = XmarWmar
Wpress = fpresstasic Wpress = XpressWpress

Wew = fcw(WbaSic + Wtfold + Wwfold + Wmar + Wprcss) WCW = XewWew

Typically fiso1a = 0.30 for a folding tail, and f,,, = 0.06. For wing folding the weight on the wing tip
(W4ip) is required (calculated as for the wing group). Parameters are defined in table 19-6, including
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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 1b
Shody wetted area of body ft2
R main rotor radius ft
n, design ultimate flight load factor at Wgsp g
14 length of fuselage ft
ftfold tail fold weight (fraction tail weight)

fwtold wing and rotor fold weight (fraction wing/tip weight)

Wiail tail group weight

Waing + Wiip wing group weight plus weight on wing tip

fmar 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
Whasie =5.896framp( 500 ) nQ 9B SPI 0010

Whasic = Xbasic Whasic
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% (fig. 19-10). The tail fold, wing and rotor fold, marinization, pressurization,
and crashworthiness weights are:

Wefold = [fifold Whasic Wifold = XtfoldWtfold
Wyfold = fwiold(Whasic + Witold) Wytold = XwioldWwfold
Wmar = fmaerasic Wmar = XmarWmar
Wpress = fpresstasic Wpress = Xpress Wpress
Wew = fCW(WbasiC + Witola + Watold + Wiar + Wpress) Wew = Xew Wew

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
Wyro 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
Jetold tail fold weight (fraction basic structure)

Swtold wing and rotor fold weight (fraction basic structure and tail fold)

fmar marinization weight (fraction basic body weight)

Jpress pressurization (fraction basic body weight)

few crashworthiness weight (fraction fuselage weight)
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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 wre = 0.4013WFG NG (W) )0 19%
fractional wra = fraWuro

and Wrs = xrewrg. Typically fre = 0.0325 (fractional method). Based on 28 aircraft, the average
error of the parametric equation is 8.4% (fig. 19-11). The retraction and crashworthiness weights are:

WLGret = fLGretWLG WrGret = XLGretWLGret

WLGew = fLGcw(WLG + WLGret) WLGew = XLGewWLGew

Typically frcret = 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
Wyro maximum takeoff weight Ib
fre landing gear weight (fraction maximum takeoff weight)

w/s wing loading (1.0 for helicopter) 1b/ft?
Nra number of landing gear assemblies

fLGret retraction weight (fraction basic weight)

fLGew crashworthiness weight (fraction basic and retraction weight)

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 = Xsupt0«0412(1 - fairind)(Weng/Neng)1'1433Nelr'1?é762
Weowl = Xeow 023155, 517

nac

Wpylon = Xpylon fpylon Wuro

Based on 12 aircraft, the average error of the engine-support equation is 11.0% (fig. 19-12). Based on
12 aircraft, the average error of the engine-cowling equation is 17.9% (fig. 19-13). The air induction
group weight (AFDD82 model) is:

Wairind = Xairind0~0412fairind(Weng/Neng)1‘1433N1-3762

eng

Typically faiina = 0.3 (range 0.1 to 0.6). Based on 12 aircraft, the average error of the air induction
equation is 11.0% (fig. 19-14). Parameters are defined in table 19-9, including units as used in these
equations.
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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 Wi;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:

Weng = XengNengWone eng
Wexh = Xetheng(KOexh + Klexhp)
Wacc = Xac02~0088 flub(I/Vcng/—]\'fcng)0'5919]\/’0'7858

eng
where f,1, = 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
error of the accessories equation is 11.5% (fig. 19-15). 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

P 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 rotor group equations are used for propellers.

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 = Xtanko~43410'O-7717N0.5897fcwflit‘9491

int int

Wplumb = Xplumb [KOplumb + Klplumb (0~01Np1urnb + 0-06Neng)(F/Neng)O'SGﬂ
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where f., = 1.3131 for ballistically survivable (UTTAS/AAH level) and 1.0 otherwise. The ballistic
tolerance factor fi,, = 1.0 to 2.5. The fuel flow rate F' is calculated for the takeoff power rating at static
SLS conditions; typically Kopiumb = 120 and Kpumb = 3. Based on 15 aircraft, the average error of the
fuel tank equation is 4.6% (fig. 19-16). Parameters are defined in table 19-11, including units as used in
these equations.

