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FOREWORD

This document i{s the second in a five volume report which describes
a comprehensive digital computer simulation of the dynamics of heavy
lift airships and generically similar vehicle.

The work was performed by Systems Technology, Inc., Hawthorne, Cali-
fornia for the Aeronautical Systems Branch in the illelicopter and Powered
Lift Division of the National Aeronautics and Space Administration, Ames
Research Center, Moffett Field, California. The simulaticn development
was carried on between September 1979 and January 1982 and is currently
installed on the Ames Research Center CDC 7600 computer. The contract
technical monitors for NASA were Dr. Mark Ardema, Mr. Alan Faye, and
Mr. Peter Talbot. STI’s Progrem Manager was Mr. Irving Ashkenas.

The authors wish to acknowledge the technical contributions of
Mr. Robert Hefflev, Mr. Thomas Myers, and Mr. Samuel Craig and the fur-
ther contributions of Mr. Allyn Hall, Ms. Natalie Hokama and Ms. Leslie
Hokama in simulation software development. Special thanks are due to
Ms. Kay Wade, Ms. Linda Huffman, Mr. Charles Reaber, and STI’s produc-
tion department for the preparation of the five volumes of this report.

TR-1151-2-11 1

B e



A 4

e R S A A % WY ¢ A o = C e v agm e e e A e mm e o oo —

ORIGINAL PAGE IS
OF POOR QUALITY

TABLE OF CONTENTS

1. INTRODUCTION....‘.I...l..!.l..llC..I......'..Q..O...C...I... 1-1

A.
B.
c.

2' HIA
A.
B.

C.
D.
E.
Fe
G.
H.
I.

Simulation OvetvieW--o.-................-.-...-....o-... l_l
Documentationooo'.-0.'000.otl...lo.oll.o.o.......'o.‘o.‘ 1-2

Technical Manual summaty........I..I.........-.II.III... 1-2

MOTION EQUATIONS........‘...........II..I......'....O... 2-1
Motion Equations Overviewe.coseeceessevccscscosesacncsssse 2-1

Notation, Coordinates, Geometry, and

UnitBessescescecssessctocccscccnccnscsanuncsssccncncnnsnce 22
Kinematic EquationSeeccceceseccscscsssoscssaccsccnnsancnsssns 2-15
Payload Equations of MotfiODeecesseccsscsscocccscnscssess 2-18
Multibody Solution Algorithm.ecccccesccccccsccansessccses 2=20
Hull and LPU Equations of Motionecescsscscscsccescscsses 2=23
Hull and LPU Constraint EQuationS.eceececeesccessccescees 2-25
Force and Moment SummationS.esceccsescssessscccsssscossns 2-31

State Vector Rate Of Change-...........................- 2‘32

3. NON-AERODYNAMIC EXTERNAL FORCES AND MOMENTS:ececcccscscccces 3-1

A.
B.
c.

SCOPEessctscsccasac-snsesocssscassonssssssssssssascasssce 3=l
Gravitational FOrceS.ceecvecesnsarsncsosnsssssaccsassasnes 3-1
Landing Gear Forces and MomentSe..cecscesecoscsccsasssae 3-2
Sling Forces and MomentsS.eseecssesesccnsscsscscasscscnsns 3-7
Direct Thrust Forces and MomentSisecssseccscsvacncsscneen 3-9

Cautionary Remarks-'o.00..0'0000000.0ool.o.coo....o..-o. 3-11

4. FLICHT CONTROL SYSTEM‘.aonooo.'o.ocoooo..o.....ou..l..ouo.oo 4-1

A.
B.
C.
D.
E.
F.
G.

OvervieWeeeoseceeessnosssessscsscsnsesscsosocnssssassessss 4=l
MixXer BOXeseesoesovsoossoecsanssessessnsansccscacscesnass 4=l
Test Input FeatureSeecccccssossssrssvsscsscssoscnscsanss 4—4
Control LOOPSecescccscssosssesscssossssosssenssssccsscee  4=5
Sensors — Choice of State FeedbackSeeeesosecoscossseses  4=8
CommANAdS esssosscoossssssosssssssassnosscsscsscacsncssosnnsnae 4-9

Cautionaty RemarkSessecescesccssecsscncsesccosesnsssonsoes 4‘-11

TR-1151-2-11 ii




JEpa———,

[P Y

'G'NAL PAG
TABLE OF CONTENTS (Countinued) OF p O0R QUAf
Page
5. AERODYNAMICS OVERVIEW.oeeeesocconcessesssscassosnsanasnssses 3=l
A, IntroductionNeseccssesscessssescccsscossvcsnsosossanassascns 5-1
B. Computational Flow.eeseeseesesssesccsssscsoccanscosccans 5-2
C. Atmospheric Environment.iseccescecsssvsacsscceccnnsssces 5=5
D. Aerodynamic Interference EffectS.cescscsescccereccccnacs 5-9
6. ATMOSPHERIC ENVIRONMENT..eecseeeesansscsnssccssccccnoccncsas 0=l
A. Model Types and Basic AssumptionSececesessersecccosncaces 6-1
B. Steady Wind Model EquationS.scecsscsccracsssscncescsnsasns 6-2
C. Discrete Test Input Modele.sseesssssesesscssaccssssnsssas 6-3
D. Multiple Source Atmospheric Input Model.ieeeccrensecesee 6-6
E. Superposition of the Steady Wind, Discrete,
and Multiple Source ModelSeccasesesessesctassasessnnnses 6-15
7. LIFT PROPULSION UNIT AERODYNAMIC FORCES AND MOMENTS.ecoeseee 7-1
A. Basic ASSUBPLIONS.cesesessevssassrsassrnsnssecsccssoscns 7-1
B. Velocities Relative to Local AirmasSesesccsccesevesscens 7-3
C. Hull on LPU Velocity Interferenceseccvececvecesascescscecss 1-4
D. Rotor Axis Transformations and Vector
ReSOIULIONSecsesssrosssnsrssansssosasstacrsacssacerssssnns 7-10
E. Rotor Forces and TOrqUES.eccssssssossssscancencsnssssses 7-14
F. Thrust Coefficient anc Induced Floweeeeeoosseoerscenanss 7-16
G. Additional Interference EffectS.ecescececcvssacccccccsccsne 7-26
H. Rotor Flapping CoefficiontSsceeseececsesessssscaccnnanes 7-33
I. Horizontal Force and Torque CoefficientS..eeeesesceceses 7-34
J. Propeller Forces and TorqueS8essecessnessvsestascecsssess 7-36
K. Fuselage (Nacelle) AerciynamicsSececescecrssssecsscsccses 7-38
L. Power Off Forces and MomentS.eeeccscsesscsesectsscansssccros 71-41
M. Suumation of Forces and MomentS.ecesessescscssscsscsseeee /=43
TR-1151-2-11 iidt

U



ORIGINAL PAGE 19
TABLE OF CONTENTS (Continued) OF POOR QUALITY

8. HULL/TAIL ASSEMBLY AERODYNAMICS.-O...o....-ooti.o..ll.o.c..-
A. Basic Assumptions-oo.---0....-0.00..0.0:-..-.-.t..oo‘-ﬁ‘

B. Velocities and Accelerations Relative to
Local Aitmass-........---....................'.-........

C. Hull and Tail Relative Velocity
Interference Effects..‘.ll.l.l......'....l..ll..l.......

Do Quasi—steady Hull Aerodynam1c5l..o.o-....-o-.o-oo..onoo-
E. Quasi-Steady Tail (On Hull) AerodynamicCSeseccecssecsscss

F. Typical Hull-Tail Quasi-Steady
Aerodynamic CharacteristicB8eesssscecscsscscccccsncsnnannes

G. Additional Interference EffectSceiscesscccsceesctasscces
H. Unsteady Aerodynamics and BuoyanCyseeecseesscecsceccnnce

I. Computational Considerations and Exampleccccccsccccecesns

9. PAYLOAD AERODYNAMICS..ccceccosvscocososossnccassosssassnscsnnns
A. Basic Assumptions....................................-o.
B. Velocities*Relative to the Local Air MasSeececscsescs <o

C. Payload Aerodynamic Forces and MomentS.ccecescccossccnns

10. TRIM STATE CALCULATIONS.........Q.I0.0“Oo.tol"l..l"ll....

AI OverVIQW..................o..ooo¢.....--...-o.a....o.-..
Bo Trim Algorithm..-....l'..o.l..c!...otoo.0000'....-.0..0.

c. SpeCial situations...oo.o.o.'....oo..o.-o.cooo.to.ol...o

11. LINEARIZATIONQ.'.OQ.'ooto..t..000.0..0.0....'..0000u‘t.o...l

As Overviewieesoereensesesesncccssossonrtsossonssccssnancacse
B. Equations of MotioNeeseecoccsosossesscasansnsesssssocsscsne
C. Auxiliary EquationS.sssssscsssescocsscocssssssssrasccsnns
D. Derivative Approximation.cecicceccocccccssecceccccccenes
E. Eigenvalues and EigenvectorS.ccsececccsscccsssessoccones
REFERENCES e ceeinssoesssscacsassscsosnscsssscsosscsscosssssscsscns
APPENDIX Acerceccoossosersssonseascssosnsasossssssessossssossscece

APPENDIX Bu-oao.-o.o'.cto..cou-u-t.-oatoot."oooo.coolol.ol.nn.o.

APPENDIX C.0.....lll.l-llIll!"'........l.l.ll.l.'.ll.l'....l....

TR-1151-2-11 iv

Page
8~1
8-1

8-4

8-8
8-22
8-30

8-49
8-53
8-61
8-74

9-1
9-1
9-1
9-2

10-1
10~-1
10-2
10-7

11-1
11-1
11-1
11-3
11-4
11-5

—-n TN



A

- e

ORIGINAL PAGE
i3
OF POOR QuALTY

LIST OF FIGURES

2-1. Vector Geometry of Hull, Payload and fth LPUscceceecenvoass
2-2- Gimbal Angle Rates for ith LPU---..--¢-o-ouoot.oc.oo-ooo.o
2-3. Egnations of Motion for Hull and Lift~Propulsion

Unitis (Eq- 2'65)..-.-.-0.0'-oo..olooo.oooooQ‘ooooo.oo.-ooo
2-4, Constraiat Force Terms, IycEc, in Equations of

Motion for Hull and LPUs (Eq. 2“70)o-oo.uno00‘ooooob-0.-0-
2-5. Vector-Matrix Acceleration Constraint Equations

(Eq' 2-85)....Q.....00....'..'..l.l.l....l'.‘.'..........'
3-1. Landing Gear Model Geometry'..-...-......‘...-..........-.
3-2. Landing Gear Static Force Model..icseosssccetcnscnesnnsnsns
3-3. Orientation of Direct Thrust Vector Relative to

LPU Reference Axes-....-..................................
4‘1- Conttol System LOOP Structure--.................--....-...
5-1. Computational Flow of Aerodynamic Model.s:icoceesscccccenne
5-2. Atmospheric Input Model........I..'.I....."....I.........

o

6~1. Discrete Test Input (g) and Input Derivative (g)

Forms...'......l'O........'.........C................l...l
6-2. Geometry for Atmospheric Input Modelesecessessvcccccscsscs
7-1. Geometry for Lift Propulsion Unit (LPU).ceeveessescssocsas
7-2. Hull Wake Geometry for Pure Translational Motion.csecescsen
7‘3. Hull Wake Defect Function..................o..........-.-o
71=4. Rotor Coordinate Systems--.---.........-.-..-.....-...-...
7-5. Rotor Ground Effect in Hovering Flighteeceseeseccsecearsnes
7-6. Sketch of Normalized Inflow Velocity vs. Normalized

Vertical Speed for Zero Forward Speed, GEF = 1

(No Ground Effect).l..lll‘lO‘..lIII.l.......'l!“ll'l.'l.‘
TR-1151-2-11 v

2-26

2-30

7-24




8-110

8-12.

8-13.

10-10

ORIGINAL PAGE Ig
OF POOR QUALITY

Rotor Wake Geometry for Non-Hovering Flight;

from Ref. 7‘2.'..'................'.l.......l..ll..'l.....
Hull Wake Turbulence Effect on Rotor Thrustececssscescesee

Variation of Hull Interference Parameter KHRB
With Rotor Placement‘.....’..‘.....'l...‘.....I'l‘..l.l...

Orientation of Propeller Shaft Axes Relative to
the LPU Reference Frame.....ll..l..nl....“...ﬂ.ll..l.ll.'

Hull Geometry VeCtOTrSeessecevroveccsscrsssnsasnsnsnscncnnnsss

Rotor~Induced Velocities on HLA Hgll in Hover;
Thrust Loading (T/A) = 8.26 1lb/ft“; from

Ref. 8_4.......I..I.....l..‘.l.'...ll...I".‘..l..O.ll'...
Ground-on—-Hull Velocity Interference Modelesececcecscnnans

Variation in Ground Induced Flow Rotation Angle
()°) with Nondimensional Hull Height (B) cesscvcecsccasses

Tail Static Y_Force Model..00.0'l..'......l...i‘..ll..l'..
Flow Regimess for Tail, Rolling Moment Static Model.eecsess

Comparison of Akron Airship Data with Quasi-
Steady Models-.'.I.00...l..ll..ll....I...O..'.‘l..l‘lll..l

Simulation Test Configuration......................-......

Quasi~-Steady Aerodynamic Characteristics of the
Test Configuration.....'.l..l..l.ll..l....‘ll.'CCIQ.IC..II

Rotor Interference Effect on Hull Crossflow Drag
Coefficient for Edward Rotor Locations

(~d_ .= 105)00-Qccuotoouoco.oot.voc.oooo.-uoocoo.o'aoul‘oo.n.

Ground Interference Effect on Hull Crossflow
Drag Coefficient".lll.‘ll.ll‘.‘.‘...‘!l‘.““‘..l.'......

Typical Tail Vertical Force Time History During a
Step Up~Gust Encounter (From Ref. 8-23)cicesvserccensncons

Time History of Aerodynamic Terms During an
obliqlle Up~GuSt Encounter.....l..l’lll"lo..‘......‘l..l..

Sketch of Secant Approximationeiececrsecrsscccissesssnsnes

TR-1151~2-11I vi

7-28

7-30

7-31

7-37

8-10

8-17

8-20
8-39

8-46

8-52

8-54

8-55

8~57

8-60

8-63

8-88

10-3



4-1.
4-2,
4-3.
4-4,
4-5,

8-10

ORIGINAL PAGE 13

OF POOR
LIST OF TABLES

Notation ConventloNessssssescessocsivenssscscssssssscssccses

Integrated and Dependent Variables, 4LASIM

Program--...oo..o..o..-o-o......-.-..o‘-o--.--.-..----...-

Added Integrated Variables, HLAPAY Pro iramececescencerasse

Changes to Integrated and Dependent Variables,
HLAMOR Program..‘..‘..l......lll.l‘-..............'.......

Test Input CapabilitieSeesseecccsesccccscsssccscsncssnnsse
Control Loop SignalSeeecesssscecasecsnscsccscasannsnsosssnsns
Control Loop ParameterSessceecsoscsssssnecncscossesscsnssccsss
Sensor S1gnalSccecssceseccsesetcossssarssccssansaccscccncnss
Command SignalsSeceecesssecesesscncnncscssssssasnscnanssoes

Tail Aerodynamic Regimes..‘.'.’...l......l...l.‘.........'
L

TR-1151-2-11 vii

QUALITY

Page
2=4

2-33

2~34

2-34

4=5

4-10

8~37

dpneedioh 5




—

SECTION 1

INTRODUCTION

A, SIMULATION OVERVIEW

The heavy lift airship simulation models a hybrid vehicle consisting
of a central hull with as many as four lift-propulsion units (LPUs)
attached. The LPUs are nacelles each having a main lifting rotor and an
auxiliary propeller, and can be characterized as modified helicopters.
The model includes a slung payload, a flight control system, landing
gears and a mooring point. The characteristics of all model elements

are defined in the input data.
The simulation takes the form of three computer programs:
¢  HLASIM -— models the powered vehicle in flight.

e HLAMOR =- models the unpowered vehicle con-
strained at one point to a mooring mast.

e HLAPAY -- models the powered vehicle {n flight
with a slung payload.
The programs all use the same basic algorithm and large parts of each

use the same code and share the same d-ta files.

The mathematical model provides for the numerical evaluation of the
time rate of change of a multi-element state vector, é. The elements
of é are linear and angular accelerations, linear and angular veloci-
ties, and rates of change of certain flight control system variables,
In general, the elements of é are nonlinear functiovs of the elements

of §, and the input commands and disturbances.

The programs each contain a trimming algorithm (different for each
of the three programs) for establishing a specified steady-state condi-
tion; certain elements of § equal zero. They each contain an integra-

tion routine that computes the time history of S using the established

trim as an i{nitial condition. Finally, the three programs each include

TR-1151-2-11 1-1
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a linearization algorithm for calculating stat .lity and response deriva-
tives —— rates of change of elements of é with the elements of S and the

input commands and disturbances.
B. DOCUMENTATION

Simu’ation documentatiou, apart from the program listings, 1s in the

form of three manuals. In addition to this Technical Manual, there 1s a

User’s Manual and a Programmer’s Manual.

This Technica. Manual describes the mathematical models embodied in

the simulation in considerable detzil and with supporting evidence for
the model forms chosen. In addition it describes the trimming and
linearization algorithms used 1in the simulation. Appendices to the
manual identify reference material for estimating the needed coeffi-

clents for the {nput data and provide example simulation results.

The User’s Manual provides the basic information necessary to run

the programs. This 1includes descriptions of the various data files
necessary for the program, the various outputs from the program and the
options avallable to the user when executing the program. Additional
data file iaformation is contained in the three appendices to the
manual. These iappendices list all input variables and their permissible
values, au example listing of these variables, and all output variables

available to the user.

The Programmer’s Manual is ifuterded for the maintenance programmer

who wii) support the program. It contaiais explanations of the logic
embodied 11 the various program modules, a dictionary of pro_ram varia-
tles, a subrontine listing, subroutine/common-block/cross-reference
listing, and a calling/called subroutine cross reference listing. The

manval doe: not repeat data already availatle in the User’s Manual.

C. TECHNICAL MANUAL SUMMARY

Section 2 deseribes the inertial and geometric modeling embodied 1in
the HLA simulation as well as the notational conventions, coordinate

transformations, etc. The hull and attached LPUs (as many as four) are

TR-1151-2-11 1-2
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modeled as an interconnected set of rigid bodies subject to external
forces described in later sections. The equations of motion model each
body separately subject to constraining forces acting at the attach
points to the hull, as well as to the external forces. The solution
algorithm gives accelerations of each body and the zonstraint forces at
the attach points. A subset of the accelerations of the multibody sys-
tem, the paylcad accelerations (HLAPAY program only), various displace-
ment rates of change, and certain flight control system variables make

up é, the rate of change of the state vector.

The external forces acting on the system can be characterized as
aerodynamic or non-aerodynamic in origin. The non-aerodynamic forces
are discussed in Section 3. This section describes the landing gear
model (as many as four landing gears), and the payload suspension cable
model (as many as four). The remaining non-aerodynamic forces are due
to gravity and direct thrust (e.g., turbine exhaust). The forces at the
mooring attach point are constraint forces included in Section 2 -- the
HLAMOR program treats the mooring mast as an additional constraint

between a point on the huli And the inertial reference frame.

The flight control system model describe 1n Section 4 incorpora’
the software equivalent of a "mixer box" whereby tine many contro’
faces of the HLA (LPU propeller and rotor controls, movable fins 7n rue
hull) are "organized" to provide six approximately orthogonal control
points -- one for each degre=s of hull motion freedom. The trim routine
operates using these six equivalent controls in establishing the trim
for powered flight conditiors. The flight control system also provides
for a simple proportional-integral-derivative (PID) closed-loocp control
structure for maintaining a trim condition and for respon:e to input
commands. The structure of the simulation 1s predicated on allowing
comparatively routine modification to the flight control system subrou-
tines to suit the requirements for individual vehicle configuraticns.
Thus rotor rpm and the LPU gimbal angles represent potential additional

controls; virtually any motion variable is a potential feedback signal.

The largest body of material in this manual pertains to the model-
ing of the aerodynamic forces on the HLA. The modeling includes hull

TR-1151-2-11 1-3
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buoyancy and the sc-called apparent mass terms, quasi-steady rotor aero—
dynamics, a variety of aerodynamic interference effects, and provision
for random and deterministic aerodynamic disturbances having a apatial
distribution appropriate to the large size of the vehicle. The reader
is referred to Section 5 for a more det=:.ed summary of the vehicle

aerodynamics. Sections 6, 7, 8, and 9 deascribe the models in detail.

Section 10 describes the trim ~igorithxz used in each of these three
programs. For HLASIM and HLAPAY, the algorithm determines the six trim
control deflections required for vehicle trim. In the HLAPAY program,
it first establishes the trim payload position and associated suspension
cable tensions — the latter are forces external to tne hull. In the
HLAMOR program, the hull attitude is trimmed to null the vehicle accel-
erations; the landing gear may or may not contribute to the forces acc-

ing on the hull depending on net heaviness of the HLA.

The linearization algoritnm described in Section 11 uses forward .ad
backward perturbations about the trim conditions to approximate the sta-—
bility and response derivatives. The derivative set differs for each of
the three programs and does not include the closed-loop influence of the
flight control system. Auxiliary derivatives are computed for internal
and external force variations with perturbations in the state variables,
commands and disturbances. These include, for example, the constraiat
forces acting at the LPU attach poince, the cable tensions, etc. The
p grams also computes the eigenvalues and eigenvectors associated witn

the characteristic matrix.

Appendix A provides a cross-reference of experimental and analytical
sources for the calculation of the hull and tail aerodynamic 1inputs.
Appendices B and C are reprints of technical papers publisheu during the
course of the research which are intended to illustrate typical heavy-

11ft airship dynamics and control characteristics.

TR-1151-2~-1I1 1-4
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SECTION 2

HLA MOTION EQUATIONS

A. MOTION EQUATIONS OVERVIEW

The equations of motion fall into two groups — those that describe
the motion of the HLA itrself, and those that model the motion of the
payload. The tensions in the cables that connect the HLA to the payload
depend upon their relative motion (Section 3) and represeant external

forces on both bodies.

The payload 1is modeled as a single rigid body; 1its equations of

moriovn are straightforward.

The HLA itself is modeled as an interconnected set of five rigid
bodies. The central body is the hull assembly consisting of gas enve-
lope, tailfins, mooring mast attach point, landing gears, and the inter-~
connecting and supporting structure. The four peripheral bodies are
lift-propulsion units (LPUs) consisting of a fusnlage (or nacelle),
i1ifting rotor, and t%rusting propeller. These are attached to the hull
structure at four points. Each LPU has three angular degrees of freedom
relative to the hull but is constrained in translational motion at the

attach point.

Equations of motion are written for each of the five bodies in 1iso~
lation. The forces acting on each include external forces and con~
straint forces, the latter acting at the attach points in equal but
opposite directions for the bodies on either side of the attach point.
Because the constraint forces are unknown, the absolute angular and

linear accelerations cannot be evaluated directly.