Table 19-11. Parameters for fuel-system weight.

parameter definition units
Nint number of internal fuel tanks

Cint internal fuel tank capacity gallons
fot ballistic tolerance factor

Noplumb total number of fuel tanks (internal and auxiliary) for plumbing

Neng number of main engines

Koptumb, Kiplumb plumbing weight, constants

F fuel flow rate Ib/hr

19-7.4 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:

Waps = BT.T2PGE95, FR0050 NO.OGG3 () /1(00)0-0369 /0.6379

rotor

qu = X!]b(l - frs)wgbrs
Wi = erfrswgbrs

Based on 30 aircraft, the average error of the gear-box and rotor-shaft equation is 7.7% (fig. 19-17). The
gear-box and rotor-shaft weights for the AFDD00 model are:

— 0.38553 p0.78137 (70.09899 /(1)0.80686
Wybrs = 95‘7634Nrot0r PDSlimithng /Qrotor

W!]b = ng(l - frs)wgbrs
Wys = erfrswgbrs

Based on 52 aircraft, the average error of the gear-box and rotor-shaft equation is 8.6% (fig. 19-18).
Typically f,s = 0.13 (range 0.06 to 0.20). Parameters are defined in table 19-12, including units as used
in these equations.

The drive-shaft (AFDD82 model) and rotor-brake weights are:

Wi = XL 166QE a7 N 0.01 )20

Wi = Xr60.000871Whiade (0.01‘4@,)2
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where fp = foQother/main. Based on 28 aircraft, the average error of the drive-shaft equation is 16.0%
(fig. 19-19). Based on 23 aircraft, the average error of the rotor-brake equation is 25.1% (fig. 19-20).
The clutch weight in the weight statement is associated with an auxiliary power unit, and is a fixed input
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 19-13, 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 19-12. Parameters for drive-system weight.

parameter definition units

Ppslimit 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 19-13. Parameters for drive shaft and rotor brake weight.

parameter definition units

QD Slimit Ppstimit /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 mecha-
nisms. The weights are:

full controls w = 0.91000W %5,

only stabilizer controls w = 0.01735W ;5515 5940952
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and then
Wrwnb = XFWnbfFWnp W

Wrwmb = XFwmb(1 — frwnp) w
For a helicopter, the stabilizer-control equation is used. Parameters are defined in table 19-14, including
units as used in these equations.

Table 19-14. Parameters for fixed-wing flight-control weight.

parameter definition units
Sht horizontal tail planform area ft?
Wayrro maximum takeoff weight Ib
FrEWwnb 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 Wawnb = XRwnbSrRwnb(1 — fRWhyd)W e

parametric method Wawnb = Xewnb2- 1785 frpso Wiinre, Nesood?

rotor

where f,,s, = 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% (fig. 19-21). The flight-control boost-mechanism weight and boosted flight-control
weight (AFDDS82 model) are:

wfc _ 02873fmb5v (NrotorNblade)0.6257cl.3286 (O.Olmip)2.1129 1%.3‘/9;162(1

Wawmb = Xrwmb(1 — fRWhyd)Wfe
WRWb = XRWbO-02324fbsv (NrotorNblade)1A0042NO.115502.2296 (O-Olmip)&ls’Y?

rotor

where f,.ps, = 1.3029 and fjs,, = 1.1171 for ballistically survivable (UTTAS/AAH level) and 1.0 other-
wise; and frwrea = 1.0 to 3.0. Typically frwnp = 0.6 (range 0.3 to 1.8) and frwnya = 0.4. Based on 21
aircraft, the average error of the boost-mechanisms equation is 6.5% (fig. 19-22). Based on 20 aircraft,
the average error of the boosted flight-controls equation is 9.7% (fig. 19-23). Parameters are defined in
table 19-15, including units as used in these equations.