The translational constraints establish kinematic relationships
between the motions of bodies on cither side of am attach point. When
written in terms of angular and linear accelerations of the bodies for
all attach points, there resul~s a second set of equations. This second

set 1s solved simultaneously with the first to yield the accelerations

TR-1151-2-1I 2-1



of all five bodies and the constraint forces acting between pairs of
bodies.

Because of the constraints, not all of these accelerations are inde-
pendent. Therefore only a subset is chosen for incorporation in é, the
rate of change of the system state vector. The subset is different for
each of the three programs. Any other velocities and displacements are
determined using algebraic equations describing the constrained rela-
tionships between the velocity and displacement elements in the state

vector, S, and the dependent velocities and displacements.

The remaining elements of é are obtained from equations describing
displacement rates of change in terms of velocities (kinematics), and

from certain flight control system variables (Section 4).

During the course of program development the simmlation requirements
changed, eliminating the imuediate need for angular degrees of freedom
between the LPUs and the hull assembly. This as been accommodated in
the program code by zeroing the angular rates and accelerations between
the bodies at the attach points. The result is that the hull and LPUs
behave as a single rigid body. The simulation calculates the torques at

the attach points required to constrain the angular motion.

However, the input data requirements still treat the hull and LPUs
as individual bodies. This facilitates data alteration; LPU locations
can be changed without recalculating inertial properties for the assem~
bly as a whole., Further, re-establishing the angular degrees of motion
freedom ., a relatively minor change should it be required by the vehi-

cle being modeled.
B. NOTATION, COORDINATES, GEOMETRY, AND UNITS

The physical system modeled in the simulation consists of six
bodies. These are the hull (body h) to which are connected four 1ift-
propulsion units (bodles 1; {1 = 1, 2, 3, 4) by means of three axis
gimbals at each attach point. The sixth 1is the payload (body p) which
is attached to the null by means of four suspension cables. The hull

includes the gas envelope, tail fins and the supporting structure to
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which the LPUs are attached. The LPUs each have a lifting rotor, a
thrusting propeller, and direct thrust from jet exhaust. For the moored
HLA simulation, the hull is connected to a point in the inertial refer-

ence frame by an ideal three-axis gimbal.
1. Notation Convention

The equations describing the motions of the HLA use the notation
convention summarized in Table 2-1. In this convention, subscripts
generally refer to vector bases (n is an exception) aud underscored
variables are vectors. The first superscript refers to the body, the
second to the point 1in the body. For economy in notation, when the
point in the body 1is the mass ceater the second superscript is left
blank. If, 1in addition, the vector basis is that fixed in the particu-
lar body (i.e., first superscript is the same as the subscript), then
the first superscript is also left blank. Thus the velocity of LPU
attach point i on the hull expressed in the hull vector basis is denoted
by yﬁi, but the velocity of the hull center of mass expressed in the
hull vector basis 1is simply Vj.

Additional subscripts are used to denote the origin of forces and
torques. Thus EAh denotes the aerodynamic force acting at the hull
center of gravity expressed in the hull vector basis, whereas Fp denotes

a non-specific force acting at this same point.
2. Coordinate Systems and Trausformations

All axis systems are orthogonal right-handed vector bases in which
positive sense angular rotations are right-handed rotations about the
respective axes. The inertially fixed axis system or reference frame is
denoted by (nyIzI) where the Xy and yp axes lie in the horizontal plane
and the z; axis 1is directed downward, along the gravitational vertical.
Additional axis systems are referenced to the individual bodies making
up the HLA.

TR-1151-2~1I 2-3
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TABLE 2-1. NOTATION CONVENTION

Force vector acting at point 1 in body b expressed in the ath

vector basis

Linear velocity of point 1 in body b expressed in the ath

vector basis.

Position vector from point j in body a to point i in body b
expressed in the ath vector basis. When j is blank, the pos’-
tion vector emanates frow the origin of the at® vector basis.,
the mass center of body a.

Moment vector acting at point i in body b expressed in tne Ath

vector basis.

n

Angular velocity vector of body b =xpressed in the at? ve:tor

basis.

Euler angle rotation of body b with respect to body a. The
order of the rotation sequence is defined separately f - each
a, b pair.

Direction cosine matrix such that A; = LzpAp, where A, and Ay
are generalized vectors expressed in the at" and bth vector
bases, raspectively. The transformation is orthogonal, thus

-l =T =
Lap = Lap = Lba-

Nonorthogonal transformation matrix relating the Euler aungle
rates of body b to the body axis rates of body b relative to

th

body a expressed in the a~ vector basis. Thus,

.b b -1 T
Da = BEpa(wy - wa) and Bagpb = BEpa # BEba-

Indicates time derivative of a variable or time derivative
relative to the inertial vector basis.

Indicates time dorivative relative to a non-inertial vector
basis.

Indicates transpose (of a matrix or a vector).

TR-1151-2-11 2-4
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a. Hull Assembiy

The motions of the HLA are defined in terms of the (xhyhzh) vector
basis which 1is body-fixed with its origin at the center of mass of the
hull assembly. The axes are directed as for an airplane — forward, to

the right, and down for xy, y,, and z,, respectively.

The rotations of the hull vector basis relative to the inmertial vec-
tor basls are expressed by the usual sequence of three Euler angle rota-
tions — yaw (y), pitch (8), and roll (¢) — in going from the imertial
frame to the body frame. The transformation of a vector expressed in
the 1inertial basis to the same vector expressed in the hull basis is

denoted by

A = LprAr (2-1)

where Ay is a generalized vector in the (x,y,2z,) vector basis, A1 is a

generalized vector in the (xyyyzy) basis and

Lhr = Lglgly (2-2)
with
1 0 0 W
L¢ = 0 cos ¢ sin ¢ (2-3)
LO -sin ¢ cos ¢

cos 6 0 ~-sin 6

Lg = 0 1 0 (2-4)

Lsin ] 0 cos B

TR-1151-2~-I1 2-5
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Ly = -sin ¢y <cos ¢y O (2-5)
0 0 1
8o that
™ =
cos O cos ¢ cos 0 sin ¥ -sin 9
- | sin ¢ sin 6 cos ¢ sin ¢ sin & sin ¥ .
La1 - cos ¢ sin ¢ + cos ¢ cos ¢ sin ¢ cos ©
cos ¢ sin © cos ¢ cos ¢ sin 8 sin

+ sin ¢ sin ¢ = sin ¢ cos @ cos ¢ cos ©

(2-6)

The transformation is orthogonal, so that the inverse of the direction

cosine matrix LhI is equal to the transpose:
-1 T
Lhi = Lin = Lht (2-7)

The order of the subscripts defines the '"direction" of the transforma-

tion.

b. Lift Propulsion Unit

The vector basis of the ith LPU (xiyizi) is fixed within the LPU and
has its origin at the center of mass of the LPU. 1Its orientation is

similar to that for an aircraft — forward, to the right, and down.

The coordinate transformation from the hull-fixed vector basis to
the LPU-fixed vector basis follows an wunconventional Euler angle
sequence chosen to allow large pitch rotations about an axis parallel to
the Yy axis without a singularity appearing in the equations relating
the Euler angle rates to the body axis rates. The sequence is pitch
(91), yaw (wi), and roll (¢1). The transformation from the hull basis
to the LPU basis is

Ay = LinAn (2-8)

TR-1151-2-11 2-6
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where Ay is a generalized vector in the (x;y;z;) basis and

with

so that

9

Lih = Lgslyslog
1 0 0
L¢1 =10 cos ¢4 sin ¢g
L0 ~sin ¢4 cos ¢1
i ]
cos ¢ sin Py O
Ly, = -sin ¢4 cos y;3 O
0 0 1
- =
cos 84 O =-sin 911
Lei = 0 1 0
sin 84 O cos ei_J
cos 0y cos VP4 sin Y4

sin 85 sin ¢3
- cos 93 sin §j cos ¢

sin 84 cos ¥4

+ cos 04 sin Y4 sin ¢4
k-

cos Y§ cos ¢4

~cos Y sin ¢4

(2-9)

(2-10)

(2~-11)

(2-12)

-sin 8§ cos Y4

cos € sin ¢4
+ sin 8; sin Y4 cos ¢

cos 84 cos ¢4
- sin 64 sin ¢ sin ¢4
=

(2-13)

is the pitch angle of the ith LPU about a gimbal axis parallel to

the y, axis of the hull; ¢, and ¢; represent the subsequent yaw then
h i i

TR-1151-2~1I
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roll rotations of the LPU relative to the hull. The nominal orientation
(all angles small) represents the case where the lifting rotor’s shaft

1s directed upward along the negative z; axis.

To transform a generalized vector in the LPU vector basis to the
inertial vector basis requires multiplication of the direction cosine

matrices. Thus
Lry = Linlni (2-14)

is the transformation matrix needed to relate a vector in the LPU refer-
ence frame to the inertial reference frame. The transformation 1is

orthogonal, thus

-1 T T . T
L1y = Lii = LhiLlih = Linlhr = LiI (2-15)

¢. Payload

The descriptions of the vector basis, the angular displacements, and
the associated coordinate transformations are identical for the payload
and the hull with a change in (or addition of) subscripts. Thus the
vector basis is denoted by (xpypzp), the Euler angle sequence is yaw
(wp), pitch (ep), then roll (¢p) to describe its orientation relative to

the inertial reference frame.

The transformation from the payload vector basis to the hull vector

basis requires multiplication of the direction cosine matrices:
th = LhILIp (2-~16)
The transformation is orthogonal, thus

-1 T T.T
th = th = LIpLhI = LpILIh = Lph (2-17)

TR~1151-2-I1 2-8
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3. Geometry
The equations of motion which describe the angular accelerations of
the various bodies are written in terms of moments about the centers of
gravity (mass) of the various bodies. These moments are composed in

part ol vector cross products of the form g:i x Egi

where g:i is the
vector position of point i, the application point of the force, g:i,
relative to the mass center of the body. Figure 2-1 illustrates the

geometry of these points and position vectors.

The input data describing the location of these points is given in

terms of position relative to a fixed geometric reference point w'thin

the body which in general is not the center of gravity. Therefore the
desired position vectors represent vector differences between the point

in question and the center of ;-avity location.

The numbering convention of the LPUs, landing gear attach points,
and cable attach points is such as to put odd numbers to the left and

smaller numbers forward. Thus LPU-3 is the left aft LPU.

a. Hull Assembly

The location of the hull center of gravity is denoted by Bgcv: the
location of the center of gravity relative to the center of volume (cv).

The several points of force application are as follows:

® Hull mass center to the center of volume, cv

K
BECV = =Rphev (2-18)

® Hull mass center to ith LPU attach point (1 =1,
2, 3, 4)

hi hi h
Rh = Rhcv = Rhev (2-19)

° Hull mass center to tail reference center, t

REE = RRL, - Rhcy (2-20)

TR-1151-2~1I1 2-9
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[

Hull Center
of Volume ey
Xn
Hull Mass Center §£ m Hull Mooring Point
o o]
X.
nm 1
Tail Reference 0 Bn - © A
N Center R ~/ ,
. & A7 Yi
o 5 Rhi ™™1h
t ) R y h ' Zi ith LPU
) A h Mass Center
jth Cable Hull ‘ £th Landing
Attach Point Gear Attoch
h Point

i th I_PU Attach Point
(Point i on Huli, Point
horith LPU)

a|qo?d
uoisuadsng

Pay!oad Mass Center

kth Cable
Payload Attach Point ™

Note: Following Points on
ith LPU not Shown:

f Fuselage Aerodynamic Center
Note: Payload Reference r Rotor Hub Location
Center, pc, not Shown. p Propeller Hub Location
e Exhaust Exit Point
fc Fuselage Reference Center

Figure 2-1. Vector Geometry of Hull, Payload and ith LPU

TR-1151-2-T1 2-10



ORIGiHINES. 1.0 (8
OF POOR QUALITY

® Hull mass center to jth payload cable attach point
(j =1, 2, 3, 4) on the hull

ng = Rggv - Bgcv (2-21)

® Hull mass center to Lth landing gear attach point
(. =1, 2, 3, 4)

h h
BEE = Bhﬁv = Rhev (2-22)

® Hull mass center to mooring attach point, m

hm hm h
Rh = Rhev = Rhev (2-23)

b. Lift Propulsion Unit

The location of the ith LPU center of gravity relative to the refer-
ence center of the LPU fuselage (nacelle) is denoted by gifc. The

several points of force application are given by:

o ith LPU mass center to fuselage aerodynamic
center, f

£ b3
5% = Rjife - Bifc (2-24)

° ith LPU mass center to rotor hub, r

i i i
gir = Bigc = Rife (2-25)

e ith LPU mass center to propeller hub, p

i i
RIP = RIB. - Rifc (2-26)

¢ ith LPU mass center to hull attach point, h

&i" = Rife - Ricc (2-27)

TR-1151-2-I1I 2-11
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° ith LPU mass center to exhic st exit polnt, e

Ri® = Rifc - Rige (2-28)

c. Payload

The payload 1is treated as a body having geometric properties such
that 1its aerodynamic center and its reference center are one and the
same. The center of gravity location relative to this center is given

by RD ¢+ The remaining points are given by:
PP

® Payload mass center to the refere¢nce center, pc

Rp' = “Rppe (2-29)

® Payload mass center to kth cable attach point
(k =1, 2, 3, 4) on the payload

pk _ Pk _ P -
Rp Rppe ~ Rppe (2-30)

4. Units

The simulation software 1is designed to operate with English units
(1L 1bf = 1 slug x 1 ft/sec®) .= SI units (1 newton = 1 kg x 1 m/secz).
All angular units are defined 1in rad, rad/sec, rad/secz, etc. The
acceleration due to gravity, g, is a user-specified value, with units
consisteat with the input data. The user sets a "units flag" to signal
the printing of the appropriate units with the input data listing., This
flag also signals the appropriate calculation of power (i.e., kilowatts
for SI units; horsepower, hp, for English units), see Section 7, Subsec-
tion I. Except for this one calculation, no unit conversions are com-

puted by the prograam.
C. KINEMATIC EQUATIONS

The kinematic relationships between velocities and rates of change

of angular and 1linear displacements for the independen’ degrees of

TR-1151-2-11 2-12
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freedom are given in this subsection. The rates of change are elements
of $.

: 1. Hull Assembly

The angular velocity of the hull is given in terms of the body-axis

rates
T*
wh = [p q 1] (2-31)
and the Euler angle rates
.h . . . 'r
1 = [ 0 ] (2-32)
= Behhun (2-33)
where
1 sin ¢ tan ¥ cos ¢ tan 6
Behh = | O cos ¢ -sin ¢ (2-34)

0 sin ¢/cos 8 cos ¢/cos ©

This 1{s a nonorthogonal matrix whose inverse (not equal to the trans-

pose) is given by

1 0 -sin 6

Bhen = f O cos ¢ cos 9 sin ¢ (2-35)

0 -sin ¢ cos O cos ¢
L -

These relationships are the standard ones for an aircraft, have been

derived elsewhere (e.g., Ref. 2-1), and will not be repeated here.

*The vector notation | ]T is used for ease of printing.

TR-1151-2-11I 2-13
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Note that the ordering of the Euler angle rates in Eq. 2-32 18 such
that, for small angles, the first angle represents a rotation about the
x-axis, the second 1ibout the y-axis, and the third about the z-axis.
The ordering does not imply the Euler angle rotation sequence. This
convention results in the nonorthogonal B transformation matrices being

identity matrices when all Euler angles are zero.

The rate of change of the linear displacemen: of the hull is given

RT = LinVn (2-36)

2. Lift-Propulsion Unit

The body axis rates of th: ith LPU are given by:

1
Wi = Linwh

1
= LipLlhrwi

= [p1 ag rq] (2-37)
The Euler angle (gimbal angle) rates are:
o1 . . * LT
Bho~ [61 81 ¥i] (2-38)
i
= BEjh(wh - o) (2-39)

The gimbal angles of the ith LPU and the Euler angles (relative to
the hull) are identical. The corresponding rates are rel~ted to the
angular rates of the LPU less those of the hull expressed in a common

vector basils, in the above equation, the hull.

The nonorthogonal .~ansformation matrix Bpin is deri-red as follows.
First the relative angular rates are expanded in terms of their compo~-

nents (see Fig. 2-2):

Lhiwg -~ wn = 1331 + 1151 + 52@1 (2-40)

TR=1151-2~11 2-14
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Figure 2-2. Gimbal Angle Rates for fth LPU

tere 13, J], and k) are unit vectors along the axes of tne LPU in {ts
successive positions {n the Euler angle sequence, 64, ¢4, and &{. When

expressed {n the X, Y Zh vactor basis these unit vectors lead to:

h'h
f
1 U 0
. -1 . ~1 -1 .
Lhigt = @h = Lng J O} pe+tbgy | 1} O +Logly O} w
0 0 1
- -} ".'1
cos 8; cos ¢y O sin 6§ L 11
. sin ¥y 1 0 0y (2-41)
-sin 0y cos Y 0 cos 9 &t

3 L

TR-1151-2-11 2~15
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cos Bi cos *1
Bher = sin ¥y

-sin 84 cos Y
The inverse is given by
cos By/cos Yq

BEih = { —cos 6; tam ¥4

sin 64

sin ©
0 (2-42)

cos 04

-sin 61/cos ¥g
sin ¢ tan Yy (2=43)

cos 63

A similar analysis leads to transformation matrices relating ﬁ% to

the difference between the LPU and hull rates expressed in the ith LPU

vector hasis. Thus

li ‘i h
Ah = Bpii(wf - wi)

1
= BpiiLin(wh - wn)
i
= Bpin(wh ~ wn)

= Bgih(Lhiwi - wh)

TR-1151-2-11I
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So

BEg1 =

The inverse is

Bigi =

3. Payload

o

BEihLhi

-

1

-Ccos ¢4 tan Y4

cos ¢1/cos ¥4

sin ¢4

sin Yy

cos ¢{ cos Yy

-sin ¢{ cos y§

RIGINAL PASE IS
OF POOR QUALITY

sin ¢1 tan 4

-sin ¢y/cos ¥y

cos i

sin ¢4

cos ¢f

-

(2-45)

(2-46)

The angular velocity of the payload is given in terms of its body

axis rates:

TR-1151-2-11
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(2 48)

* Beppup (2-49;

The sequence of payload Euler angle rotations relative to the inertial

reference frame .s the same as for the hull. Thus BEPP and its inverse,

BpEp?
changes in subscr.pt.

are the sane as for the hull (Eqs. 2-34 and 2-35) except for

The payload position of interest 1is its position relative to the
hull. The rate of change of this position, expressed in the hull vector
basis, 1s equal to the difference in velocities. Thus,

ég = Lup¥p - ¥n (2-50)

D. PAYLOAD EQUATIONS OF MOTION

The translational motion of the payload is -ritten in terms of {its

own vector basis:
p°
Ep = M (Vp + wp x Vp) (2-51)

where F, is the total external force rating on the payload (body p)
written {n the pth vector basis, MP is the diagonal mass matrix, wp 1s
the angular velocity of the payload relative to inertial space expressed
in the pth vector basis, Vp 1s the linear velocity of the paylgad rela-
tive to inertial space expressed in the pth vector basis, and !p is the

time derivative of V, relative to the pth vector basis.

TR-1151-2-11 2-18
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The body axis forces and velocities can be expressed in the incrtial
vector basis hy premultiplying by the direction cosine wmat-ix, Llp'
Qege, !? = LrpV¥pe The fnertial acceleration of the paylead {s glve-
by:

P )
Vio= Lppl¥p * wp x ¥p) (2-52)

The cotational equation af wmotion tor the payload s likewise
written in terms of its own bodyv:fi.ed vector »siis having its origin at

the payload center of mass:
o A
Tp = N, + oy xHy (2~53)

where Ip is the total external moment vector acting on the payload
(body p) expressed in the pth vector basis, ﬂp is the angular momentum
of the payload about {ts mass center expressed in the pth vector basis,

9
and H, {s the time derivative of H, relative to the pth vector basis.

The angular momentum s given by:
p 3o
Hp = ([T]p wp (2-54)

where [lp)p is the payload’s Llnertia tensor about {ts center of mass In

fts body-fixed vector basizx. The time derivative of H, i3 glveun by:
A} ) (M) .
B = 1] 9 (2-5%)

shere the time dorivative of the fuertia tensor {s zeru because the body
{s rigld and bdecause the derivative {3 defined relative to the vector
basis of the body.,

The translatfonal and rotational equations of wmotion can  be

rearranged as tollows:

TR=-1151-2-11 2-19
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upﬁp = -MP(QP x gp) + Fp (2-56)
[xPpr,’_,p - (‘9p x [Ip]p‘.‘.’p) + Tp (2-57)

The external forces and moments acting on the payload are discussed in

Sections 3 (non-aerodvnamic) and 9 (aerodynamic).
E. MULTIBODY SOLUTION ALGORITHM

This subsection describes the solution algorithm for the accelera-
tions of the hull and attached LPUs. As indicated at the outset of this
section, the algorithm involves the simultaneous solution of motion

equations and constraint equations.

The equations of motion for each body making up the HLA are written
as if the body were in isolation. These equations are identical in form
to Egqs. 2-56 and 2-57 for the payload with changes in subscript (h =
hull; 1 = {ch LPU, 1 = 1, 2, 3, 4). Among the forces acting on each
body are the constraint forces acting at the attach point between the
one body and the next. Because these forces are not necessarily
expressed in the vector basis of the body and produce moments about the
body’s center of mass, coordinate transformations and cross products
involving radius vectors to the attach points are invo'ved in accounting
for the constraints. When the equations of motion for all bodies are
collected and arranged, there results a vector matrix equation of the

form:

M\_/ = E + TVCFC (2-58)

TR-1151-2-1I 2-20
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where

M = Inertia matrix including true Iinertia terms
and aerodynamic acceleration derivatives
for the hull*

1<<0
[]

Acceleration vector

F = Applied force vector excluding those accel-
eration derivative dependent terms which

age accounted for by certain elements 1in
MV

TVC = Matrix relating the coustraint force vector
to the acceleration vector

Fc = Constraint force vector expressing the
forces and moments acting between component
bodies due to ideal ccnstraints

The fact that the bodies are fastened together at the attach points
means that there exist functional relationships between the motious of
one body and the motlons of the body to which it 1is attached. These
relationships are constraint equations. When all such relationships are
expressed in terms cf the accelerations of the several bodies and appro-—
priately arranged, there results a second vector matrix equation of the

form:
o}
Teyd = E+ Vrel (2-59)

where

*Certain of the aerodynamic forces are dependent upon elements of
Y. These terms are moved to the left-hand side of the equation to
facilitate the solution, see Section 8.

**Non~ideal constraints arise out of modeling the forces between the

bodies as being dependent on, a.g., flexibility and damping =z2ffects.
Such forces are included in F.

TR-1151-2~11I 2-21
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TCV = Matrix relating the acceleration vector to
the relative and required acceleration vec-
tors

E = Required acceleration vector needed *o
establish the constraint forces (depends
upou various body velocities)

irel = Relative acceleration vector allowed (or
specified) by the constraint

o .
To solve these equations for V and F¢ one starts by eliminating V.
Equation 2-58 is premultiplied by the inverse of the inertia matrix M'l

to yield an expression for _he acceleration vector:
0
Vo= MIF + M7lTycRe (2-60)

This expression 1s substituted into Eq. 2-59 to give:

T MTIE + Ty ITycEe = E + Vel (2-61)
This is arranged to give:
TeyM™ITycEe = E - TeylE + Vpg) (2-62)
which is an equation of the form
AFc = 8 (2-63)
where the matrix A = TCVM-ITVC i5 known, as is the vector
B = E =~ TeyMTIE + Vpey (2-64)

Equation 2-€3 is solved numerically for Fgc. The result is substituted

0
back into Eq. 2-60 to obtain 4 numerical evaluation for V.

0
Those elements of V which represent constrained motions need not be
integrated for the corresponding elements of V. This is because they

ave motions completely determined (by virtue of the constraints) on the

TR=-1151-2-11 2-22
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o
temaining elements of V. Thus V is appropriately truncated to form part

of the state vector rate of change.
¥. HULL AND LPU EQUATIONS OF MOTION

Expansion of BEq. 2-58, wusing equations of the forms given by
Eqs. 2-56 and 2-57 (wii. a change in subscripts) 1is straightforward.
The external forces and moments acting on the five bodies are discussed
in Section 3 (non-aerodynamic) and Sections 5 through 8 (aerodynamic).
Figure 2-3 shows the vector matrix expansion where the acceleration-
dependent aerodynamic force terms of the hull have been accounted for in
the 6 x 6 {inertia matrix in the upper left-hand corner of M. These
serodynamic terms are not present in the hull external force and moment
terms, F and Tp, on the right-hand side of the equation. To complete

the motion equations requires expansion of TycF¢.

The constraint force acting on the hull at the {th LPU attach point
s written in the hull vector basis as ggi. For the mooring si{mulation
there {s an additional counstraiant force, 58:. With four LPUs assumed,

the constraint forces can be written as follows:

4
® On the hull: (2: ESi)+ EE:
i=1
Jhi
® Ou the {th LPU: -Lih.l:Ch

In the latter equation, the agual and opposite (heuce the minus sign)
constraint forces are resolved into the ith vector basis using the dir-

ection cosine matrix Llh'

The constraint mowment acting at the ith LPU attach point is written
in the hull vector basis as 13;. The moments acting at the hull center
of gravity also include those due to the constraint forces acting on the
moment arm gﬂ‘, i =1, 2, 3, 4 and on the moment arm gR“. The con-

straint moments can now be written:

TR-1151-2-1I1 -3
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4
e On the hull: 3 (Ic:i+ Bﬁi x 23;) + Bﬂm x E%:
i=]

® On the ith LPU: -Lihzg; - Bih x Lihfgt

In the latter equation the sign is negative because the constraint

force on the ith LPU has the opposite sign frem that acting on the hull.

The constraint forces and moments are arranged as shown in Fig. 2-4.

To expand the TVC matrix the following identities are used:

AxB = -8xA (2-66)
AxB = [Ax]B (2-67)
where
A = [a} a2 aslT (2-68)
and
0 -a3 a3
[Ax] = a3 0 -aj (2-69)

G. HULL AND LPU CONSTRAINT EQUATIONS

The hull and the ith LPU are both rigid bodies which are fastened
together at a single point; point h on the ith LPU aad point 1 on the
hull are coincident. The translational motion of the LPU is a dependent
variable in the sense that the position and attitude of the hull and the
LPU gimbal angles, 1.e., angular orientation of the PU relative to the

hull, determine the motion of the LPU center of mass.

In particular, the LPU position relative to the hull can be

expressed in the hull vector basis as:
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RE = RO - LygR(" (2-71)

It can also be expressed in terms of positions relative to the inertial

reference frame:

ugRt = R} - &% (2-72)

When gﬁ is eliminated between these two expressions, the LPU center of
mass position relative to the inertiul reference frame is defined in
terms of the independent variables = hull position and two direction
cosine matrices (note that Liplpg = LIi):

ki = &Y+ LRt - LpgriP (2-73)

The velocity of the LPU center of gravity 1s likewise constrained.
Taking the time derivative of Eq. 2-73 ylelds:

-'
vt o« oF (o x B (e < &) (2-74)

The linear velocities can be expressed in the vector bases of each
body by noting that y% = LyiVy and g% = LipVn+ Making the substitu-
tions and premultiplying by Lj; gives:

i = Lin(Vn + wp x ROD) '(91 x Qih) (2-75)

This expression, made possible by the existence of the translational
construint at the LPU attach point to the hull, allows determination of

V{ in the simulation without integration of an acceleration.

However, the constraint equations requirced for simultaneous solution
with the equations of motion must be ctated in terms of accelerations.
Accordingly, the time derivative of Eq. 2-75 1s taken, the derivative
being relative to the vector bases of the individual bodies:

TR-1151-2-II 2-27



ORIGINAL PACE Ff:f
OF POOR QUALITY

o o o hi
Vi +wg x Vg = Lip[Vh + wp x ¥y + wy xRy

hi ih ih
+un x (wn xRy )] - @ xRY - @ x “y xR{)
{2-76)
This -:quation is premultiplied by Lhi and rearranged to place all the
acceleration terms on the left-hand side:

[o] [0} (o] [o]
Vh + wp x Sgi = Lhi¥y = Lpgwg x 51h

hi ih
= =unh x (Yn +oh By ) + Lagfor x (Y1 + @4 x By )]
(2-77)
This 1s the desired translational motion constraint equation pertaining
to the attach point betweern the hull and the ith LPU The right-hand
side 1s¢ an element of E in Eq. 2-59. No relative acceleration is

allowed and the contribution to itEI is a zero element.

The angular motion of the hull relative to the LPU is treated as
constraint motion. Again the <onstraint is -~=r> ' .-. terms of accelcra-
tions. Thus taking the derivative of Eq. 2~44 yields

o1 o )
M = Bgin(Lniws - wy) (2-78)

The desired equation is obtained by premultiplying by BhEi and placing
the body-axis acceleration terms on the left-hand side:

o o wi
Wh = Lhiwi = =BhEilh (2-79)

The right-hand side of the equation is an element of ireli the contribu~

tion to E is a zero element.

In the HLAMOR progcam the moored flight condition 1is simulated by
adding an additional constraint between a point on the hull and the
inertial reference frame. The position of the hull mass center is given

by:
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hm

b= Ri" - LngR (2-80)

R

where g%h is the location of the mooring mass attach point, h, in the

inertial refereunce frame.

The velocity of the muss center is obtained by takin, the derivative
with respect to time (note that g}h is a constant):

W oe Ly x R® (2-81)
h
Noting that Vi = Lp,Vy gives:
Vh o e x R (2~82)

This expression and Eq. 2-80 are used to determine the hull‘s velocity
and pos‘tion, respectively, in the mooring simulation.

Taking the time derivative of Eq. 2-82 relative to the hull vector

busis gives:

hm)

0 (o) hm
Vh * (.% x Y.h) - ("% x Rh ) = wh % (wh x Ry (2-83)

The desired constraint equation is obtained by placing the accelerations

on the left-h.nd side, all other terms on the right:
0 0 !
Yn ¥ (2"\ X Bgm) = -wp x (Yh +on x Rh ) (2-84)

The term on the right 1s an element of E; there is no contribution to
iral'

The constraint equations are arranged in vector-matrix form as shown
in Fig. 2~5 (Eqe. 2-85). The constraint associated with mooring 1is par-

titioned from the remaining terms by a dotted line as it is only present
in HLAMOR,
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Careful examination of ch rev:als that this matrix is the transpose
of Ty shown in Fig. 2-4 (Eq. 2-70). The same storage array can be used
for both matrices.

H. FORCE AND MOMENT SUMMATIONS

This subsection summarizes the external forces and moments acting on

the several bodies making up the HLA.
1. Hull Asgembly

The hull-tail assembly external forces originate in gravity, the
landing gears, the payload suspension cables, and aerodynamics. The

force summation is:

Fn = Eg, + Eg + Ec, + (Eap — Fuapy)
(2--86)
2-65 3-1 3-19 3-33 8-298
where the designations under =2ach term note the equation where the term

is defined. This practice is repeated throughou. this subsection.

The external moments acting on the hull assembly are:

Ih = Igh + Ich + (IAh - IHADh)

(2-87)
2-65 3-20 3-34 8-29Y

In these two equations the EHADh and EHADh terms are the hull accelera-
tion-dependent portion of the total hull aerodynamic force and moment
vectors, g;h and ZAh’ which have been woved to the left hand side,
thereby augmenting the hull inertis wmatrix, [Ih]h, see Sec. 8, Subsec~
tion I.

2. LPU

Each LPY (i = 1, 2, 3, 4) has gravitational, aerodynamic and direct

thrust forces rating on it. The force summation is:
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(2-88)
2-65 3-2 7-95 3-41
The moment summation is:
Iy = Tas + Tey
(2-89)

2-65 7-96 3-42
3. Payload

The payload has gravitational, aerodynamic and payload suspension

cable forces acting on it. The force- summation 1s:

Fp = EGP + Ecp + EAP

(2-90)
2-56 3-3 3-35 9-13
The moment summation is:
I, = Icp + IAP
(2-91)

2-57 3-36 9-14

I. STATE VECTOR RATE OF CHANGE

The elements making up the state vector rate of change, é, differ
for each of the three simulation programs, as do the set of dependent
variables which come about because of the constraints. Table 2-2 lists
the vector elements of é in order in the left-hand column together with
their sources (MSA = Multibody Solution Algorithm) for the HLASIM pro-
gram. The column of dependent vector variables on the right falls out
of the translational constraints hetween the LPUs and the hull. This
version of the program has 42 integrated quantities plus spares; each

vector element has three components.

The number increases to 54 plus spares for the HLAPAY program. The

added elements in é are listed with their source equations in Table 2-3.
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INTEGRATED AND DEPENDENT VARIABLES,
HLASIM PROGRAM

INTEGRATED SOURCE OR DEPENDENT SOURCE OR
VARTABLES EQUATION VARIABLES EQUATION
o
Yh MSA 52; MSA
v}
wh Mda zgi MSA
*h .
RI 2-36 V) 2-75
A} 33 Rh 2-71
o .
) MSA gﬁi MSA
)
W 244 QSE MSA
&)
w? MSA Vo 2-75
.2 2
Dh 2=-44 Rh 2-71
Q
w3 MSA gSﬁ MSA
f]a =44 IES\ MSA
(V]
w4 MSA V3 2-~75
N -44 Rp 2-71
VINT Sec. 4 EE: MSA
SINT Sec. 4 IB: MSA
Spares - vy 2-75
Spares - Bﬁ 2~-71
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ADDED INTEGRATED VARIABLES, HLAPAY PROGRAM
INTEGRATED
VARTABLES EQUATION
o
Vp 2-56
o
wp 2-57
Rp 2-50
nf 2-49

CHANGES TO INTEGRATED AND DEPENDENT VARIABLES,
HLAMOR PROGRAM

DELETED ADDED
INTEGRATED iﬁgﬁgﬁng DEPENDENT EQUATION
VARIABLES VARIABLES
0 hm
Vi MSA Fen MSA
‘h
RY 2-36 Vi 2-82
. h
VINT Sec. 4 RT 2-80
Spares -
2-34
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The mooring simulation has no active control. This removes the
flight control system variables, QINT and éINT from é in HLASIM. The
addition of the mooring mast constraint makes Vj and 5? dependent varia-
bles and further adds the mooring mast constraint force vector, 28:.
These changes are listad in Table 2-4. HLAMCR has only 30 integrated
quantities.,

A final modification was made to the program structure as a result
of changes in the simulation requirements. Specifically, controlled or
flexible joints between the LPUs and the hull were no longer required.
The following changes were made in the program code:

® The gimbal angle accelerations ars set to zero in
Eq. 2-85 (Fig. 2-3), i.e.,

ﬁé = 0 ’ i=1,2, 3, 4 (2-92)

® The value of w; returned by the integrator is
ignored. Instead the following equation, obtained
from Eq. 2~40 by setting the gimbal rates to zero,
is used:

Wy = Ljpwn N i=1,2, 3,4 (2-93)

® The gimbal angle rates in é are likewise set to
zero to avoid drift in the gimbal angles which
could conceivably occur due to, Jor example,
roundoff errors in the coordinate resclution,
Thus,

ﬁ% = 0 ’ i=1,2,3,% (2-94

The result wakes the multibody system composed of hull and central
LPUs behave like a single rigid body. However, the simulation still
calculates g%ﬁ and Igi, which are internal loads in the structure of the
HLA. Reversing these chaages and incorporating an appropriate model for
the LPU gimbals is all that is required to model the flexible five-body

system envisioned at the outset.

TR-115i-2-11 2-35



SECTION 3

NON-AERODYNAMIC EXTERNAL FORCES AND MOMENTS

A. SCOPE

This section describes all of the external forces acting on the
several bodies making up the HLA and its slung payload except for those
due to‘aerodynamics (to be described later in Sections 5 through 9) or
already accounted for in the ideal constraint forces and moments des-
cribed in Section 2. These external forces originate in the following

sources:

® Gravitational acceleration

® Landing gear

% Payload suspension cables

® Direct thrust
The following subsections contain the mathematical models for these four
types of external forces.

B. GRAVITATIONAL FORCES

The gravitational forces act at the center of mass of the respective
bodies, the center of mass being regarded as fixed within the body. In
the case of the hull, the center of gravity depends upon the structure
and the distribution of the 1lifting zas and ballonet-contained air

within the envelope. The gravitational torques are zero.

The gravitational force is expressed in the vector basis of each

body. Thus:

1) Hull

Fg, = mhglpr{0 O 11! (3-1)

TR-1151-2-1I1 3-1
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2) 1ith LPU OF POOR QUALITY
EG; = miglinlnz(0 O 1) (3-2)
where my is the mass of the ith LPU.
3) Payload
Fg. » mpglpr[0 0 1] (3-3)

P

C. LANDING GEAR FORCES AND MOMENTS

Landing gear forces a:t on the hull when the hull position relative
to the ground is such as to bring one or more landing gears in ground
contact. The model is a simplified representation of the dominant
forces associated with a landing gear having a swiveled wheel in ground
contact. The forces are due to landing gear strut compression, compres-

sion rate, and rolling friction over the ground.

The landing gear strut is vertically oriented with respect to the
hull vector basis and located at a point & (= landing gear) on the hull.
The location of this point in the inertial reference frame is given by:

RIY = &Y+ Lpprpt (3-4)

[x?2 y?z -hg] (3=5)

where h, 1is the altitude of polat & above the ground plane, see
Figo 3‘1.

The distance, lz, between point £ and the ground plane measured

parallel to the hull z~axis is given by:

hg
cos O cos ¢

Ly = (3-6)
The bottom-most portion of the wheel or skid is Jlocated at point g
(= ground contact), a distance &_ below point £ when measured in the

8
hull vector basis. When fully relaxed or extended, L = lo Thus a

g g’

TR-1151-2-1I7 3-2



ORIGINAL PAGE 13
OF POOR QUALITY

Ground Plane

Fipure 3-1, Landing Cear Model Ceometry

0 fog

—’il
KO
1
£,:0
/-KQ,
|
hg
Fonl3)

Fipure 3-2. Landing Gear Static Force Model
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comparison between Ly and 108 determines whether or not the landing gear

has contacted the ground:

by = (3-7)
zl [ 2.2 < 208

In the latter case, point g lies in the ground plane.

The axial forces in the strut depend upon the compression length and
the compression rate. The spring force has two gradients (positive
sign). The smaller of the two, Kg, corresponds to the strut spring

force; the larger, K £ corresponds to deflection of the hull structure

4
itself. Figure 3-2 plots force versus deflection for zero deflection
rate. The force is negative because it acts in the negative z-axis

direction on the hull.

The total axial (z-difrection) force acting on the hull at point g

includes a damping term and is given by:

gh - _ " .
Fgr(3) = ¢ Kg(ag = 26g) + Cgig < 0 ; 0 < 25 < fog
\Kflg - Kghog + Colp < O H g < 0 (3-8)

o

The rate of change of landing gear deflection, ig. is zero for Ly > log
and equal to ig = ii for &y < fog- iz is obtained by differentiating
Eq. 3-6 with respect to time and rearranging terms. Thus the compres-
sion rate for g < Log 1s given by:

. 1

tg = Tos 8 o5 3 [hg + tg sin 8 cos ¢8 + fg cos 6 sin 'y (3-9)

TR-1151-2-1I1 3-4
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Thera are other forces actiocg at point g originating in the interac-

tiou of the landing ‘jear with the ground. In the inertial reference
frame, these interaction forces consist of a normal force, acting per-
pendicular to the plaze of the ground, and a friction force, ncting in
the plane of the ground. The friction force 1is modeled as a Coulomb
friction force proportional to the normal force and acting against the
direction of motion. Thu total ferce vector is glven by:

gh h ~hg T hg
_g% = eliuk er“k ] (3) (3-10)

where u 1s the proportionality constant (positive sign), and

~h ~h ~h T
er® = [e1f efy 0]

is the unit vector in the direction of the velocity of point g, and
F2§(3) {s the z-axis or normal component of the force. FgI(B) is always

negative (25 < f£,5p) or zero (3 > 2og).
L og 2 og

The location of point g in the inertial reference frame is given by:

h h h h
R1® = R + Lin[Rn” + Bng) (3-11)
where 525 = [O - zg]T. The velocity is obtained by taking the first
time derivative:
*h h h Oh h
RI® = VI + Lyn[wn * th + Rng + wn % Rnj) (3-12)
1T hi h .
= Lip(Vp + 10 0 20T + wyx (Ry- + Rp})] (3-13)
- B W& o (3-14)

TR-1151-2-11 3-5
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The unit vector, é?g, is the norm of the velocity vector:

BT
o.hg -
e IRhg!

(3-15)

All that remains now is to determine the normal force. This 1is

accomplishod by resolving Fg% into the hull vector basis where the third

component, th(3), 1s known and given by Eq. 3-8. The resolution ig:
hg hg -
Fen Lh1iFgy (3-16)
The third component in terms of the normal force Is:
th(3) - [éhgu (cos ¢ sin 8 cos ¢ + sin ¢ sin y)
Eh IyHk
+ eI ue (cos ¢ sin 8 sin y — sin ¢ cos )
hg
+ cos ¢ cos 0]Fg7(3) (3-17)
When this expression is solved for F81(3)’ and the result substituted
into Eq. 3-10, the total force acting at point g is defined. Equa~-

tion 3-16 then defines the force acting at point g. The moment acting
on the hull is given by:

ohe
-gh

hg

= gh hg

x Egh (3-18)

The forces and moments are summed for the four landing gears as

follows:

hg
Fon = & Egp (3-19)
g=1
- hg  .hg
T - X (6° < 2if) (3-20)

TR-1151-2-11 3-6
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D. SLING PORCES AND MOMENTS

The payload is suspended below the hull on a serier of cables, as
many as four. These cables are attached at points j on the hull and
pointsa k on the payload. The cable force acte between points j and k
and is modeled as a combination of tensile and damping forces. The
tensile forces &>: proportional to cahle stretch from its relaxed length

and to stretch rate.

The vector distance between point j on the hull ard point k on the

payload in the hull vector basis is:

k k h
RPY - BB - Ry (3-21)

where the first term on the right-hand side is given by:
pk pk

Rh = gg + LhpRp (3-22)

The distance between points j and k is given by the absolute value

of the vector distance:

k
Lk = ‘Egj (3-23)

2 2 2
- J(’{‘;) + (R3)° + (h3) (3-24)

The unit vector directed from j to k is given by thz norm:

~nk 1 _pk
€y 3k Rhj (3-25)

The rate of change of xjk is given by the dot prodvct of the unit

vector and the time derivative of the vector distance:

TR~1151-2-1I 3-7
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. . k - k
e = By o ony (3-26)

«pk. pk «pk .pk «pk .pk
- xhjehjx + yhjehjy + Zhiehj, (3-27)

+pk
where §:J is obtained by taking the time derivative of Eq. 3-21:

+«pk +pk +pk
Ry = Ry - Ry (3-28)
K h
= Lip(Vp + wp x B: ) = (Vn + oy x th) (3-29)

The cable force is given by:

Ke(2 gk - lojk) + Ccijk > 0 ; Lk > Loy
Fie = l (3-30)

where lojk 1s the relaxed length cf the cable and K, and C, are the

spring and damping constants, respectively.

This force magnitude is coanverted into a vector by taking the dot

product with the unit vector:

hj pk
Fen ™ Kk * eny (3-31)
The equal and opposite ferce acting at point k on the payload is:

pk hj

Eep = Lonkey (3-32)

The total cable force acting on the hull 1is:

4 hj
gch " le Ech (3_33)

TR-1151-2~11 3-8
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The moment about the hull center of waas {s: QUALITY

& hi  hy
Tep ™ jEx Bh™ x Eop (3-34)

The total cable force acting on the payload center of gravity is:

F i gP 3-35)

The moment about the payload center of mass 1is:

4
pk pk .
T - R, x F_ =36
-Lp kE-l —p _Lp )

E. DIRECT THRUST FORCES AND MOMENTS

Each U ft-propulsion unit {s acted upon by direct thrust forces due
to the jet exhaust of {its turboshaft (or equivalent) engine(s). The
thrust acts at a polnt e (= exhaust) and i3 directed along the negative
z-axis of a coordinate reterence frame which 13 oriented with respect to
the LPU reference axes by a negative plich angle, Blas and a subsequent
positive roll angle, Alp' This peculiar choice 1is made for compati-
bility with similar definf.ions for propeller shaft orfentation and for

rotor control or swashplate axes discussed in Section 7.

The pitch angle, B;,, is in the negative sense about the LPU y-axis;
the roll angle, 4,,, i3 in the puositive sense about the new x—-axis loca-

tion (Figure 3-3). The pitch transaformation matrix is given by:

cos By, 0 sin By,
LBle - 0 1 0 (3-37)

~sin Bje 0 cos Blg

TR-1151-2-11 3-9
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/KA'Sei

Note: Positive Sense
* Xei Angles Shown

Figure 3-3. Ocientation of Direct Thrust Vector
Relative to LPU Reference Axes

The roll transformation matrix is:

1 0 0
LAle =10 cos Aje sin A}l
0 =sin Aj, cos Aje
5 4
TR~1151~2-11 3-10
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so that
cos B, 0 sin Bj,

Ley = LAleLBIe = § ~sin Bje sin Ajg cos Ale cos Bjle sin A),

~sin Ble cos Ale -sin A]e cos Ble cos Al
L .