Table 19-15. Parameters for rotary-wing flight-control weight.

parameter definition units
Warro maximum takeoff weight b
Neotor number of main rotors

Nplade number of blades per rotor

c rotor mean blade chord ft
Viip rotor hover tip velocity ft/sec
frRWnb rotary wing non-boosted weight (fraction boost mechanisms weight)

fRWhya rotary wing hydraulics weight

(fraction hydraulics plus boost mechanisms weight)
FRWred 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:

wWevmb = fevmsWaro Wevmb = XCVmbWCVmb

wevny = fevaeWevme Wovnb = XCVnbWCVnab

Parameters are defined in table 19-16, including units as used in these equations.

Table 19-16. Parameters for conversion-control weight.

parameter definition units
Wuro maximum takeoff weight Ib
Jovan conversion non-boosted weight (fraction boost mechanisms weight)

fovmb 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, Wgghua, 1S
fixed (input). The weights (AFDD82 model) are

Wrwnhyd = XFWhyd [FWhyd WFWma
WRWhyd = XRWhyd [RWhydW e

Wevhyd = XcFhyd feviyaWevms

Typically frwnya = 0.4. Parameters are defined in table 19-17, including units as used in these equations.

Table 19-17. Parameters for hydraulic group weight.

parameter definition units
fFWhyd fixed wing hydraulics weight (fraction boost mechanisms weight)
JRWhyd 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 electrical system and the anti-ice system. The weights are
obtained from the sum over all rotors, all wings, and all engines:

Whrelect = XDIelect § keleCAblade

WDIsys = XDIsys (Z krotorAblade + Z kwingewing + kair Z Weng)

Parameters are defined in table 19-18, including units as used in these equations.
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Table 19-18. Parameters for anti-icing group weight.

parameter definition units
Aplade total blade area of rotor, from geometric solidity ft? or m?
lying wing length (wing span less fuselage width) ft or m
keloct 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; avionic 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 19-19, based on medium to heavy helicopters
and tiltrotors.

Table 19-19. Other systems and equipment weight.

group typical weight (1b)
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
Wiola, fuselage Wigo1q and Wieo1q. These are the total weights for folding and the impact of folding on
the group. A fraction fiqxit Of these weights can be in a kit, hence optionally removable. Thus of the
total folding weight, the fraction fiqxis i a 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

Figure 19-24 shows the error of the calculated weight for the sum of all parametric weight, account-
ing on average for 42% of the empty weight. This sum is composed of the structural group (based on
the AFDDOO equation for rotor blade and hub weights, and the AFDD84 equation for body weight), the
propulsion group (based on the AFDDO00 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.
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Figure 19-2. Rotor group, blade weight (AFDD82).
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Figure 19-4. Rotor group, blade weight (AFDDO00).
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Figure 19-6. Empennage group, horizontal tail weight (AFDD82).
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Figure 19-7. Empennage group, vertical tail weight (AFDDS?2).

o
B o
. o
50 O, ~
O
O (N
)
5 )

o
I — 6___
_ooo

| | | | | | | | | |

0. 50. 100. 150. 200. 250. 300. 350. 400. 450. 500.

actual weight

Figure 19-8. Empennage group, tail rotor weight (AFDD82).
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Figure 19-10. Fuselage group, fuselage weight (AFDDS?2).
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Figure 19-11. Alighting gear group, landing gear weight (AFDD82).
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Figure 19-12. Engine section or nacelle group, engine support weight (AFDDS?2).
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Figure 19-16. Propulsion group, fuel tank weight (AFDD82).
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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 (AFDDO0O0).
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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 19-22. Flight controls group, rotor boost mechanisms weight (AFDD82).
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Figure 19-23. Flight controls group, rotor boosted control weight (AFDDS8?2).
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Figure 19-24. Sum of all parametric weight.
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