(3-39)
This is an orthogonal transformation whence:
Lie = L;i = LeiT (3-40)
The force acting on the LPU is given by:
S = Lgefo 0 -T)] (3-41)
The corresponding moment about the LPU center of mass is:
T, - B xS -4

F. CAUTIONARY REMARKS

The running costs for the simulation can increase dramatically 1if
the integration routine is forced to small step sizes by the presence of
high~frequency modes in the system structure. Operation of the trim
routine (Section 10) is also adversely affected. Among the nonaerody-
namic forces there are two potential sources of such high-frequency

modes:
1) Landing gear
2) Payload sling

The user 1s therefore cautioned to err on the side of low frequen-

clies when working up a data set that includes landing gear and <&

TR-1151 -2~II 3-11



spring forces. Verify the approximate frequencies associated with the
spring constants chosen so as to not call for very high frequencies
inadvertently. Testing of the simulation to date has shown both of
these potential sources of difficulty to be manageable without violating
physical reality for such structures.

TR-1151-2-11 3-12



SECTION 4

FLIGHT CONTROL SYSTEM

A. OVERVIEW

The fligh: control system implexented in the simulation {s a highly
simplified representation of an automatic feedback control system that
exercises control over all six degrees of hull motion freedom. It func-
tions to maintain trimmed flight conditions in the presence of distur-
bances and can execute maneuver commands. However, its design does not
attempt to anticipate the needs of all users or all possible HLA con-
figurations. Rather, the goal was to allow source code changes with

minimal Jdifficulty to suit the requirements of individual users.

The generalized loop structure for all six control loops is typified
by the iongitudinal velocity control loop shown in Fig. 4-1. The system
is of the proportional-integral-derivative (PID) type incorporating
limiters at three points in the loop. It is responsive to commands from
a command generator at the extreme left and a test input generator at
the right. Control is exercised through a mixer box at the extreme
right. The resulting control surface deflections are inputs to the
remainder of the simulation, the block labeled HLA Dynamics. The simu-
lated motion outputs are modified by the flight control sensors whose
outputs are the feasdbacks to the control loop. In certain loops a posi-
tion feedtack can be substituted for the velocity command in the command

generator, thereby creating a position hold system.

The remainder of this sectior discusses the variovus elements of

Fig. 4-1 thar make up the flight control system.
B. MIXER BOX

The mixer box functions to link the numerous control surfaces into
six equivalent and approximately orthogonal control points, one for each

degree of hull motion freedom. The simulation trim state calculations

TR-1151-2~11 4-1
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(Section 10) also operate through these six control points. Changes
made to this part of the system must therefore be made with care because
both flight control and trim functions are affected. On the other hand,
such changes are relatively easy, being confined to a single routine,
SUMCON, in the source code; tk- linking 1s not alterable through input

data changes.

The pres-~nt code is appropriate for an HLA having four LPUs, two on
either side of a central buoyant hull located anead and behind the
center of gravity. The LPUs have fore-and-aft thrusting propellers in
addition to the 1lifting rotors. The rotors have 1longitudinal and
lateral cyclic controls; both rotors and propellers have collective con-
trols. Hull-mounted fins have three controls corresponding to the con-
ventional airplane’s elevator, aileron, and rudder surfaces. There are
no links to the LPU gimbal angle accelerations, ﬁ%, the LPU direct
forces, T,, or to the rotor and propeller speeds, Q. and Qp- These
variables, while fixed by input data specification in the current simu-
lation, represent additional control possibilities in future develop~

ments.

The link equations were chosen to provide approximrtely orthogonal
responses and adequate control power for the HLA configuration des-
cribed. The individual LPUs are identified by the number in parenthe-
ses. The numbering convention has all odd numbers on the left and even

on the right; lower numbers forward, larger numbers aft.

® Propeller Collectives. These are controlled by accelera-
tion commands u. and r. from the longitudinal velocity and
yawing velocity control loops:

Bop(l) = G + I (4-1)
8op(2) = dc - E¢ (4-2)
Bop(3) = U + f¢ (4=3)
Bop(4) = G - E¢ (4=4)
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® Rotor Collectives. These are controlled by acceleration

commands, Wq, pc, and q., from the vertical velocity, roll
attitude, and pitch attitude control loops, respectively:

Bor(1) = =wic + P + Q¢ (4-5)
Bor(2) = =~%c = Be+ qc (4-6)
8or(3) = ~Wc+ Pc - Q¢ (4=7)
B8or(4) = ~Wc = Pe = 4c (4-8)

® Lateral Cyclics. These are controlled by acceleration
commands from the lateral velocity control loop with no
other mixing; control power is most limited in this axis:

Alg (1) = Ve (4=9)
Ale (2) = V¢ (4-10)
Alg (3) = Ve (4-11)
Alg (&) = ¢ (4-12)

® Longitudinal Cyclics. These controls operate in parallel
with the propellers to increase the control power for
longitudinal and yawing acceleration:

Bls (1) = (1/2)ic + 2t (4-13)
Bls (2) = (1/2)4 - 2i (4-14)
Bls (3) = (1/2)ic + 2% (4-15)
Bl (4) = (1/2)ic - 2ic (4~16)

® Tail Fin Deflections. These are controlled by accelera-
tion commands from the attitude loop:

82 = =be (4-17)
Se = -qc (4-18)
6§ = -I¢ (4-19)

C. TEST INPUT FEATURES

The simulation allows the user to increment any of the six linked

control points or any of the control surfaces for simulation test
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purposes. Tnese increments are added to the six countrol loop outputs or
to the mixer box outputs, respectively. The user specifies a starting
time, an ending time, and the size of the increment. The result is to
place a finite width pulse on the particular control during the time

interval.

These capabilities are summarized in Table 4-1. Note that the
starting and ending times for a particular set of controls apply to all
the possible inputs of this set. For the rotor controls, there are

twelve 1input points all governed by the starting and ending times tie

and t, .
TABLE 4-1. TEST INPUT CAPABILITIES
CONTROL POINT START END TEST INPUTS
Linked controls tig, t2g. | Mc» AVc, B¢, Bbe, Mc, b

ABgp(i); 1 =1, 2, 3, &
Rotor controls tie tor AAlsr(i)i i=1, 2, 3, 4
8Blg (1); 1 =1, 2, 3, &

Propeller ccatrols t ABop(i); 1 =1, 2, 3, 4
i op

P

Tail surface tie toe Abg, ASe, Ay

D. CONTROL LOOPS

The structure of all six control loops 1is the same as shown iIn
Fig. 4-1. Commands from the Command Generator (subscript c) are differ-
enced with the state feedback (subscript f) to give the state error
(subscript e). The derivative, or rate feedback (also subscript f) is
passed through a rete gain (symbol T) and subtracted from the state
error. The result passes through the proportional gain (symbol K) and
through a parallel combinaticn of a straight-through path and an {nte-

gral path (gain symbol KI). The sum becomes the acceleration command
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(also subscript c) in the absence of any additive test inputs to the

limited control point.

The control loop signals for all six control loops are listed in

rate feedback, all elements are present in all loops.

With the exception of the yaw rate loop, where there 1is no

The parameters for all six control loops are listed in Table 4-3.

Here the limits are symbolized the same as in the computer code.

TABLE 4~2. CONTROL LOOP SIGNALS
INPUT STATE STATE RATE INTEGRATOR | CONTROL
CONTROL LOOP | coMMAND | FEEDBACK | ERROR | FEEDBACK | OUTPUT | OUTPUT
Longitudinal 3 .
Velocity Ye ug Ue f ur ue
Lateral Velocity v, Vg Ve vE Vi Ve
Vertical Velocity | hg he he 5 hy he
Roll Attitude ¢c of b Pg 41 Pe
Pitch Attitude 0, 0¢ N | oy do
L] L] L] { . .
Yaw Rat-~ Ve 123 Ve - J VI fc
TABLE 4-3. CONTROL LOOP PARAMETERS
RATE | °ROPORTIONAL | INTEGRAL ;| INTEGRATOR | CONTROL
CONTROL LOOF | GarN GAIN GAIN LIMIT
Longitudinal .
Velocity T“ac K KIu uiLM ULLM
Lateral Velocity T@ac K, KIv | VILM VLLM
Vertical Velocity| Ty Kf, Ky, , HDTILM | HDTLLM
Roll Attitude Tp K¢ KI6 PHIILM PHILLM
Pitch Attitude Tq Ke KIe TREILM THELLM
Yaw Kate 0 Ky KI@ RILM RLLM
TR-1151-2-11 4-6
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1. Control Loop Activation and Trim Coatrol

The user has the option of deactivating one or more of the control
loops. This can be viewed as setting the proportional gain to zero.
However, the integrator remains, as it serves to provide the rrim com-
mand to the control surface. In the longitudinal velocity control loop,
for example, the computed trim value of 4. (see 3ection 10) is the ini-
tial condition placed on the integrator. With the longitudinal velocity

loop inactive, the output of the integrator remains invariant.
2. Limiter PFunction

There are three kinds of limiting available to the user. There are
mechanical 1limits on each control surface denoted by, for example,
(eor)max for the limit value on rotor collective deflection. There are
also limits operating on the output of each of the six control loops,

and integrator limits (see Table 4-3 for symbology).

The mechanical limits are symmetric for all controls. For investi-
gations of trim control power under various flight conditions, these
limits are typically opencd up to physically unrealistic values to
insure that a trim condition will exist (see Section 10). For other

kinds of investigations, more realistic limits might be chosen.

With realistic levels of mechanical limiting, the choice of control
limit can become important. It generally should be so chosen as to not
completely saturate z2ll affected control surfaces when these controls
are also used for control about some other axis. For example, operation
of the longitudinal velocity control loop should not saturate the pro-
peller collective and the rotor longitudinal cyclics, for if this were
to occur the only yaw contr>l capability remaining around zero would
reside in the rudder. On the other hand, the control 1limit must be
large enough to allow a trim to be achieved. Note that this limit is
active 1In the trim function (Section 10); if it 1is set too low a trim
may not be achilevable.

The third limit in the control loop is on the integrator output.
The operation of this 1limit 1is different from the others. When an
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integrator output limit {s encountered, the limiter functions to remove
the integrator input until the input changes sign. When this occurs,
the integrator will promptly begin to decrease below the : .mit, and pro-
longed "hangup" at the integrator limit 1s avoided.

Choice of limit level is important here as elsewhere. Generally, it
must be smaller than the control 1limit, but should be large enough to
accommodate any realistic control trim condition. In particular, for
trim control power studies, 1t might be set to unrealistically high
levels to insure that a mathematical trim exists. Of course, in this

case the remaining limits should likewise be set to very large values.

E. SENSORS —- CHOICE OF STATE FEEDBACKS

The actual states being controlied depend upon the sensors chosen.
Here too a limited number of options has been provided, as 1listed in
Table 4-4.

TABLE 4-4. SENSOR SIGNALS

CONTROL LOOP FEEDBACK |  VARIABLE | FEEDBACK VARTABLE
perereaa i B KNG P
Lateral Velocity Ve Vp(2) or vyq £ ay,.c
Vertical Velocity ﬂf -V¥(3) Hf "8z,
Roll Attitude b¢ ¢ Pg P
Pitch Attitude 0¢ 3 q¢ q
Yaw Rate if @ or r - -
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In particular, the user can select inertiel speed or airspeed for
t. snslational vele~ity control. In the former case the speed is that

measured at the hull cente. of gravity. In the latter case, the air-

speed sensor location affects the signal. Thus:

ave® <V
[uas  Vvas "as]T = Y% v+ (wn x ngg) = (':%ﬁ"_ y 5%23) (4-20)

where aﬁgﬁ 13 the location of the airspeed sensor relative to the hull’s
center of voluuwe. Vﬁ €V is the speed reiative to the airmass as mea-
sured at the hull center of volume; (3!%? °V/a§) accounts for certain

density gradient - “fects, cee Section 8.

The user can also s2lect between the body - (s rate, r, and the

Euler angle rate, @, in the yaw rate loop.

The altitude rate signal 1s that .2asured at the hull center of

gravity.

The acceleration signals are given by:

T o hac - h
laxae 3yac %2zae] = Yo+ (wh % ¥n) * (8n xBno j *+ oh x (wn X Ra )
(4-21,
where
RR2S = RDAC - Rf, (4-22)

is the accelerometer location relative to the hull center of gravity.
F. COMMANDS

The control loop commands (subscript c)} are a user-defined table of
data points (subscript COM) which establish the command time history in
each control axis. This input capability allows execution of simple

maneuvers by the simulated HLA.

The user also has a position hold option that can be used to deter-
mine system performance in this mode of operation. The user selects
starting (tle) and ending (tsz) times for the position loop to be
closed. During the time interval the command table 1s replaced by a
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position signal in four control axes where the position is measured
relative to the point where the accelerometer was located in inertial
space at the starting time. Following this interval the command table

is resumed. This option is summarized in Table 4-5.

TABLE 4~5. COMMAND SIGNALS

coma wop | YlgEETY | rostTIn oo
Longitudinal Velocity ucom Kx[x(tpul) - R?ac(l)]
Lateral Velocity VeOM Ky[y(tpw, ) - R?ac(Z)]
Vertical Velocity SCOM Kh[h(tpﬂl) + R?ac(3)]
Roll Attitude dcoM V]

Pi.-h Attitude 8coM 0
Yaw Rate &COM Kw[W(tPHI) - WJ
L | —

As can be seen from Table 4~5, when the position hold feature is
activated the HLA control loops are commanded to hold the existing head-
ing, to zero the pitch and roll atritude, and to restore the positioun to
that existing at time cP“l' The dyuamics of this position hold feature
depend, of course, on the position grins chosen, Kx. Ky, Kp» and KW'

When the position hold feuture is inactive, the gystem 13 a velocity
command system in the three t. nslational degrees or freedom and in yaw;

an attitude command syster (=  tch and roll.
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G. CAUTIONARY REMARKS

The integration routine used in the siwmulation program will auto-
matically reduce its step size to satisfy its error criterion. Runaing
costs for time histories are sensitive to this step size, which can

become quite small uncer the following circumstances:
1) Encountering a limit.
2) Accommodating high acceleration loop gains.

The latter will be reccgnized as an effective "algebraic loop." The
simulation has been tested with these loops closed. However, for the
configurations examined thus far, they are not necessary for system sta-

bility and response.

TR-1151-2~1I 4-11



SECTION 5

AERODYNAMICS OVERVIEW

A. INTRODUCTION

This section presents an overview of the aerodynamic computational
approach, and an outline of the aerodynamic disturbance and interference
models. The detailed descriptions and equation summaries for specific
models are presented in Sections 6 through 9. Due to the nonlinearities
and complexity inherent 1in the aerodynamics of the various elements
({.e., rotors, hull, tail, etc.), the previous vector noctation is often
dropped in favor of scalar equations. Computer implementation of the
aerodynamic models is in scalar form. A somewhat cumbersome notation is
adopted to preserve important distincticns between relative velocity
[ 12, airmass velocity [ ]3%®, airmass input source [ ]52M, discrete air-
mass input [ ]98®, uniform steady wind [ ]¥, and among vehicle elements
(e.g., hull center-of-volume [ ]2 ¢V, tail reference center [ ]%38 ¢,

etc.)

The simulation provides the capability to investigate problems
generic to the HLA concept. This includes the evaluation of basic vehi-
cle characteristics and the importance of aerodynamic and dynamic ron-
linearities relative to the more familiar linear phenomena. Emphasis
was placed on determining dominant effects and obtaining gross loads and
motions, using aerodynamic models based on wuniformly valid first
approximations to a variety of effects. Input data requirements are

minimized to facilitate these design tradeoff studies.

Analytical functions are used for the hull and tail loads that allow
simulation over wide ranges of incidence, speed, and acceleration with-
out recourse to lookup tables. Apparent mass effects are calculated for
both hull and tail. The rotors and propellers on the 1lift/propulsion
units (LPUs) are treated with combined momentum and blade element
theories in the power-on condition. In the power—off (moored) condi-
tion, they are modeled by simple cross-flow drag relations. Various
higher order terms 1in the descriptions of the hull, tail, LPUs, and
slung load have been omitted.
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The aerodynamic model equations do not "self-estimate" the basic
aerodynamic properties from vehicle geometry; they are used only to fit
estimated or measured aerodynamic data. For example, it +ill bte shown

that the basic hull-alone axial force model has the form:

a cv\ (5-1)

1 a cv
Xp = -3 pSpCapun ‘“h
In the simulation several parameters which are constaunt for a given run

are lumped and entered as one precomputed constant. Thus Eq. 5-1 is

implemented as:

’ acv| acy
Xp = oXyjuly * uh I“h | (5-2)
where
ug ¢V = Hull x-axis components of relative airspeed

at hull center-of-volume

xululh = -(po/Z)ShCAh is the input constant ceter-
mined by the user

6 = p/py, relative air deansity correction

To make clear the basic aerodynamic models involved the derivations
use the format of Eq. 5~1, while the simulation employs the more effi-
cient format of Eq. 5-2. The methodology for estf ating these constants

1s presented in Appendix A.
B. COMPUTATIONAL FLOW

In keeping with the generic multibody formulation of the equations
of motion, the aerodynamic loads are modeled separately for each of the
LPUs, the hull-tail-structure assembly, and the slung payload. Figure
5-1 shows the computational flow at each time step:

1) The vehicle states are accessed from the current time

step; these include translational and rotary motions of
each element, local air mass motions at each element

(steady and turbulent wind inputs), and several control
inputs.
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Figure 5-1. Computationel Flow of Aerodynamic Model
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2,3) These are resclved invo relative air-to-element velocity
components at each rotor and propeller hub, the LIU
aerodynamic center, the hull center of volume (c.v.),
the tail reference center (usually the aerodynaaic
center of effective tail-plus—fuselage ensemble), aund
the slung payload aerodynamic center, when the payload
1s present.

4) These kinematic relative velocities are adjusted by
various factors or increments to account for local velo-
city interference due to: a) hull on rotors and propel-
lers; b) rotors and propellers on hull and tail; c)
rotors on propellers and LPU fuselage (nacelles); and d)
ground proximity to the hull, tail, rotocrs, and propel-
lers.

Thus the net relative or apﬁatent air velocities are the
vector sum:

yrelative . wyinertial motion . yinterference

~ ylocal airmass

5) Analytically efficlent formulas are used to fit and
evaluate the variation of aerodynamic forces and moments
with each element’s velocity and/or angle relative to
the local air mass and to rotor and propeller speed.
Interference effects which arise from changes 1in the
nature of local flow (e.g., rotors introduce turbulence
into the hull local flow) are accounted for in the
respective element’s equations. Buoyant forces are com-
puted at the c.ve from the normal atmospheric pressure
gradient, and horizontal pressure gradients due to
changing wind velocities or convergent wind fields.

6) Net hull forces at the c.v. are summed and transferred
to the hull center of gravity (c.g.) along with the
tall-on-hull forces. Only at this stage are the major
pitch, yaw and roll stability characteristics of the
hull and fin assembly manifested.

*We define a positive interference or local airmass state (e.g.,
linear or angular velocity, etc.) as one which causes atmospheric motion
along the positive body axis direction.
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7) The rotor, propeller, and LPU fuselage forces are trans-
ferred to forces and moments at each LPU c.g. for use in
the multibody equations of motion.

8) Outputs of the lozds on the several bodies are inputs to
other parts of the program.

C. ATMOSPHERIC ENVIRONMENT

This subsection briefly reviews the background and structure of the
aerodynamic disturbance model. The detailed development is presented in

Section 6.

The local airmass velocity (superscript "am") 13 represented at each
of several locations by a constant mean wind (superscript "w") plus
varying components (superscript "sam"), superimposed in inertial coor-
dinates to give the power spectra and rms levels characteristic of tur-

bulent winds:

Yam = Yw + !sam(x’y,t) (5-3)

Local air mass motions are required at each LPU’s c.g., at the tail
reference center, and at the hull c.v. and at the slung load reference
center. These locations are far enough apart that extrapolation of
point gust values and gradients from a single point gives 1naccurate
results (Ref. 5-1).

As originally noted by Skeltun (Ref. 5-2) and thoroughly developed
by Holley and Bryson (Ref. 5-3) and Etkin (Ref. 5-1), the degree of gust
component correlation between any pair of locations drops off as the
space between them increases, so that at a hundred feet apart the corre-
lations among turbulent components nearly vanishes. At smaller dis-
tancer (on the order of aircraft wing chords, spans, and lengths) the
correlations may be significant, but at the larger separations he:ween
HLA rotors, hull lengths, and cables, such correlations are considered
negligible. For a conventional aircraft the approach is to put in gust
inputs at wing and tail locations which are carefully chosen to yield

"effective" gust magnitudes and gradients about the c.g., as best
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explaired by Etkin (Ref. 5-1). 1In the basic approach, both correlated
and uncorrelated components must be included to retain the isotropic

properties of atmospheric turbulence.

Here, a simpler extension of these concepts was adopted; the hull is
treated as a spatjal averager of gusts which are input at four points
around a meridional plane (Fig. 5-2). The point locations are selected
as z compromise to be close to the rotor hubs, tall reference center,
and hull’s effective length (like the effective span of a 1lifting wing).
The hull, tail, and each LPU effective local airmass velocity 1is taken
as the mean wind plus appropriate weighted average among the four input
locations. Hull and tail airmass time derivatives are computed from

num_rical differentiation of these velocities.

The effective gradients (3ud®/3x, etc.) along and across the hull
are computed as the linear gradients among the four input points; this
gives a lower "effective" hull gradient than the local gust gradient at
a point, as ft should (Ref. 5-1). The four-point meridional gust model
yields six planar spatial gradients at the hull c.v. (none with respect
to height), which give rise to effective gust rotation terms and airmass
acceleration terms. There are six more at the taill reference center.
The airmass acceleration terms (spatial and time dependent) give rise to
unsteady ("apparent mass') loads on both the hull and tail ard to buoy-
ancy terms on the hull. The atmospheric velocity inputs must not
include steps as these generate extremely large accelerations in the
simulation when the derivative is computed; the velocity rate of change

is tcheoreticaily infinite.

For simplicity, the atmospheric disturbances are calculated at the
LPU center of gravity and are not modified to account for the various
spatial velocity gradients across the individual LPU components. This
point approximation is justified because of the small dimensions of the
LPU compared with the large dimensions of the gust source distribution
and the hull. This assumption allows considerable simplification of the
aerodynamic models of the individual LPU elements, as well as a reduc~

tion irn the number of required aerodynamic disturbance input states.
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Figure 5-2. Atmospheric Input Model

The venicle atmospheric model requires a set of twelve inertial
velocity component time histories (uSadm, y83m, y8aW 3t the four input
source locations) to be defined ahead of time. For computational con-
venience, the input points translate (but do not rotate) with the hull.
This scheme allows the use of actual recorded gust records (e.g., from
ground-based meteorological towers) in order to simulate more precisely
the peculiar patchiness which is characteristic of ground winds but is
otherwise difficult to simulate realistically (Ref. 5-4). The precom-
puted inputs can contain both correlated and uncorrelated gust velocity
components. They may also emulate discrete disturbances or steady
gradient conditions (converging wind field) by appropriate user input

selection.

The local airmass velocities at the slung load are input as a addi-

tional separate set of linear velocity components and velocity gradients
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at a fifth source point. These are similarly expressed in inertial

coordinates, which are then resolved into payload. coordinates.

User-selected scale factors allow the defined wind velocities at the
five source locations to be amplified or attentuated to arbitrary inten-
sities.

The time dependency of the gust inputs (Eq. 5-3), which gives rise
to the important (hull and tail) airmass acceleration effects, 1is not
common to conventional aircraft analysis. For example, neglecting
higher order terms, the total relative axial airmass acceleration may be
written ags (Ref. 5-1):

*
bt ot ¥ Tax TV Ty (5-4)

where the relative velocities with respect to the airmass are given by:

a

u = u '-uam

a

v =V"Vam

The so called "frozen field" or "Taylor’s Hypothesis" assumes that the
time partial derivative (3/3t) may be neglected compared to the spatial
dependency (3/3x, 3/3y) for most flight conditions under the restriction
(Ref. 5~1):

ud/yam > 1/3

However, for low-speed LTA vehicles, where '"nearly convected" flight is
possible (u = u3®), so ud = 0, the frozen fieid assumption is inappro-
priate. Therefore, both time and spatial dependencies are retained in
Eq. 5-3.

This multiple-point gust source approach 1is much more correct and
versatile than the conventional aerodynamic disturbance input scheme
(single-point gust source with extrapolated gradients). The omission of

some small terms (e.g. second order terms in Eq. 5-4) should not deter

*The z-gradients are missing due to the assumed planar (two dimen-
sional spectrum) model and are felt to be of small effect (Ref. 5-1).
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its usefulness. It is felt that this four (five if the payload 1is pre-
sent) point wind input model can effectively simulate nearly all of the

wind conditions faced in normal hovering and cruising operations.

There {s also a provision in the simulation for discrete (test)
inputs to be applied to specific isolated vehicle elements (e.g., hull,
tail, LPUs). These inputs are of a (1l - cosine) form and allow the uscr
to excite the vehicle elements with disturbances of known .:gnitude and
direcztion (i.e., no spatial interpolation 1is computed). This 1is espe-~
cially helpful in preliminary assessment of closed loop response to

vehicle (and payload) ~xcitations.
D. AERODYNAMIC INTERFERENCE EFFECTS

A major objective of the presen effort was to represent the -ari-
ous aerodynamic interference effects. Some limited wind tunnel data
Ref. 5-5 suggest significant nonlinear rotor/hull interactions, not
considered a problem in classic airships. Additional hull/ground and
rotor/ground interactions have been documented in a number of references
(e.g., Refs. 5-8 and 5-9).

The effort focused on reviewing the available literature, completing
additional numerical experiments, and finally formulating models which
cculd capture adequately the first order effects. Extrapolation and
generalization, based on first principles (e.g. potential flow solu-
tions, linear single dependency models, etc.), allows simulation over
all ranges of speed and incidence without recourse tu look-up tables or
iterative algorithms. The r=sulting models are simple analytic func=-
tions of the dominant parameters (e.g. ground height, rotor thrust,
etc.) All equation constants are input data in the simulation to allow

incorporation of configuration dependent experimental data.

The irnterference effects may be categorized according to two basic
types:
A) Velocity Interference - The physical mechanism is

a change in local airmass mean velocity m.gnitude
and/or direction.
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B) Flow Property Interference - The physical mech-
anism is a change i1 the nature of the local flow
(e.g., turbulence level, wake distortion).
The various interference effects are tabulated below according to
these two types with references to available wind tunnel data. Some of

these effects generate both kinds of interference.

A) VELOCITY INTERFERENCE B) FLOW PROPERTY REFERENCES
INTERFERENCE

1) Hull on Rotor, Pro~ Hull on Rotor and | 5-5, 5-6
peller, LPU-fuselage Propeller

2) Rotor and Propeller Rotor and Pro- 5-5, 5-6
on Hull and Tail peller on Hull

3) Rotor on Propeller 5-7

4) Rotor and Propeller S5=7
on LPU-Fuselage

5) Ground on Hull, Tail, Ground on Hull 5-8, 5-9,
Rotor, Propeller 5-10, 5-11

A brief explanation of the dominant source for each interference effect

follows:

l. Hull on Rotor, Propeller, LPU-Fuselage (Sectiorn 7). The
immersion of LPU within the hull wake causes a reduction
in the local velocity of the rotor, propeller and LPU-
fuselage (Type A). In addition, the local hull wake tur-
bulence causes a reduction in the rotor and propeller
blade 1lift effectiveness (lift curve slope) which tends to
reduce thrust capability (Type B).

2. Rotor and Propeller on Hull and Tail (Section 8). The
main effects are due to the hull and tail being sucked
toward the rotors’ and propellers’ effective "sink." If
all are thrusting equ 1lly, a net downward force (for LPUs
below hull centerline) will result from the sinks’ down-
ward induced velocity (Type A). There will also be a for-
ward and downward velocity increment at the tail due to
this "sink" effect (Type A).
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3.

5.

In addition, the shedding of rotor and propeller vortices
into the hull relative free-stream causes an increase in
local turbulence, realized by an associated increase in
the hull crossflow drag coefficient {fype B). The typical
HLA geometry makes this latter effect negligible in the
cagse of the tail.

Rotor on Propeller (Section 7). The operation of the pro-

peller within the downwash field of the rotor causes
changes 1in the propeller local free~stream velocity
(Type A).

Rotor and Propeller on ~PU-Fuselage (Section 7). The

rotor and propeller wash over the LPU-fuselage, as abcve,
changes the relative free-stream velocity (Type A)
increasing the power requirements for most flight condi-
tions.

Ground Effects on All El:ments (Sections 7, 8). S. eral

complex ground interactions affect the performance of the
hybrid airship. The dowminant effects include hull flow
rotation (Type A), hull wake contraction (Type B), ground
induced (reflection) velocities on the rotors and propel-
lers (Type A), tail downwash restriction (Type A), ar”
tail 1ift curve slope improvement (Type B).
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SECTION 6

ATMOSPHERIC ENVIRONMENT

This section describes the models of the atmospheric environment and

presents the pertinent equations.
A. MODEL TYPES AND BASIC ASSUMPTIONS

Three distinct models of the atmospheric environment are used simul-

taneously in order emulate a variety of conditions
1) Steady wind
2) Discrete (1 - cosine) gust inputs
3) Multiple-source interpola-_ion model

There are several fundamental differences in the assumptions asso-
clated with each of the above modils. The following discussion outlines
these basic differences as an overview for the detailed discussion of

each of the three models.

l. Steady Wind. The steady wind is specified by the user
according to its three components in the inertia' uefer-
ence axes. The steady wind is assumed to be conscwuut with
respect to the inertial (unonrotating) frame and is con-
tinually transformed into the coordinate systems of the
various elements (e.g., hull, tail, LPUs, and slung load).
This model 1is used in cal cx-atior" for all phases of the
simulation (trim, stability derivat ves, and time history
calculations). The steady win.' -ontributes to the air
mass acceleration, relative to the hull and tail, due to
the {inertial rotation of the vehicle. This relative
acceleration contributes sigrificantly to the unsteady
("ap_.arent mass") loads on the hull and tail.

2. Discrete (1l - cosine) Inputs. These i~juts, which are
intended for test purposes, act on isolated vehicle ele-
ments (e.g., hull only, tail only, load only, etc.). They
provide a means to excite specific vehicle elements with-
out spatial interpolation co the remaining elements.
These test inputs are assumed to franslate and rotats w' 1
the vehicle. In this way, the vaJue of the airmar+s v:lu~
cities relative to a specific element is directly sp-:-{ i-
able by a user. Unlike the steady wind or 4 point model,
these inputs are given in coor " -“tes of each element’s

TR-1151-2-1I 6-1



local reference axis system. Analytical time derivatives
of the (1 = cosine) gust velocities are calculated in
order to obtain body axis (i.e., relative to the rotating
frame) linear and angular accelerations. The (1 ~ cosine)
function is also used in order to specify test values of
the spacial gradients (3u/3dx, 9v/3dy, etc.), allowing for
the excitation of 1individual buoyancy and unsteady
("apparent ma~s") terms.

3. Multiple-Source Atmospheric Input Model. The justifica-
tion for this model was described in Section 5, 3ubsec-
tion C. As noted, the user inputs groups of three linear
velocities at each of four vehicle input locations, and
three linear and three angular velocities a. the fifth
(payload) location when the payload i1s present. These
input data are 1interpolaced for the curvent simulation
time and are multiplied by user-provided scale factors.
The four vehicle input points form a rectangle whose
dimensions are also user selected. This four-point grid
1s laterallv symmatric with respect to the hull x-z plane
of symmetry. The fifth gust input point is located at tne
payload 'vnamic center and is distinct from the four
point veh model.,

All of the velocity inputs in th= Mu.tiple Source Point
Atmuspheric Input Model are in coordinates of a non-
rotating inercially oriented frame, which translates but
does not rotate with the vehicle. Spatial and time inter-
polation 1is wused to obtain all the necessary velocity
gradients and acceleritions at the various aerodynamic
reference centers (e.g., hull center volume, tail refer-
ence center, LPU centers of gravity, slung payload aero~
dynamic rcference center). Since the gust input veloci-
ties in this model are assumed to be in a frame which is
non-rotating, the calculated time derivatives will be with
respect to the inertial reference frame. All of the
resulting velocities and gradient vectors are transformed
in to the local element axis systems (i.e., hull, LPU, and
payload).

The follcwing subsectioas present detalled discussiorns and equation

derivations for the three atmospheric environment models outlined above.

B. SIEADY WIND MODEL. EQUATIGNS

The user selected steady wind vector, YY, is inertially referenced.

The various locally referenced vectors are:

To-115.-2-11 6-2



ORIGINAL PAGE I9
OF POOR QUALITY

Yh o= LWy (6-1)
Vi = LyV7 (6-2)
W W

Vo = LpVx (6-3)

The time derivative of v§, with respect to the rotating hull body

axes (needed later for unsteady aerodynamic calculations) is:

o]
Vh = Vi - (en x Vh) (6-4)

Since the steady wind is fixec in magnitude and direction,

Vh o= ©
so,
ow
Vh = - wh x Vh (6-5)

We note that @; = 0 (inertially fixed) so

o
wp o= 0 (6-6)

C. DISCRETE TEST INPUT MODEL

The discrete test input model allows the 1isnlated excitation of
local airmass states, without spatial interpolation to the remaining
vehicle states. These dircrete test iaputs have the common (1 - cosine)

form (shown in Fig. 6-1):

g8 = (gmax/2)(1 - cos[2x(t - £}/ (22 ~ £1)]) (6-7)
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3L
2 r _-gmax
g.9
q
| -
ta
0 ——
t t, Time(sec)
-' -
\5
-2 L
~3

Figure 6-1. Discrete Tes* Input (g) and Input

)
Derivative (g) Forms
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where

ORIGINAL PAGE is
OF POOR QUALITY

g8 = one of the 48 discrete local airmass input
states (all are denoted by the superscript
"dam" = discrete airmass)

= maximum value of g

t = present simulation time

t, = start of (1 - cosine) disturbance

t, = end of (1l -~ cosine) disturbance

The following 36 local airmass stztes accessible by the discrete

input model are as follows:

1) Hull States (9)

2)

3)

Linear and angular local air-
mass velocity vectors at the
hull center of volume (cv)

Auxiliary* hull gradients

Tail States (9)

Liaear and angular local air-
mass velocity vectors at the
tall aerodynamic reference
center (t)

Auxiliary tail gradients

LPU-States (12)

Linear local airmass velocity
vector at the LPU-center of

gravity locations (i), for each
of the LPUs; 1 = 1, 2, 3, and 4

alrmass gradients

dam cv dam cv
Yh Wh

- » O

v d
augam (J augam cv tham t
ax ’ y ’ oy
dam t dam t
Vh » W
augam t augam t avgam t
9xX ’ 3y ’ dy
Zgam i

*The term "auxiliary" is adopted when referring to .ha nonstandard

TR-1151-2~1I
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ORIGINAL Frov= 1
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4) Payload States (6)
Linear and angular local velo- ggam pe » ugam pe

city vectors at the payload
aerodynamic =efereuce center

(pc)

An additional 12 inputs arise from the hull and tail local airmass

linear and angular acceleration vectors

?dam cv odam cv Odam t odam t
(."h y Uy » Yh ’ )

These are needed for “he aerodynamic calculations (unsteady and buoyancy

effects), and are calculated using:

8 = [7emax/(t2 - t1)] sin [2x(t - &1)/(t2 - t1)] (6-8)

A plot of Eq. 6-8 for a typical g{t) is shown in Fig. 6-1.

D. MULTIPLE SOURCE ATMOSPHERIC INPUT MODEL

The geometric orientation of the four point vehicle (rectangular)
input grid is shown in Fig. 6~2. The vehicle input sources (sl-s4) are
loc-ted relative to the hull center-of-volume (c.v.) by the user sup-—
plied scalar quantities Ri, R:, R;. The sources are assumed to be posi-
tioned in a lateraliy symmetrical fashion so, R§ = -R;. The payload
input sc-.rce is loceted at the user selected payload aerodynamic refer-
ence center (ggc).

The tail aerodynamic reference center is located relative to the
hull c.v. by the scalar quantity R§ (= gﬁ“(l) ~ gﬁcv(l)), shown 1in
Fig. 6-2. Finally, the center-of-gravity of each LPU is located rela-
tive to the hull center of volume by the two scalar quantities Rin Ri;

where
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Ys

RV
RY

Ry —
|
q—r 4
LPU | LPU 2
Xs /
—&- —_
R\ '
R / R /

\ 3!
_.c:]_ Ry1 N L/ i s4
Tail Reference
Center

Figure 6-2. Ceometry for Atmospheric Input Model

-

0
»x O
/

Gust Input
Sources

i hi ih h
Ry = Ry (1) = LpjRi (1) = Ry (1)
h h
Ry = RAN(2) - LniRET(2) - RSV(2)

and 1 = 1,2,3, and 4.

The spatial interpolation scheme ouatlined below allows the calcula-
tion of the (3C) local airmas. vehicle states and (6) local airmass pay-

load states (all with superscript '"sam" = stationary airmass). The 4

TR-1151-2-11 6-7



' AR
GINAL PAGE

vehicle input sources are dencted by superscripts ("sl-s4") and the pay-

load input source by superscript ("s5").

1) Four vehicle input source vectnrs in hull cuordinates
1 82 3 4
(¥ W's Vs %)

The four vehicle input source vectors apprupriate to the
current simulation time (t) are obtained by time interpo-
lation, amplitude scaling, and coordinate transformation

of the user supplied data files. For example,

sl sl
Yh' = LnIVi

where ax% V?l‘ _ ill
sl sl malLL S L1
Vo= mful], (e - to) (
0 tl—to

anau
sl sl
denote the user supplied vectors for input source sl

appropriate to simulation time tys £ respectively.

M, 1s the user supplied scale factor. Equations 6-9

and 6-10, similarly, are used to calculate !iz, Y§3,
sé4
Yh -

2) Hull local airmass linear velocity vector at the cen-

ter of volume (!ﬁam CV)

B = v+ () - W)
where,

vo= (@ )0

g = (B + )20

xn = [-RE/(R8 - D))
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3) Hull local airmass angular velocity vector at e center-

of-volume
sam cv  _
where,
awzls\am cv
ay
3wﬁam cv
X
avgam eV
3x
*
The 1nt %P& d rotary
theoretically‘’ ), -iz.,

sam cv
Wh

(3rd component)

-
gam CV
awh
ay
sam Cv
—3Wh
9x
. 8am cV
9Vh
X
L r
= (wph = wy
f a
= (wp - Wy
f a
= (vh - vh

(6-15)

(6-16)

(6~17)

(6-18)

airmass components each have two terms

sam CvV 9

sam Cv

sam cv
Uh

ax

14

The du/3dy term has negligible effect on the yaw race quasi-steady aero-
dynamics (Section 8) and is dropped from the yaw gust Eq. 6-15 (third

component), but 1is retained explicitly
The z-gradients are missing dus

tions.

model and are felt to be of small effect.
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and
- . -
£ F T
Uh uh
L 2 r r
Yn 2l Vvats, Y E]l W
“h i
| b ] [ ¥h |
- - r .
£ a
Uh Uh
b3 f
% s{w(|, % ={v
£ a
*h BN
where
B o= o - (6-19)
2 - 4
Vh = Vh o+ (Y - !ﬁz) (6-20)

Yﬁ, !ﬁ are givea in Eqs. 6-12, 6-13, respectively and,

Xp 1is given in Eq. 6-14.

ys = 28 (6-21)
- < a

as shown in Fig. 6-2,
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4) Hull local airmass auxiliary gradients

sam cCv

duh £
—5— = (uh - vh)/xs
aup © r_ %

7 = (uh = uh)/ve
avgam cv .

5 = (h - )/ys

ORIE™EL PAIL 14

(6-23)

(6-24)

(6-25)

5) Tail local airmass linear velocity vectior at the reference

center

where

and

6) Tail local airmass angular velocity vector at

ence center

TR-il51-2-I1

P e (vg + 1E)/2.0

<<

(2]
]

5

(RE - RE)/(R§ - &E)

Xt

6-11

(6-26)

(6-27)

(6-28)

(6-29)

the refer-
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[ awgam t

where
awgam t
L r
5 = F - W)y
awgam t 3w§am v
X 9x
3 sam t 8v}s\am cv
ax 9x
2ad
[ L
ug
. L
= Vt >
L
we

*As in Eq. 6-15, only the first order terms are retained.

TR~1151-2-I1

ax

dy

-8wﬁam t

9x

avﬁa“ t

From Eq. 6-17

From Eq. 6-18

<

"
I
<

2l

6-12

(6=30)

(6~31)

(6-32)

(6-33)
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7)

8)

ORIGINAL PAGE 3
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!é, !E are given in Eqs. 6-27, 6-28 respectively.

Tail local airmass auxiliary gradients

sam t sam cv
dup dup
an = Ix
sam t
dup r L
—5— = (we - ur)ivs
gsam t
v r £
% = (ve - vt)/ys

Local airmass linear velocity vector at the LPUs’ centers

of gravity (ViR 1, 1 -1, 2, 3, 4).

For {llustrative purposes, the equatious pertaining to
LPU-3 are given below. Equations for the remaining LPUs
are obtained by direct resymbolling (i.2., replace sub and
superscripc "3" with the appropriate LPU number) of the

following equations.

sam 3 sam 3
V3 = L3pVh
where
sam 3 1 - r £
Vi = v§ + (y3)(v3 - v5)
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vio= vl e ) - il (6-39)

i o= W ()8 - vy (6-40)
whera

x3 = (R - RE)/(R2 - BE) (6-41)

y3 = (R - B )/(RE - &%) (6-42)

9) Local airmass linear and engular velocity vectors at the

payload aerodyuamic reference center

oL W (6-43)
e e (6-44)

where

!?S, Q§5 are the payload input source vectors, appropriate to
the cvrrent simulation time, t. These are obtained from
Eq. (6-10) with y%l replaced by 2135 and 9135, and M, replaced

by Mvp and wa, respectively.
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10) The linear and angular acceleration vectors for the hull
and tail (required for the aerodynamic calculations) are
evaluated numerically with the following central difgier-

ence approximation:

where At

1

2(At)

2(At)

[Vh

[ sam Cv

# 0.6301, aud similarly for Vy

sam cvl

ORIGINAL {

: B
TN Ndel o 1

OF POOR QUALITY

sam ¢cv
- T
| t+at Yn ‘t-At]‘hI't
sam Cv
‘t+At T %h 't-At]LhI’t
*sgam t ErM T
» W

E. SUPERPOSITIOF OF THE STEADY WIND, DISCRETE,
AND ML.LTIPLE SOURCE MODELS

(6-45)

(6-46)

The three atmospheric models desc:i‘bed ubove are superimposedl to

allow flexibility of disturbance acenarios.

city states are given Ly:

1) Hull States (9)

Tk-1151-2~11

vh

an

dup

ax

am

auy,

3y

am

Iy

cv

cv

Vdam S !gam cv
_dam cv _sam QY
. dam cv sam Ccv
oy, dup
+ .
X oxX
d S sam Cv
auham v au”°
-+
ay ay
[ v jam v
dqham ¢ QVR f
. + " _—
avr "y
6-15

The 36 local zirmass velo-

(6=47)

(6-48)

(6-49)

(6-50)

(6-51)

[ -
‘.



2) Tail States (9)

wr et o-

Bugm t

ay

am t

3) LPU-States (12), 1

V?m i -

4) Payload States (6)

TR~1151-2-11

am pc
4

am pc

ORIGINAL PAGE IS
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!g + vdam t + sam t
dam t + _ﬁam t
augam t au}slam t
ax ax
augam t 8uﬁam t
9x ax
3 dam t av}slam t
3y + y
=1, 2, 3, 4.
AR e
W dam pc sam pc
Yot %) +V

dam pc + Sat pc

ap p

6-16

(6-52)

(6-53)

(6-54)

(6-55)

(6-56)

(6-57)

(6-58)

(6-59)
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The 12 hull and tail local airmass acceleration states are more com-
plex. As will be shown later, the aerodynamic loads on the hull and
tail due to airmass acceleration may be categorized according to two
types:

® Hull and tail unsteady (“apparent mass') loads —

these depend on body axis (i.e., relative to
rotating reference frame) acceleration:

Oam ¢cv %am cv Pamt Oam t
v » Wh » Yh » U4

® Hull "“buoyancy" loads — these depend on the
inertial (i.e., relative to non-rotating refer-
ence frame) linear acceleration, Vh‘ v,

The correspondence between time derivatives calculated in rotating

and nren-rotating frames of reference is:

[+
Ay = Ay + (wy x Ay) (6~60)
where
am Ccv amn t

Ap is a general vector (e.g., Vp y Wy ) 1n
hull coordinates

An denotes time derivative calculatad with
respect to inertial (non-rotating axes)

o

An denotes time derivative calculated with
respect to rotating (i.e., hull reference)
axes

Wh 1s the body axis angular velocity vector

Recali that the steady wind and multiple source input model are iner-
tially based, wh.le the discrete rest input modcl is body axis based.
Making use of Eq. 6-60 and the previous results, the required linear

acceleration vectors are:

Qam cv dam cv nsam Cv sam CV)
’

Yh = - (wn x V) + ?.’h + Vh ~ (wn x Yy (6-61)

TR-1151-2-(1I 6-17



s .
- ————— - L - 0

ORIGINAL PAGE I3
OF POOR QUALITY

so,
Oam cv w sam cv Odam cv , *sam cv
v = -whx (Yht+ Vg ) + ¥y + Vp (6-62)
sam CV Odam cv dam cv *gam cv
Vh = ¥ + (wh * Vn ) + ¥ (6-63)

Likewise, the required tail acceleration vector is:

o o L4
Vﬁm t .. X (!z + !ﬁam t) + vgam t ., !ﬁam t (6-64)

The required angular accelerations are similarly obtained:

) )
‘im cv -dam cv :sam cv _ (uy x -sam cv) (6-65)
o o
-%m t . 9gam t :sam t (wn -sam t) (6-66)

The higher order angular terms for the tail are ignored compared to the

hull, giving:

o 0
g%m t 9gam t + anm t (6-67)
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SECTION 7

LIFT PROPULSION UNIT AERODYNAMIC PFORCES AND MOMENTS

A. BASIC ASSUMPTIONS

Each Lift Propulsion Unit (LPU) can be considered as a modified
helicopter having a main lifting rotor, a horizontally thrusting propel-
ler, and a fuselage (nacelle). The rotors and propellers sre driven by
one or more turboshaft or functionally equivalent engines. The engines
are assumed to maintain constant (user selected) shaft angular speed,

separately specified for each rotor and propeller.

Without loss of generality, the main rotor shaft is assumed to be
directly parallel to the LPU z-axis. When the LPU gimbal angles are
zero, the LPU reference axes are parallel to the corresponding axes of
the hull, and the main rotor shaft (the nominal rotor thrust vector) is
directed vertically upward. The propeller shaft and turbine exhaust
axis (Sec. 3E) are oriented at arbitrary angles relative to the LPU

reference axis system.

This section presents models for calculating forces acting on the
LPU due to the main rotor aerodynamics, propeller aercdynamics, and the
LPU fuselage (nacelle) aerodynamics. A variety of important aerodynamic
interference effects among the hull, ground, cotors, propellers, and LPU
fuselages are modeled. Additional equations model the forces and

moments cn the LPU for a power off mooring condition.

The organization of the following subsections follows that of the
calculation sequence in the simulation program. First the relative
velocities with respect to local airmass at the LPU center of gravity,
rotor hub, propeller hub, and LPU-fuselage aerodynamic reference center
are all calculated based on the kinematic motion of the vehicle and the
local airmass velocity as determined from the atmospheric environment
model. These elemental velocity vectors are adjusted for hull blockage
of the LPU relative free stream according to a (1 - cosine) function of

the local flow angle at each element. The elemental velocities are then
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regsolved into the coordinates appropriate to each element, e.g., rotor

control-wind axes.

The rotor thrust is determined from the collective pitch setting and
relative flow conditions, inclwding the effect of ground proximity and
hull wake turbulence interferences. An auxiliary calculation of the
rotor mean lift coefficient and angle of attack is completed in order to
check the validity of the linearized aerodynamic assumptions employed
throughout the rotor and propeller models. The rotor flapping and con-
ing angles are calculated from the thrust coefficient, blade collective
ritch, and remaining dependent rotor states. These angles allow the
calculation of the horizontal force, lateral force, and torque coeffi-
clents and required engine power, thereby completing the rotor calcula-
tions for one LPU. This procedure is then repeated for the remaining
three LPUs.

As earlier noted, propeller operation with the downwash field of the
rotor causes changes in the propeller local freestream velocity. At
this stage, corrections are made to the propeller local velocity based
on the rotor operating conditions. The propeller thrust and related
operating conditions are calculated using the rotor algorithm. As with
the rotor, the propeller thrust calculations include the effects of
ground and hull interference. The cocning and flapping equations are
ignored because the propeller is rigid and nonarticulated. The propel-

ler calculations are repeated for the remaining three LPUs.

The results of the rotor and propeller calculations are used to
adjust the relative freestream velocity of the LPU fuselages to account
for rotor and propeller interference effects., Once the adjusted free-
stream velocity vectors for each of the LPU fuselages have been deter~
mined, the associated forces and —oments are calculated based on simple

cross flow models.

The final set of equations 1in this section model the forces and
moments on the LPUs for the pow - off moored flight condition. Here all
interference effects are neglected except those due to hull blockage of

the relative freestream velocfty.
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The rotor transformations, force and moment equations, and computa-
tional algorithms are presented in the following subsections in detail.
The propeller calculations reuse the identical rotor equations with
minor simplifying exceptions; so the propeller equations will not be
explicitly presented in the text. The rotor variables in the output
listing carry the subscript, r; the propeller variables carry the sub-
script p. Neither subscript 1s used in the development except where

necessary to differentiate between rotor and propeller.
B. VELOCITIES RELATIVE TO LOCAL AIRMASS

The main rotor, propeiler, and fuselage (nacelle) aerodynamics all
depend upon the LPU velocity relative to local airmass. This local
relative airmass velocity is determined from the kinematic motion of the
particular LPU as well as outputs from the atmospheric disturbance

models.

The basic (non-interference) local airmass velocity at the ith LPU

center-of-gravity, !im 1, is given by Eq. 6-57. Following the sign

convention adopted for air mass velocities (Section 5, Subsection B),

the basic LPU c.g. velocity relative to the local airmass is give: by:

vioe oy -Bet (7-1)

T
= [Ua, Vas Wa]i (7"'2)
The angular velocity relative to the local airmass is given by:
a am 1
C T S 1 (7-3)

Recalling that the angular velocities and gradients of the local

airmass at the LPUs are neglected (“gm L z0):

é o= ow (7-4)

TR-1151~-2-1I 7-3
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The position vectors, locating the rotor hub (git), propeller hub
(gip), and fuselage (nacelle) aerodynamic center (gif). with respect to
the LPU c.g. reference axis, are shown in Fig. 7-1. The relative velo-

cities of each isolated LPU element are determined from this figure and
Egqs. 7-2 and 7-4:*

' o= v+ (w x&iT) (7-5)
., R (7-6)
VP o= v+ (w xR (7-7)
B]P o= wy (7-8)
RS VIR ) (7-9)
@i o=y (7-10)

C. HULL ON LPU VELOCITY INTERFERENCE

The hull interferes with the various LPU elements (rotor, propeller,
and LPU fuselage) due in part to the blockage (shadowing) of the LPU
relative freestieam. Experimental data on this interference effect is
limited and somewhat anomalous, but seems to bear out thrust decreases
related to the blockage (shadowing) of the LPU freestream due to the
effective hull wake (Refs. 5-8, 7-5). A major problem in modeling this
interference effect is the definition of the wake region and its block-
age effect because of the complex three dimensional flow geometry. This
problem 1s especially complicated for combined translational and rota-

tional motions of the vehicle.

*In order to retain the precision of the basic (nondisturbance) LPU
models, the kinematic effects due to LPU angular velocity and LPU ele-
ment spatial separation are retained.

TR-1151-2-I1 7-4
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Fuselage —
Aerodynamic
Center

LPU Fuselage ( nacelle) \LPU c.g. Reference Axis

Figure 7-1. Geometry for Lift Propulsion Unit (LPU)

The basic model for hull on LPU velocity interference is presented
first. This model 1is applicable to pure vehicle translation with no
inertial or relative rotational velocity effects. All of the vehicle
elements experience the relative freestream from the same direction,
thereby simplifying the wake geometry. This model is then elaborated to
account for translational and rotational motion. Here, the hull wake

can be shed in different directisns along the length of the vehicle.
l. Wake Model for Pure Translational Motion

Here it is assumed that the hull wake is shed in a downstream direc~
tioa colinear with the hull center-of-volume freestream velocity vector
(!ﬁ cv). The wake geometry for pure translational motion is shown in
Fig. 7-2. The orientation of the hull shed wake is determined by the
two relative flow angles, B and A. The first angle (B) locates the
effective hull direction in the x-y plane of symmetry of the hull.
The second angle ()) locates the relative direction of the effective
hull wake in the y-z plane of symmetry of the hull. For pure transla-
tional motion with uniform atmospheric conditions (uniform wind with

no turbulent couponents), these wake angles define the relative

TR-1151-2~11 7-5
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Figure 7-2. Hull Wake Geometry for Pure
Translational Motion
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downstream flow direction for the hull und all of the LPU elements.
They are, in that sense, analogous to the conventional aircraft anglec -
of-gsideslip and angle-of-attack parameters. However, unlike their air-
craft counterparts, these wake angles are defined over the positive
range of 0 < B, A < 2x rad. These definitions reduce the complexity of
the wake geometry calculations.

Attenuation of the relative free stream velocity at one or more of
the LPUs occurs when they are blanketed by the shed wake of the hull.
Experimental results can be used to define wake angle regions (B and 1)
for cach LPU within which significant velocity attenuation for that LPU
occurs. In the absence of adequate experimental data, these regions are
approximated from geometrical considerations of the relative orienta-
tion of the LPUs and the hull. The region of blockage is denoted
separately for each LPU according to the user supplied values of the
blockage reglon wake angles (Bl, B2 and Al, A2). An LPU is considered
to be within the wake of the hull wher the values of the wake angles
(B and 1) are within the specified region for the LPU.

When an LPU is within the wake blockage (shadow) region of the hull,
an attenuation of local free-stream velocity at each of the LPU’s ele-
ments results. Thes blockage 1s modeled according to a (1l ~ cosine)
functicn of the wake angle of the specific LPU within the shadow (block-

age) reglon as follows:

’

(Vi) = M(BtM(M)V (7-11)

where (!i) denotes the LPU velocity relative to the local airmass
after the hull wake blockage correction has been made and M 1is the

(1l - cosine) defect function.

The defect function is given by:

M(g) = 1o+ [(Mgax = 1.)(1. = cos v)/2.] , ¢l < < g2 (7-12)
M(g) = 1 » L <l or > g2

TR-1151-2-I1 7-7

- e v




P -

ORIGINAL PAGE (S
OF POOR QUALITY

where

v = 2x(g - zgl)/(g2 - ¢l) (7-13)

and

T = By or Ay

Here zl and 72 are the starting and ending wake angles for each ¢ and
Mpax 18 the maximum velocity (blockage) defect for each f wake region

(0 € Mpax < 1.). Thus, My, = l. implies no blockage and M ,, = O.
implies complete blockage.

The defect function, M(z), defined in Eqs. 7-12 and 7-13 is shown in
Fig. 7-3 for typical values of zl, 2 and Mp,x. When the local flow
angle (g) 1is outside of the assumed shadow region, the defect function
is equal to ! (no defect). When the LPU is completely within the shadow
of the hull’s wake, and the usc. input maximum defect (Mmax) is equal to
0, the LPUs will be operating in an effective zero relative velocity
condition (i.e., hover). The defect functions for the B wake region

and A wake regions are multiplicative (Eq. 7-11).

ML)

Mrnox B

L(rad)

Figure 7-3. Hull Wake Defect Function

TR=1151-2-11 7-8
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The previous model assumed that the vehicle was in pure translation,
and that the ambient atmospheric conditions were constant over the
entire vehicle ({.e., uniform relative wind). Modifications to this
model are required to account for arbitary translational and rotational
motion. For instance, consider the case when the vehicle is experfenc-
ing pure positive yaw rotation with no relative wind velocity at the
hull center of volume (gﬁ V- 0 and ;ﬁ v 0). During such motion,
LPiI-1 and LPU-4 will be operating in the cross flow wake of the hull.
Unlike the previous study translational case, the hull wake 1s shed in
opposite directions at the front and rear of the vehicle. To account
for arbitrary motions which are combinations of the pure translation
case treated above and the pure rotational example, we define local wake

angles for the eth element of the LPU as:

8] = tan~l(vi ®/ui ) 0 < B < 2 (7-14)
A = tan~ (v} /el ®) 0 < 2% (7-15)

where eﬁ, xi are the wake angles at the eth element of each LPU, e.g.

rotor (e = r), propeller (e = p), fuselage (e = f) and,

v o))
ulae
vie =|v z| v %2 (7-16)
S B
V1S3

whcre !i € 1s glven by Egs. 7-5, 7-7, and 7-9 as applicable.

This model requires the specification of 72 input parameters, e.g.,
AL, A2, Bl, B2, Mpay(B), Mgax(}) for each of 12 LPU elements.

TR-1151-2~11 7-9
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For pure translational motion (i.e., uniform relative wind), the
results of Eqs. 7-14 and 7-15 will be the same for all elements. In
that case the model reduces to that of Eq. 7-11, as it should.

The corrected velocities, (!? e], are used in the computation of the
element aerodynamic forces and moments. For aotational elficiency, the
prime ( )’ 1is dropped. However, the corrected vector (Eq. 7-11) 1is

implied in the following subsections.

D. ROTOR AXIS TRANSFORMATIONS AND
VECTOR RESOLUTIONS

The rotor forces and moments are calculated in the "control-wind"
axls system which 18 oriented by the axis of no feathering and the rela-

tive wind.

The control or swashplate axes are oriented relative to the LPU axes
by a pitch angle, Bls’ in the negative sense about the LPU y-axis; aad
by a subsequent roll angle, Als’ in the positive sense about the x—axis.

The pitch transformation matrix is given by:

coe Bjg 0 sin Bjg

Lg,, = 0 1 0 (7-19)

-sin Byjg O «cos Byg
L -~

The roll transformation matrix is:

LAls - 0 cos Alg sin A)g (7-20)

0 =-sin A)g cos A), 3

TR-1151-2-11 7-10
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so that

cos Bjg 0 sin B)g

LAlsles = ~-gin B)g sin Ajg cos Alg cos B)g sin A)q (7-21)

-cos Ajg sin By, =sin A}y cos Bjg cos Ajg

ke -

= Lel (7-22)

The usual practice in formulating helicopter forces and moments is to
replace this wmatrix by its small angle equivalent (sines replaced by
augles, cosines by unity), 1in which case the order of rotation is
immaterial. The large angle form 1s retained here because the same
matrix formulation is also used to describe the orientation of the pro-

peller — much larger angles, in general.

The LPU body axis relative wind linear and angular components are

transformed into control axes by

T

[wvwl = Lcivi r (7-23)
T ar

fparly = Lejuwg (7-24)

where the superscript "a' on the relative velocity components has been

dropped for economy in notation.

The azimuth angle of the relative wind in the plane of no feathering

is given by

TR-1151-2~11 7-11
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= -1 XS. -
B tan (“c) (7-25)

where the subscript ¢ has been attached to the relative velocity compo-
nents to indicate the control axis coordinate system. The azimuth angle
defines the in-plane component of the rotor hub velocity relative to the
air mass. It also defines the orientation of the "control-wind" axis

system (subscript "cw") where

Uew = "u?:""’(z:

Vew = O (7-26)
Wew = We
and

cos By = uc/ucw

(7-27)
sin Boy * velucew
The appropriate transformation matrix 1is given by:
cos Bey 8in Boy 0-1
LCWC = ~-sin BCW cos Bcw 0 (7‘28)

TR-1151=-2~1I1 7~-12
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The transformation of a vector expressed in the ith LPU reference basis

to the same vector expressed in control-wind axes is denoted by:

Yew = Lewiwg (7-29)

where

Lewi = Lewelei (7-30)

As with other orthogonal transformations:

-1 T
Lewi = Lewi = Licw (7-31)

The forces and moments produced by the rotor on the LPU are computed
in the control-wind axis system. Figure 7-4 illustrates the several
axis systems centered on the hub. The rocor thrust, T, is directed

oppositely to w and the rotor horizontal force, H, is directed oppo-

cw

sitely to u,,; the definitions are analogous to the usual definitions of

¢
lift and drag on an airplane’s wing. The rotor side force, Y, lies in
the direction of T x H. The torques produced by the rotor on the heli-

copter, L, M, and @, are in the positive sense about Uowr Yow? and L

The coutrol-wind axis forces are expressed in LPU coordinates by:
T
The torques are resolved into LPU coordinates by:

ir T
IAi = Licw[L M Q]cw (7-33)

TR-1151-2~11 7-13
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]

Ha‘-“\\\__*,

y
Rotor
Blade
Q
k/‘
Vv
WerWew

Figere 7-4. Rotor Coordinate Systems

E. ROTOR FORCES AND TORQUES

The modeling of the main rotor aerodynamics largely follows that of

Ref. 7-1. The key assumptions are as follows:

® Congtant induced velocity. The rotor-induced
veloclity, Wine is constant across the rotor disk,
is quasi-steady, and is described by momentum
theory.

® Ground effect. As the rotor disc approaches the
ground (within 1.5 rotor diameters), an induced
upwash (by the ground plane) causes an increase
in the rotor efficiency. This effect is modeled
by momentum theory, with approximate corrections
for non~hovering flight.

TR-1151-2-11 7-14
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® Rigid, planar blades. The rotor blades are of
untwisted rectangular planform, are rigid, and
have a tip loss factor of unity. The flapping
hinge is assumed located at the rotor hub, there-
by setting the rotor torques L and M to zero.

® Linear blade aerodynamics. Stall and compressi-
bility effects are ignored.

¢ Hull wake turbulence interference on rotor. As
previously noted, this causes a decrease in the
lifting efficiency of the rotor blades. This
effect is modeled by an adjustment of the blade
1ift curve slope according to a thrust loading
dependency.

® Quasi-steady flapping. Only the zeroth (coning)
and first-order flapping effects are considered
on a quasi-steady basis, i.e., no flapping dyna-
mics.

¢ Flat-plate drag in vortex-ring state. When the
flow through the rotor disk approaches zero, the
model 1s replaced by one which represents the
actuator disk as a flat plate.

The rotor speed is assumed constant.

The control inputs for the rotor are the collective deflection, 90,
and the longitudinal, Bls’ and lateral, Algs cyclic deflections of the
"axis of no feathering." The remaining influences are the relative
wind, [u, v, "]Ew» the relative angular rate, [p, q, r]zw, and rotor hub

height above the ground.

The rotor forces and torques are defined in terms of dimensionless

coefficiei . 3:

K Cy
2
Y = eAGAR)T ] Cy (7-34)
| T fev 1]

TR~1151-2-11 7-15
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F. THRYUST COEFFICIENT AND INDUCED FLOW

This subsection and the one following it present the basic equations
for thrust coefficient and rotor induced velocities with the necessary
corrections for ground effects. These equations parallel those of
Bramwell (Ref. 7-l), with ground effect corrections due to Heyson (Ref.
7-2). The 1ift curve slope (a), which is affected by the hull proximity
and thrust loading (thrust loading = thrust/disk area), is assumed known
a priori in the following development. Subsection G presents an algor-
ithm for making this hull turbulence correction, as well as a model for

non-hover ground effects.

The equations which follow represent the aerodynamics of a single
rotor without reference to the LPU numbering system. The subscript 1
used previously is aropped.) Scalar equation forms are adopted for
notational convenience. The subscript "in" signifies rotor "self-

induced" velocity.

The thrust coefficieat is given by:
ga |2 3
Ct = e lr? 8o (1 +? uz) + X] (7-36)
where the several constants are defined below:

p = Alr density
A = nRz, actuator disk area

R = Effective blade radius (accounts for tip loss
factor if desired)

¢ = be/wR, solidity ratio; b 1is the number of
blades and ¢ the chord length

a = Lift curve slope

TR-1151-2-11 7-16
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The remaining variables in Eq. 7-36 are:

a) Advance ratio, u

Ucw

b) Inflow ratio, A
wew ~ (Win + Aw)
- 7- 8
A R (7-38)
where
Yin is the rotor self induced velocity, wi, > O for
Cr > 0 (i.e., thrust direction collinear with the
negative control axis direction, Fig. 7-4).
Aw ground induced velocity, Aw < O for Cy > 0 and
LPU upright.
Dividiag and multiplying by Wine
Wew — (GEF)wy,
A ) (7-39)
where
GEF = 1 + (Aw/wyp)

Heyson (Ref. 7-2) has determined the dependency of Aw/wy, on non-
dimensional rotor height, ﬁ (ﬁ =z rotor height/rotor diameter) from
momentum considerations. Figure 7-5 presents a plot of GEF (= ground
effect) versus ; based on Heyson’s results for hovering flight. Cor-
rections for non-hovering flight conditions are made later in Subsec-
tion G. The data presented in Fig. 7-5 can be described analytically by

the function:

TR-1151-2~1I 7-17
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Figure 7-5. Rotor Ground Effect in Hovering Flight
where

KGR = A user-supplied curve fit constant derived
from Fig. 7~5 or other avallable data.
The equation for the thrust coefficient neglects the effects of the
angular velocity of the control-wind reference frame with respect to the
air mass.* This approximation is very good for the low speed, low angu-
lar rate flight conditions anticipated for the HLA where upcwln <« 1.

The inertial gyroscopic effects are retained, as discussed later in Sub-

section I.

The induced velocity, Win» 18 given by (Ref. 7-3):

T
“n " Toave (7-41)

*The earlier omission of the airmass angular (gradient) states at
the LPU locations 18 consistent with this approximation.

TR-1151-2-11 7-18
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where Vp is the resultant velocity of the rotor hub given by:

2 2
L ﬁcw + (w,, = (GEF)w, ) (7~42)
These equations form the basis of an iterative procedure for determining

the thrust coefficient to be described in the followlng paragraphs.
1. Iterative Solution for w;j,

The algorithm is somewhat more complex than that usually employed
because Cp and A frequently appreach zero in the HLA application. Roto:
operation near zero thrust is typical for the thrusting rotor- near
hover and for the lifting rotors vhen operating in a neutral buoyancy
condition. The procedure involves application of a Newton—-Raphson pro-
cedure to define Wiy With a check to verify that the proper solution has
been found. The initial guess to start the procedure is determined from
a simpler set of equations applicable to the hover flight condition.
Along the way the flow conditions implied by the successive iterations
are monitored for proximity to the vortex ring state where the equations
are no longer valid. In this event, the algorithm branches to a sepa-
rate calculation of Cp and A based on approximating the zero flow condi-
tion by flat plate drag.

The equations for the Newton-Raphson iteration are formulated as
follows. Equations 7-33 (thrust coefficient) and 7-41 are combined to
yleld an expression for the thrust coefficient in terms of Vg, wy, and

Aw:

2winVR

aR)2 (7-43)

The previous expression for Cp and Eqs. 7-38 and Eq. 7-41 are substi-

tuted into Eq. 7-36 on the left- and right-hand sides. When all terms

are moved to the left-hand side there results:
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ach agByul agw
Vg¥in =~ - (R)2 - —"— (@)% - —= (aR) (7-44)
ag(GEF)wyp

8 — (QR) = F(win) = O

The function F(win) is to be driven to zero by the Newton-Raphson proce-

dure. This requires the deriva.ive of F(win) with respect to wy,, given

by:
aF(wip) avR ao(GEF)QR
T Vg + Vin. g, + 3 (7-45)

The partial derivative on the right-hand side is obtained from Eq. 7-42
as:
VR Wwow — (GEF)wyi,

9Win =T Vr (7-46)

Upon substitution into Eq. 7-45:

F(vin) . (GEF)[(GEF )win ~ Wew|¥Win . ag(GEF)QR (7-47)
-;;I;“ R Vg 8

Equations 7-44 and 7-47 are evaluated at the chosen value of Win to
estimate the change in w;, required to set F(w;,) to zero. The itera-
tion 1is repeated until the change in Yin is reduced to some appropri-
ately low level. The {teration requires a beginning value for Yin® The
initial guess 1s obtained as follows.

2. Starting Value for vy

Assume the hover flight condition where u_ = Wey = 0. From Eqgs.

cw
7-38 and 7-41 the thrust coefficient is determined to be:

TR-1151-2~11 1-20
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cr = 2% for Cp, 85 > 0
(7-48)
- =222
a2 . for Cp, 85 <0
where
Ahover * T aR

Upon substitution into Eq. 7-36, two conditions are obtained dependir
upon the sigan of 6, and Cp:

2 - ag(GEF) - 80(GEF)9° .
xhover 8 Ahover 12 0 Crs % 2 0
(7-49)
T ) a0(GEF)0,
Xhover + 8 Apover ¥ 12 0 Cr, 8 <O

For 60 > 0, the first of these equations applies and takes the negative
root. For 8, < 0, the second equation is solved for the positive root.

The initf{al guess for Yin is then given by:

~ARMpover

Win = (GE®) (7-50)

This guess is used to start the iteration procedure for determining the
induced velocity using Eqs. 7~44 and 7-47 with Eq. 7-37 (for u) and 7-42
(for VR).

The procedure can result ia convergence on the wrong root for ¥in®
To check for this possibility, another equation for Yin is solved using
the thrust coefficent implied by the iterative solution. The check

solution is developed as follows.

TR-1151-2-1I1 7-21
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3. Check Solution for vy

Define a normalizing velocity, Uy, as follows:

Ur = QR ¥Cp/2 Cr>0
= <QR /-Cp/2 Cr <O (7-51)

= (win)hover’ out of ground effect

P
Then define normalized values of Viar Yew? and 192 + w? as follows:
. CW cw cw

-

@n = vian/Ur
;cw = wew/UT (7-52)

- ————— Y
v = Vugw + wgw /UT

Equations 7-42 and 7-43 can be combined to eliminate CT and normalized
to yleld the following fourth-order equation in @y,:

(GEF) 2wt ~ 2(GEF)ugyig + Voaly =1 = 0 (7-53)

The coefficients of this equation are evaluated using the thrust coeffi-~

clent implied by the converged solution for “in obtained previously.

Figure 7-6 shows a sketch of the positive solutions for Eq. 7-53 for
the zero forward speed case and no ground effect (i.e., GEF = 1). Posi-
tive ;cv is to the left, thereby maintaining the same orientation of the
plot as shown in the usual texts (e.g., Refs. 7-l1, 7-3, and others)
where the sign convention for ;cw is in the opposite sense. An experi-
mental solution is also sketched to indicate the differences between

theory and experiment in region, 2 > ;cw > 0, nowminally identified as

the "vortex ring state."
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The smallest positive root is the correct one. As can be geen from
the sketch, solving for this root can break down in the reglon near
;cw = 2 as the slope of the curve becomes infinite. Further, in solving
for w,, using Eqs. 7-44 and 7-47, the iterative procedure can converge
on the wrong root if the flow conditions place the root in the windmill
brake state.

The sketch also shows that the difference between tnc theoretical
and experimental curves in that portion of the vortex ring stote where
0« ;cw < 1.5 is not serious. Consequently, the theoretic cluticn is
taken as the true one outside the crosshatched region w: departure

from the experimental curve is relatively large and/or thei. aie¢ numeri-
cal difficulties in solving for @;,. When GEF = 1, this region marks the

condition where:

When ground effects are present (GEF < 1), the crosshatched region
of Fig. 7-6 (vortex ring state) shifts to the right with decreasing
ground height (GEF decreasing). Therefore, as the ground height
decreases, the vortex ring state will be encountered with smaller
descent rates than for the rotor operating out of ground effect opera-
tion. An analysis of the shift of the vortex ring state region (Eq.
7-54) with ground effect constaat (GEF) yields the following approximate

expression defining the "vortex ring state.”
1.1 + GEF < wgy, < 0.5 + GEF (7-55)

When the criterion of Eq. 7-55 is satisfied, a change 1s made to an
alternate means of calculating the induced flow and thrust coefficient

based on flat plate drag.

In using the smallest positive root of Eg. 7-53 as a check on the
iterative solution of %q. 7-44, the procedure is as follows. If the two
roots agree, the correct root has been obtained and both Cy and w;  have

been determined. If they disagcee, the iterative procedure {s restarted
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using the smallest posi:ive root of Eq. 7-53 (which is not the correct
answer because of the incorrect thrust coefficient used in computing the
polynomial coefficients). Throughout the procedure the value of ;cw is
monitored against the criterion of Eq. 7-55. If this condition occurs,

the program branches as indicated in the preceding paragraph, ind prints
a message to the user.

4. PFlat Plate Drag Solution

This solution approximates for the thrust coefficient and induced
fiow in the crosshatched region of Fig. 7-6 by assuming that:

—Eq. 7-53
( positive roots)

———Experimental

w - | 1 {
w44 +2 0] -2 -4
Windmill Vortex Normal
Brake Ring Operating
State Stete State

Figure 7-6. Sketch of Normalized Inflow Velocity vs. Normaliized
Vertical Speed for Zero Forward Specd
GEF = 1 (No Ground Effect)
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(GER)win = Wew Q v (7-56)

meaning that there is zero total flow through the actuator disk.
Because there is zero flow, the disk is modeled as a flat plate having
area equal to that of the actuator disk. The thrust is given by:

T = 1 oACpzy ~ PA(AR)ZCp (7-57)

The thrust coefficient is therefore:

ir = -;-cp (PYIR YS! (7-58)
where
I (7-59)
and from Eq. 7-56
Wew

(7-60)

T~ 138 equatioa provides the correct ilmiting case (autorotation) result
for Cp = 1.23. For accelerated cr non-axial motion, errurs are intro-

duced by the approximation.
S. Rotor Mean Lift Coefficient and Angle-of-Attack

An indication of the operating regime of the rotor may be gained
from the following approxi{mate expression (Ref. 7-3) for the rotor mean
11ft coefficlent (EL):

- Ccr
CL = 6'—; (7-61)

where

Cy %3 the converged thrust coefficient result of
Eq. 7"36-

TR=-1151-2-11 7-25



ORIGINAL PAGT 53

OF
The rotor mean angle-of-attack is determined by: ' POOR QUALITY

a = Cp/a (1-62)

The assumption of linear aerodynamics employed in the blade element

theory result of Eq. 7~36, requires:
CL < Crgray, = 1

The calculated values of EL and a provide important information on the
validity of the rotor (and propeller) models in various flight regimes.
The results of Eqs. 7-61 and 7-62 are invalid for "vortex ring state"

operation.
G. ADDITIONAL INTERFERENCE EFFECTS

This section pres-nts models for rotor ground effects in a non-
hovering flight condition and hull wake turbulence interference on the
rotor operation. These models are first be presented individually, then
followed by a discussion of the algorithm which permits the simultaneous

calculation of these effects within the simulation.
1. Rotor Ground Effect in Non-Hovering Flight Conditions

The problem of determining the wmultitude of ground/rotor vortex
interactions in non~hovering flight conditions has been thoroughly
treated by Heyson (Refs. 7-2, 7-~4). His results show a significant
decrease in rotor ground effect with small forward speed (or effective
relative wind). Such reductions in ground effect also occur in hovering
flight with non-vertical wake orientation due to vehicle pitch or roll.
In the present model, these effects are largely teflected* by changes in
the ground induced velocity (Aw), through 1its defining relations (Eq.
7-39 and 7-40).

*We neglect the remaining small grouud induced velocities about the
other axes.
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An approximate expression for GEF {is obtained from the theory of
Ref. 7-4 which ytelds":

CEF = 1 = (co.zx.).(h)KGR (7-63)

where

h, KGR have been previously defined (Eq. 7-40)
and
Xe the effactive wake orientation angle with respect

to the inertisl vertical axis.

This effective wake angle accounts for the distortion of the geoumetric
wake augle (x) at the rotor due to wake roll-up effects. It may be cal-

culated from the following aquation (Ref. 7-2):

2 .
tar X, = !T tan x (7-64)
whera . ;
( awd  awd )‘/ 2
. ug + vy
tan y = w?'

as in Figure 7-7 (taken from Ref. 7-2). Whencs,

)1/2
ug + v

xe = tan~l}— — (7-65)
4 ve

o .
2 ( we awz
1 n

The f{unertially refterenced rotor wake velocities (u?“. v}w, v%w] of

Eqe 7-65 are determined from:

vi©oe | vav (7-66)

.For upright hover (x. = 0), Bq. 7-63 reduces to Kq. 7-40 as it
should.
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Rotor Tip Path Plane

Y Ground \ Piane
S S S S S S S SS

Figure 7-7. Rotor Wake Geometry for Non~Hovering
Flight; from Ref. 7-2

where
aw aw
Vi = LicuVew
Lycw = Lrilicw
and
aw 0 Uow
ch = 0 = Vew (7-67)
where

Uows Vews Wows are determined from Eq. 7-26

¥in is determined from the iterative process of
Eqs. 7-44 and 7-47.
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The computational {mplementatfon of Eq. 7-63 presents an iterative

problen:
a) GEF = f(x) » Bq. 7-63
b) xe * f(wgn, GEF) , Eqs. 7-64, 7-67
¢) wy, = f£(GEBF) ,» Eqs. 7-44, 7-47

Whila {f would be possidle tc incnrporate the interative computation of
8F within the previous Newton Raphson procedure (Subsection F) the fol-

lecring approximate scheme was implemented:
a) Set GEF = | (out of ground effect)

b) lteratively calculate w, ., Cp, Eqs. 7-24, 7=/,
7-43

c) Calculate x,, GEF, Bgs. Eqs. 7-b65, 7-63

d) Iteratively recalculate w, ., Cp, Eqs. 7-44, 7-47,
1-43
This "two pass” solution has proven to be within the overall level of

accuracy of the simulation.
2. Hull Wake Turbulence Interference on the Rotor

Wind tunnel tests on HLA configurations have shown a significant
decrease in rotor thrust (at constant collective pitch setting) due to
hull proximity {n both hovering and forward flight conditions (Ref.
7-5). This eftfect (s most significant (20 perceant thrust decrease) at
lower thrust levels, and less {fmportant at the higher thrust levels
whece rotor induced flows become better defined. The rotor placements
arc defined by the norilmensional parameter, ;r 2 (lateral separation
between rotor hub and hull centerline)/hull diameter. As expected,
hull/wake turbulence {anterference decreases with {increased separation

betveen the hull and rotor (increasing t.).

The data of Ref. 7-5 are replotted in Fig. 7-8 to show the depen-

dunce of thrust ratio (rotor thrust in the presence of the hull/isolated
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Figure 7-8. Hull Wake Turbulence Effect on Rotor Thrust

rotor thrust) on rotor disk loading (isolated rotor thrust/disk area)

for three rotor locations (&y). The trends demonstrated in this figure

suggest the following form for thrust ratio based on isolated disk load-

ing:
T
T " 1 - (KHRA - |T,|/A)KHRB , [Ty |/A < KHRA
T
ol 1 » |Tgi/A > KHRA
where

T = the rotor thrust in the presence of the hull

interference
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A = rotor disc area
KHRA, KHRB = input constants (separate values for each rotcr)

The data of Fig. 7-8, applied to the model form of Eq. 7-68, show the
parameter KHRA to be constant with rotor placement, while KHRB decreares
with increasing hull/rotor separation. The dependence of KHRB on hull/
rotor separation (;r) is shown in Fig. 7-9.

The exact cause of the interference effect of the hull on the rotor
at zero sideslip has not been established. Calculations have shown that

the mean velocity magnitude and direction of the rotor freestream is not

04

T

03

KHRB
02

Figure 7-9. Variation of Hull Interference larameter
KHRB with Rotor Placement
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significantly distorted by the hull for the rotor locations which were
investigated during the wind tunnel test program, Ref. 7-5. The signif-
fcant decrease in rotor thrust capability (at a constant collective
pitch setting) may therefore related to the impinging of the hull wake
on the rotor inflowing freestream. The influx of hull/wake turbulence,
as in the case of free stream turbulence effects on a wing, causes a
reduction in the rotor blade 1lift curve slope (a). We may, therefore,
interpret Eq. 7-68 to be an interference correction on the isolated

. R
rotor lift curve slope {a;‘.

The calculation of the rotor blade effective 1lift curve slope from
Eq. 7-68 requires a knowledge of the isolated rotor thrust loading
(TOIA). Once the isolated rotor conditions are calculated, the 1lift
curve slope interference correction can be made, and the solution for

rotor conditions including interference effects can be determined:
a) Set a = a,

b) TIteratively calculate isolated rotor conditions
Vin? Cr» Egs. 7=44, 7-47

c) a = ay(T/T,), Fq. 7-68
d) Iteratively recalculate Cps Wy,s Eqs. 7-44, T7-47

As 1n the case of the algorithm for calculating non~hover ground
effecty, the present scheme for hull and rotor interference calculations
requires a two pass process. Also, the rotor calculations including
non-hover ground effects should be evaluated before the hull on rotor
interference effects are determined. Such a process would require four
passes through the Newton-~Raphson algorithm for each rotor (and each
propeller). In order to reduce the computational requirements and still
retain a sufficient overall level of accuracy, the following two pass
algorithm is implemented:

a) Set GEF =]

Set a = a,

*The symbol for the i{solated rotor lift curve slope (a.) should not
be confused with that for the rotor coning angle (Eq. 7-69).
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b) Iteratively calculate w;,, Cp, Eqs. 7-44, 7-47
c¢) Calculate x., GEF, Eqs. 7-65, 7-63
d) Calculate a = ao(T/To), Eq. 7-68

e) Iteratively recalculate ¥in» Cp» Eqse 7-44, 7-47

H. ROTOR FLAPPING COEFFICLENTS

The rotor coning and flapping angles are needed in the calculation

of the remaining force and torque coefficlents.

The rotor flapping angle, B, 1s positive for tlade deflections above
the plane of no feathering. B8 1s a function of ¥, the azimuthal posi-
tion of the blade as it advances around the rotor disk (see Fig. 7-1),

starting at the dowawind position. Thus:
B(y) = ao ~aj cos ¢ = b sin ¥ (7-68)

where the flapping coefficients are given by the following:
1. Coning Angle, a,

4
8, = F8(1+u2)+32 (7-69)

This expression, like that for the thrust coefficient, neglects the
dependency on p_, (Ref. 7-1). It also neglects the influence of grav.ty
acting on the blad: mass (tends to reduce a, for lifting rotors). The
variable y i{s the Lock number, given by:

4
y » g (7-70)

where Ig is the blade moment of inertia about the iwub.
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2. Longitudinal Flappiug Angle, a] (Ref. 7-6)

1 8 Pcw 16 Qcw
ay = ———— = 0 + 20| b —— - e — (7-71)
SRR TPy ["(3 o ) T Ty a

where a; 1s defined as positive for tip path plane

tilting backwards (positive sense rotation about Y,
see Fig. 7-1).

3. Lateral Flapping Angle, d] (Ref. 7-6)

1 4 Qew 16 Pew
bl B e—— t——

- 20 7-72
1+ @2/ 3% 78 Ty a (e

where b; 1s defined positive for tip path plane tilt-
ing to the right (when viewed from the rear); thus a

positive rotation about X (Fig. 7-1). a, is given in
Eq . 7‘69.

I. HORIZONTAL FORCE AND TORQUE COEFFICIENTS

The horizontal force coefficient, Cy» 1s glven by (Ref. 7-1):

ga|pd 1

3 1 1 2
Cy 7 {22 ¥ 3318 +7 Aa] -7 ubod + 5 yal (7-73)

The blade drag coeffi-ient, §, is calculated by the following quad-
ratic function (Ref. 7-3) of mean blade angle of attack (a)

§ = 6§+ bpo + 5[&2 (7-74)

where

82, 6ps 6. are imput constaats

a 1s given in Eq. 7-62
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This equation neglects terms in uz, ag, b1, Pcws and qeoy which are
judged in Ref. 7-7 to be negligible. However, there remains an fwuplicit
dependence on p., and q,, through aj. The resulting dependence on L p
is exact for hover (Ref. 7-1) and quite adequate for low speed flight.
The drag coefficient function is used to allow near-zero thrust levels,

where the standard value of § = 0.012 is8 no longer accurate (Ref. 7-3).

The horizontal force coetficient, Cy, is given by (Ref. 7-1):
Cy = Crby (7-75)

where b, is the lateral flapping coefficient, positive for the tip path
plane tilting to the right (positive sense about “cw)‘ This equation
approximates the lateral force coefficient as being entirely due to
tateral flapping and retains the major roll damping effect cited in
Ref., 7-6.

The torque coefficient, CQ’ is given by (Ref. 7-1):

8
cq = 5 (1+3u?)-xcr-uy (7-76)

where the first term is the coatribution of profile and induced drag and
the remaining terms are due to thrust. The torque acts in a positive
sense about W.,» a8 the direction of rotor rotation is assumed counter-

clockwise (as viewed from above).

The power required (P___) to maintain a constant rotor angular speed

req

Preq = QQ (7-77)
where

Q is obtained from Eqs. 7-76 and 7-35.
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The power required 1is converted to horsepower (English units) by
dividing P by 550, or to Kilowatts (S.A. Units) by dividing P
1000.

req regq by

J. PROPELLER FORCES AND TORQUES

The equations for the propeller force, Eﬁip and torque Ziip ara
identical to those used for the rotor except for neglecting flapping and
coning degrees of freedom. The assumptions that are outlined in Efec-
tion E concerning the development of the rotor models apply to the pro-
pelier as well. The propeller forces and moments depend on the local

relative wind, gi P

at the propeller hub (including hull and rotor
interference effects) resolved to "control-wind" axes (e.g., Eq. 7-23
and 7-24) for the propeller. The angles Ajg, B) now define the orien-
tation of the propeller rotation vector (gp) (also the positive thrust

directioa) relative to the LPU reference axis (Figure 7-10).

An additional step in the calculation of propeller forces and
torques, is8 to correct the local relative wind at the propeller (from
Eq. 7-16, e = p) for rotor interference. The relative local freestream
velocity of the propeller hub 1is adjusted to account for the rotor
induced downwash:

(!i p) = Y? P - (krP) Licw!ég r (7-78)

where

(!? P) denotes g? P from Eq. 7-7, corrected for hull
velocity blockage with Eq. 7-11, and also corrected

for rotor interference
KRP 18 an input consctant for each LPU that accounts

for the relative proximity of the rotor and propeller
(0 < KRP < 2.0)
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Propeller
rotation
vector,§lp
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direction
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Zi

Figure 7-10. Orientation of Propeller Shaft Axes Kelative
to the LPU Reference Frame

and

0
in r _
Vew = 0 (7-79)

with GEF . auli wi, . obtained from the previous rotor calculations for
the respective LPU (e.g. rotor 1 for rotor/propeller interference on

propeller 1),

Havirg obtained the relative l-.al flow velocity at each of the pro-
peller aubs in coordinates of the LPU c.g. reference axes, (Vi p)’.
the rotor equations are entered starting with the axis transformations
and velocity resolutions (Eq. 7-19 to 7-31). The calculations of pro-

peller ground effects are retained in order to allow for vertically
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oriented propellers. For horizontally thrusting propellers, these
effects will be negligible (xe = 90 deg, GEF = 1). The hull wake turbu-
lence 1interference on the propeller is calcilated, as before, with a-
adjustment on the propeller effective 1lift curve slope. All second
order effects of hull/rotor/propeller wake interaction are r::lected.
Next the propeller horizontal force is calculated, with the flapping and
rconing coefficients all equal to zero because the propeller is assumed
rigid. Thus, the lateral force coefficient, Cy, 1is also neglected
(Eq. 7-75). The pitching and rolling moments of the propeller hub are
neglected 1in comparison with the moments g=nerated by the propeller
thrust force transfer to the LfU center of gravity. This is consistent
with the similar assumption of negligible rotor hub moments {flapping
hinge at the rotor hub) in comparison with the rotor thrust trazunsfer

moments to the LPU center-of-gravity.
K. FUSELAGE (NACELLE) AERODYNAMICS

The forces and moments on the LPU fuselage are calculated from
simple models which depend on the relative local airmass velocity of the
fuselagz aerodynamic reference center. The relative .-‘ocity vector,
which 18 calculated from vehicle kinematics, locai .:wue_.herz eaviron-
ment states, and hull velocity blockage effects, is corrected for recor

and propeller downwash interference:

B H = B - e (Lgey)” VT - (R (Lgey)? VR P (7-80)

where
(!i f] denotes !i £ corrected for rotor aud propel-
ler irnterference
!? f is obtained from Eq. 7-9 and corrected for hull
velocity blockage with Eq. 7-16
KRF, KPF are 1input constants for each LPU that
account for the relative proximity of the rotor, pro-
peller, and fuselage (0 < KRF, KPF < 2.0)
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(Licw)" is Erom Eq. 7-31

(Licw)p is from Eq. 7-31 with the appropriate defini-
tion for Ajg and B as given in the previous Subsec-
tion

!é: * is from Eq. 7-79

and
i Y 1
np _
Vew = 0 (7-81)
(GEFP )"inp

with GEFp and Win, obtained from the previous propeller calculations for
the respective LPU.

The relctive velocity for LPU-fuselage 1 1s corrected only for

interference by rotor 1 and propeller l. Second order effects between

LPUs are neglected.

The following fuselage model given here is taken from Ref. 7-6, but
assumes no coatribution from aerodynamic surfaces on the fuselage. The
small fuselage aecodynamic moments are neglected in comparison to those
resulting from the rotor and propeller models. The forces act at the
fuselage aerodynamic reference center and are oriented in the direction

of the LPU reference axes.

The components of (Vi f)' are:

(q ) (7-82)

m
£ < €

where the primes on the {ndividual components which denote interference
correction have been dropped. The axial force is modeled as crossflow

drag:

XA = Xjgqu lulu (7-83)
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where the derivative X,y is a function of air density, reference area,

and the appropriate drag coefficient.

The vertical and side force have the same form:
A = Z)yjw lwiw (7-85)

and we neglect the pure moments,

Ly = My = Np = 0 (7-86)

The force and moment vectors about the LPU center of gravity due to the

fuselage aerodynamic loads are:

n

FAL = | (7-87)
LZA.
—LA“

T = | M (7-88)
-NA
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These equations, while highly simplified, are felt to be well within
the precision required for reprcsenting the fuselage aerodynamic contri-
bution.

L. POWER OFF FORCES AND MDMENTS

This subsection presents the aerodynamic models for the rotors, pro-
pellers and LPU fuselages (nacelles) when the vehicle i1s in a power off
(moored) flight condition. In this condition, the various LPU elements
contribute wmostly to the drag of the vehicle. To retain consistency
with the fuselage model, the small circulation lift of stationary rotors
and propellers and the pure aerodynamic moments about the hub attach
points are neglected. Typical calculations for the power off condition
show the rotor and propeller forces to be exceedingly small. Therefore,
the errors Introduced by simplifying the power off models are of negli-

gible importance to the overall mooring simulation.

All thrust related interference effects are eliminated for the
powered off condition. Only the hull on LPU velocity interference model
(Section 7, Subsection C) is retained. The equations for the forces om
the stationary rotor are presented first, with additional notes on the

calculation of propeller aad fuselage forces.
1. Stationary Botour Aerodynamics

The following simple crossflow model provides the rotor forces in
coordinates of the control wind reference axes (cw) based on the rela-

tive velocity of the airmass at the rotor hub (Eq. 7-26):

Xew = -3 pAobauculucyl (7-89)
Yo, = 0 (7-90)
1
Zow = - i‘pAoCCzrwcwlwcwl (7-91)
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where

cw? Vo are from Eq. 7-26

8y defined in Eq. 7-74

u

zr

Note that a fixed value of 1.2 is used for the rotor blade crosswind
drag coefficient (cczr) in Eq. 7-89. This value, which is roughly con-
stant for all high aspect ratio surfaces, is sufficiently accurate to
preclude the requirement for different inputs for each rotor .and pro-

peller).
The power »>ff rotor force 18 resolved into the LPU reference axes,
giving

i
EA? * (Licw)*[XcuwYewZewlT (7-92)

The corresponding moment acting at the rotor hub is zero, thus, for
the power off condition:

ir
zAi = 0 (7-93)

where Li.y 1s obtained from Eq. 7-31, noting: A}g, Bjg = O.
2. Stationary Propeller PForces and Momeuts

As before, equations for the propeller force, gﬁg, and moment zig,
are obtolned by direct resymboling of the appropriate equations for the
rotors. In this case, the propeller equations are identical to Egs.
7-87 to 7-91 above, except that the earlier definition of propeller
shaft orientation angles (Ajg, B)g as in Section 7, Subsection J) is
retained. In the power off flight condition, rotor interference on the

propeller free-stream velocity is ignored (223 " oa 0).
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3. Puselage Asrodynamics

The deacription of the fuselage aerodynamic focce, gi{. and moment,
gﬁi. presented in aubsection 7-K is retained, aoting that the second and
third terms of the Eq. 7-80 involving rotor and propeller induced velo-
citiey are zero. So,

WH «nf (7-94)

M. SUMMATION OF FORCES AND MOMERTS

The total aerodynamic fore. acting at the i th LPU center of gravity
(L =1, 2, 3, &) {s given bdy:
ir

. Ap WAt
tAi - EA{*'L\ +F

b+ By (7-95)

where the {ndividual contributions are tor the power on (HLASIM and
HLAPAY simulation programs) or power off (HLAMOR simulation prograwm) as

appropriate,

The total aerodynamic moment acting on the { th LPU {s giveun by:

= (ol o e o)
(7-98)

where the various terms are for the power on or power off condition as

appropriate,
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SECTION 8

HULL/TAIL ASSEMBLY AERODYNAMICS

A. BASIC ASSUMPTIONS

The hull/tail assembly is composed of s central buoyant hull enve-
lope of quasi-ellipsoidal shape and a tail assembly equipped with mov-
able control surfaces. The tail assembly is laterally centered on the
hull x-z plane of symmetry, with longitudinal and vertical location
gspecified by user {nputs. This allows for a varlety of symmetrical
(x-tails) and wunsymmetrical configurations (y-tails, v-tails, and
t-tails). The central hull envelope 1is considered to 1include all
external support structure related to the 1ift propulsion units (LPUs),
payload cable attachments, mooring mast attachment, landing gears, and
tail.

The approach used in the following development considers the aero-
dynamic loads (I.e., forces and moments) on the hull assembly and tail
assembly separately. The hull assembly models are based on the motion
of the hull ceanter of volume (superscript "cv'") relative to the local
airmass, with corrections for the various rotor, propeller and ground
interference effects. The tail assembly aerodynamic models are based
upon the motion of the tail reference center (superscript "t") relative
to the local airmass, with corrections for rotor, propeller, and ground

interference effects.

The hull and tall aerodynamic models consist of analytical functions
which allow continuous simulation of vehicle flight dynamics over all
ranges of speed and flow incidence without recourse to lookup tables.
The methodology for estimating the uecessary input parameters is des-
cribed in Appendix A. Using this methodology, alternative configura-
tions can be studied without requiring additional data. This elemental
approach allows for the incorporation of the 4 point atmospheric distur-
bance input model, and provides a mechanism for changing vehicle geome-

try without large associated changes in the vehicle data base.
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Interference models account for the significant effects of rotor,
propeller, and ground proximity to the hull and tail. These models are
based on experimental wind tunnel data (Ref. 8-1) and computed aero-
dynamic results (Ref. 8-2). They have been implemented in a scheme
which does not require iterative computation procedures. This is made
possible by neglecting second order hull/rotor/propeller/ground wake

interaction effects.

The calculation of hull and tail aerodynamic loads uses mathematical
models which are largely undocumented elsewhera. In order to make clear
the derivation of the many new aerodynamic models, the organization of
this section will follow a progression of increasing aerodynamic flow
complexity, rather than the computational sequence used in the simula-
tion and reflected in the Section 7 discussion of the 1lift propulsion
unit aerodynamic models. Specifically, the discussion of the quasi-
steady aarodynamic models where the loads arise from relative airmass
velocities 13 separated from the discussion of the unsteady aerodynamic

models where the loads arise from relative airmass accelerations.

Firat, the vector equations are presented in Subsection B for all of
the pertinent relative airmass velocities and acceleratiouns, including
the various velocity interference effects (Type A) due Lo rotor, propel-
ler and ground proximity. Next, the aerodynamic equations are derived
for the hull and tail quasi-steady flow forces and moments. The quasi-
steady hull and tail models are compared to published airship exgeri-
mental data (Ref. 8-3) to show typical aerodynamic characteristics and

model 1limitations.

The proximity of the turbulent wakes of the rotor and propeller to
the hull causes an increase in the total hull crossflow drag coeffi-
clent. Hull proximity to the ground causes a decrease in the hull
crossflow drag force; tail proximity to the ground causes an increase in
the tall 1lift curve slope. Models are presented which correct the
respective hull and tail equation parameters for these (Type B) inter-

feren e effects in Subsection C.
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The quasli steady aerodynamics of the hull are presented in Subsec-
tion D; of the tail in Subsection E. Their combined effects are illus-
trated and compared with published data 1in Subsection F. Certain
additional interference effects (Type B) which affect the quasi-steady

forces and moments are presented in Subsection G.

Aerodynamic equations for unsteady (accelerated motion) loads on the
hull and tail are derived in Subsection H. The loads arising from vehi-
cle unsteady inertial motion are distinguished from those arising from
airmass unsteady inertial wmotion. As will be shown, each of these

motions produces different resulting forces and moments.

Due to the dependence of the aerodynamic loads on vehicle inertial
acceleration, a problem arises in computing the acceleration needed for
numerical solutions. An organization of the steady and unsteady aero-
dynamic force and moment equations 1s presented in Subsection I which

provides for the calculation of the required accelerations.

By way of summary, Subsection J presents example time histories of
the various contributions to the total load experienced by an HLA con-

figuration during a gust encounter.

There 1is an essential difference between the organization of the
equation development and that of the computer program. In the former

case, the models are organized according to airmass motion type (e.g.,

quasi-steady, wunsteady), with hull and tail equations considered
together. In the latter case, the organization 1is according to the cal-
culation of hull loads or tail loads, with differing airmass motion
types treated together. A wmore in depth appreciation of the organiza~
tion of the simulation aerodynamic calculations can be gained by _efer-

ing to the software manuals.

For clarity of presentation, the figures in this section depict
angular quantities in units of degrees and degrees/sec, etc. while all
the simulation equations assume angular units of radians and

radians/sec, etc.
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B. VELOCITIKS AND ACCELERATIONS RELATIVE OF POOR QUALITY
TO LOCAL ALRMASS

The hull and tail aerodynamic models depend on the velocity and
acceleration vectors at the respective reference ceuter locations. The
hull reference center location is defined as the hull center-of-volume
(cv), which for ellipsoidal configurations is at the intersection of the
ma jor and minor axes. The reference center for tail calculations (t) is
defined by the user, and typically corresponds to the nominal wind
tunnel wing aerodynamic center (e.g., tail 25 percent chord location).
The basic (non~interference) relative velocity and acceleration vectors,
at the respective reference locations, are determined from the inertial
motion of the vehicle and outputs from the atmospheric disturbance
model. Following the sign convention adopted for airmass quantities
(Subsection 5-B), the hull and tail v2lucity vectors relative to the

local airmass are given by:

!g cv !gcv - !gm cv (8-1)
&ﬁ cv ggcv - Egm cv (8-2)
R (8-3)
Eﬁ t ERC - gﬁm t (8-4)

whaere

amcvy amcv _amt am t
‘h s Wh » Yh s Wh

are given In Eqs. 6-47, 6-48, 6-52, 6~53 respectively. The remaining
vectors in the above equations are determined from the rigid body motion
of the hull center-of-gravity (!h: Eh) and the vehicle geometry
(Fig. 8-1):
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Figure 3-1. Hull Geometry Vectors

W a v + (n x BRY) (8~5)
aﬂcv = oy (8-6)
B = v+ (xR (8-7)
Ent = Wh (8-8)

The effective acceleration of the hull center-of-volume relative to

the local airmass, with respect to rotating body axes is given oy:
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gyaR CV
o 0 0 ih
!g ev !gcv - !gm cv +( = !g cv) (8~9)
where the airmass velocity gradient matrix is given by
3!im cv du/3x du/3y au/az | ™ ¢V
T = | av/ax av/dy v/ a3z (8-10)
= v/ 9x ow/ 3y dw/az |

0
and !gm CV' !ﬁ cv a

re obtained from Eqs. 6-62 and 8-1, respectively.
The elements of matrix Eq. 8-10 are obtained from Eqs. 6-48, 6~49, 6-50,
6-51, and the airmass angular velccicy definition Eq. 6-15. Note that
the third column terms (3/3z) are all zero according to the assumed

planar model (Section 5, Subsection C).

The x-axis terms in the brackets of Eq. 8-9 correspond to Eq.
5-4 and similarly for the y-axis terms. The first term in brackets

o "
(vgm cv) is the time derivative of the local airmass velocity, which

corresponds to the first cight-hand-side term of Eq. 5~4, The second
term in the brackets of Eq. 8~10 is a compact matrix/vector notation
form for the relative acceleration of the local airmass due to spatial
velocity gradients. These effects are representated (for x-axis terms)

by the last two right-hand-side terms of Eq. 5-4.

The first term in Eq. 8-% is the kinematic acceleration of the hull
center-of-volume with respect to the rotating body reference axes

(%ﬂcv)’ given by

Shev ° hcv)

(o]
Vh o = Vh + (wnh x By (8-11)

The angular acceleration vector of the hull center—of-volume relative to

the local airmass {with respect to the hull rotating reference axes) is

gliven by:
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o o o
ga ev _hcv - gﬁm cv (8-12)
where
Shev Zh (8-13)
and
o
gim VY 1s given in Eq. 6-65

The correspondiny equatiuns for the tail effective acceleration vec-
tors can be obtained by direct resymboling of the preceding results
(Eqs. £-9 to 8-13), viz.,

BV%? t

%a t Oht Cam t = at

Vi @ =% - Yh +(—a‘n_"' Y (8-14)
O9am t _a t

where Vi, ~, V, are obtained from Eqs. 6-64 and 8-3, respectively.

The second lerm in the bracket of Eq. 8~14 is identical to Eq. 8-10
except that the superscript "am t" 1s implied. The correcponding matrix
elements ai.e similarly obtained from Eqs. 6-53, 6-54, 6-55, 6-56 and the
angular velo:ity definition of Eq. 6-30. Again the third column ele-

ments (3/3z) ave all zero.

The first tem or Eq. 8-14 is obtained directly from Eq. 8-l1 as:

Oht [o) 0 h
Vao = Vn+ (wn % Rn) (8-1%)

The angular acceleration of the tail reference center relative to

the local airmass (with reespnct to the rotating hull body axes) is:

o o o
9% t . gat - gam t (8-16)
where
o o
W = (8-17)

)
and g;m s given in Eq. 6-67.
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Finally, for hull buoyancy calculations, the acceleration of the

local airmass at the hull ceuter-of-volume with respect to non-rotating
inertial reference 3xes is required. Here ounly the inertial motion of
the local airmass is considered, and the inertial motion of the vehicle
itself is disregarded. The total effective inertial acceleration of the
local alrmass is couprised of a time dependent portion and a spatially
dependent portion according to the equation:

avp® Y
( *am Cv = *fam Ccv - am Ccv -
k_!?l )Total Vh + aR Vn (8-18)

where gﬁ“ cv’ Qﬁm “V are obtained from Eqs. 6-47 and 6-63, respectively,

and 3Vh" cvlag is given in Eq. 8-10.

C. HULL AND TAIL RELATIVE VELOCITY
INTERFERENCE EFFECTS

The wajor sources of velocity (Type A) interference on the hull and
tail arise from rotor, propeller, and ground proximity. The rotors and
propellers act as aerodynamic sinks which induce interference velocity
increments on the hull and tail. This produces a change in the net
ve.ocity vectors relative to the local airmass, and causes the hull and
tail to be drawn towards the rotors and propellers. The magnitude of
the Interference velocity iacrements varies linearly with the rotor and
propeller total induce® velocities and inversely with LPU/hull and LPU/

tall separation.

Additional velocity interference increments arise from the hull and
tail proximity to the ground. In both cases, the close presence of the
ground causes a rotation of the local airmass flow direction without

attenuating the magnitude of the relative velocity vector.

The model for rotor on hull veloci*y interference will be presented
first with later generalization to acccunt for rotor and propeller on
hull and tail interference effecti. 'Then a model for 3round on hull

velocity interference effects will be presented.

TR-1151-2~1I 8-8
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Additional ground on hull and tai. (Type B) interference effec:s are

discussed in Subsection G.
1. Rotor On Hull Velocity Interference

The operation of one rotor near th. hull causes an induction of flow
around the hull towards the rotor. A typical flow pattern for the hull
with one thrusting rotor is shown in Tig. 8-~2 reprinted from Ref. 8=-4.,
In idealized aerodynamic terms, the rotor acts as a 3-dimensional flow
sink. The strength (K) is defined as the induced volume flow rate
through the rotor:

kK = 2 (8-19)
p
where
K = rotor sink strength (induced volume flow rate)
m = 1nduced mass flow rate
p = ambient air density
and
m = pAI(GEF)wipl (8-20>

where A Is the rotor actuator disk area and (GEF)wi, is as determined in

Section 7.

The absolute value function of Eq. 8-20 is necessary because the
aerodynamic sink is omnidirectional, and depends only on the flc/s rate.
Therefore, as a model for rotor flow induction, Eq. 8-20 does not dis-
tinguish between positive or negative thrust conditions. This assump-
tion is sufficlently accurate for rotor placements which do not cause

large direct impingements of the rotor wake on the hull (Ref. 8-2).

The magnitude of the sink induced velocity at the hull center-of-

volume UE due to one rotor is calculated from potential flow theory

(Ref. 8-5):
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Vector scale

R

Figure 8-2. Rotor-Induced Velccities on HLA Hull in Hover;
Thrust Loading (T/A) = 8.26 1b/ft2; from Ref. 84
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(8-21)

where K is obtained from Eq. 8-19, and d is the radial distance from the
hull c.v. to the respective rotor hub. Substituting Eqs. 8-23 and 8-24
into 8-25, and adopting the following definitioms:

(¥in)pgr = (GEF)wy,, total rotor induced
velocity (self-induced plus ground

induced).
d = d/2R, nondimensional rotor/hull
separation distance; R = rotor

radius.
There results
(win)
R A o3 (3-22)
1642

The expression for sink 1induced interference velocity given in
Eq. 8-22 shows the simple theoretical dependency on total rotor induced
velocity (win)TOT and nondimensional rotor/hull separation distance, d.
The velocity interference of the rotor sink drops off with the square of
the separation distance, becoming a negligible fraction of (win)TOT for
separations greater than three rotor diameters. For a given HLA con-
figuration, this interference effect will be most significant when the
rotors are operating at a maximum induced velocity condition (e.g.
heavily loaded, hovering flight condition out of ground effect).

The potential flow theory solution for the rotor on hull interfer-
int

ence velocity vector, Vy , is obtained from Eq. 8-22 and the geometry
of Fig. 8-2:
int 1 Uh “ir
v = e -
(‘h )potencial s Shev (8-23)
theory

TR-1151-2-1I 8-11
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where Qéiv is the unit vector locating the respective rotor hub (super-~

script "ir") frow the hull c.v. (subscript "hcv"). From Fig. 8-2:

€hev

and

ir
Rhev

ir
tRhcv‘

In terms of its components, the unit vector is given by

“ir
€hev

i
Bhgv
ir (8-24)
IRhcvl
hi i ih h
Rn - Lni(Ri° - Ri) - Ra " (8-25)
d (8-26)
F. lir
ex
ey (8~27)
e
1 ?_hcv

When Eqs. 8-22 and 3-27 are substituted into 8-23, there results,

vint r
=h potential

theory

TR-1151-2-I1
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Extensive analyses using the Nielsen Engineering and Research Aerody-
namic Flow Computations Model (Ref. 8-2) suggest the presence of impor-
tant viscous (non-potential flow) phenomena. In order to accommodate
such effects, the following generalized rotor on hull velocity interfer-

ence model was implemented:

KRHC

yint t KRHD | (w1 )por| (8-29)

KRHE

where KRHC, KRHD, KRHE are user supplied constants (for each rotor).
These are calculated from Eq. 8-28 and adjusted as unecessary for the

viscous effects.

So far, consideration has been given only to interference velociiy
increments at the hull center—of-volume due to the rotors. The effec-
tive gradients which arise from differences in the induced velocity of
the various rotors are neglected as being second order effects. Sampie
calculations show the major interference effect to be a trim down load
due to roughly uniform rotor induced velocity interference in the verti-
cal direction. For most symmetrical flight conditions, and typical LPU
configurations, the velocity interference increments in the axial and
lateral directions will approximately cancel, leaving only the vertical
interference velocity for rotor locations below the hull x-y plane of

symmetry.

2. Propeller oan Hull Velocity Interference
The propellers like the rotors act as sinks which induce interfer-
ence velocities at the hull center—of-volume. The model adopted for

propeller on hull velocity interference (!ént P) 1s 1dentical to that

discussed above for rotor on hull 1interference. The 1interference

TR-1151-2-1I 8-13
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constants of Eq. 8-29 are redefined for each propeller (KPHC, KPHD,
KPHE). We note from the potential flow solution of Eq. 8-22 that for
rotor and propeller placements in roughly the same location, the pro-
peller interference constants are approximated from the rotor constants
and the ratio of propeller and rotor disk areas according to the follow-

ing relatioas:

KPHC = (KRHC)(A) (8-30)
KPHL = (KRHD)(A) (8-31)
KPHE = (KRHE)(A) (8-32)
where
_ APropeller
A F “Rotor (8-33)
A

3. Rotor and Propeller on Tail

It is assumed that the tail is not in the core of the rotor or pro-
peller slipstream. The rotors and propellers again act as aerodynamic
sinks and induce interference velocities at the tail reference center
(!ént T and !ént p’ respectively). The form of Eq. 8-22 is applicable,
with the nondimensional distance, E, now representing the separation
between a rotor or propeller and the tail reference center (t). Thus
the rotor on tail velocity interference model requires three geometric
constants (KRTA, KRTB, KRTC) corresponding to (KRHC, KRHD, KRHE) of
Eq. 8-29. The propeller constants (KPTA, KPTB, KPTC) are obtained by
appropriate resymbolling of Eqs. (8-30, 8-31 and 8-32). In the case of
the taill, viscous effects are not very significant, especially in the
low angle attack range. Therefore, the potential flow solution of
Eq. 8-22 can be applied directly to determine these constants without

the need for experimental correction as is the case for the hull.
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Calculations show that velocity interference effects are significant
only for rotor and propeller placements within three (rotor or propel-
ler) diameters. Therefore, only rotors 3 and 4 (Fig. 8-2) have signifi-
cant 1interference effects on the tail. In general, the propellers do
not have dominant velocity interference effects on either the hull or

the tail.

4. Summary of Rotor and Propeller Velocity
Interference Effects

This article summarizes the above results and presents the general
equations for the hull and tail relative velocity vectors, including the
{anterference effects of all the rotors and propellers. These general
equations are obtained from the superposition of the various sink
induced interference velocities. Second order effects due to interac-

tion among the various sinks are ignored. The velocities are:

cvy’ a cv int int

(!?1 ) = Y - (!h )Tot:al - (!h p)'1‘otal (8-34)
ty’ t int int

(-Y?‘ ) = !?1 - (!tn r)Total - (!tn P)Total (8-35)

where the prime ()’ notation indicates that the relative velocity vec-

tors have been corrected for rotor and propeller ianterference and yﬁ cv

is gtven in Eq. 8-1, V& © s given in Eq. 8-3, and

(!1nt r) (8-36)

]
—
<<
fo ol

2
(a4
[ ]
~—
P

Total

fat _ int p,i
(¥n p)Total = Z (Y p) (8-37)
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4
int r - int r\i
i=]
1 ¢ 1
nt p _ nt p
(%™ Plpoar = L (0™ P) (8-39)
i=1
int r ,int p ,int r int p
where V , V ,» V , and V are calculated for each LPU
Yh *h It ~t

from the generalized expression in Eq. 8-29.
5. Ground on Hull Velocity Interference

In large sideslip flight conditions, hull proximity to the ground
causes an upward rotation of the crossflow freestream velocity vector
with no attenuation of the velocity magnitude. This upward flow rota-
tion yields a corresponding increment of hull lift which has been shown
to be significant for ground handling operations. This section first
presents a model i1>r the flow rotation effect due to ground proximity
for a 90 deg sideslip flight condition (crossflow). Then a model is
presented which accounts for ground on hull interference for arbitrary

flow and vehicle orientation angles.

a. Flow Rotation Model for Pure Crosswind Flight Conditions

The vehicle 1s assumed to be stationary in a level attitude
(8 = ¢ = 0) with the freestream crossflow velocity vector, V¥, directed
along the positive y axis of the hull. The rotation of this wind vector
due to ground Iinterference {s depicted in Fig. 8-3. Based on wind
tunnel data of the airship Akron (Ref. 8-3) it 1s assumed that the free-~
stream velocity magaitude is not affected. The flow orientation angle
(A’) is measured relative to the hull z-axis (see F!g. 8-3) and 1is

assumed always to be within a small deviation of 90 deg.

The following equations for the hull longitudinal (x-axis), lateral
(y-axis) and vertical (z-axis) aerodynamic forces on the hull are

developed in Subsection D:

TR-1151-2-1I1 8-16



e . :j
OR)I{JH‘\}‘L‘,. PR .
OF POOR Q‘JALH’Y

HULL FRONT VIEW (TAIL AND LPUS NOT SHOWN)

e
Free- 9 Meap, Hull c.v.
W’h
w
Vy
w\ Mean Free-Stream
A

z /
h
J Ground Plane

S s S SSSS

Figure 8-3., Ground-on~Hull Vclocity Interfereuce Model

X = Xyigpulul (8-40)
YA = Zw'wlhwvyz (8"42)

where from Fig. 8-3 for pure crossflow

Vyz = V; = relative horizontal crosswind velocity
= -¥(2) (8-43)
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The body-axis components are:

v

w

= V; sin A’

W ’
= Vy cos A

(8-44)

(8-45)

(8-46)

For cos A" = n/2 - A’ (small angle of ground induced flow rotation, A’

in radians),

When substituted into Egs.

<

~N

TR-1151-2~I1

= V;(wIZ - X')

8-40 through 8-42, there results:

2
w
= Yvivip(Yy)

w 2 P
= Zypup (V) (/2 =A%)

8-18

(8~-47)

(8-48)

(8-49)

(8-50)

(8-51)

(8-52)



Equations 8-50 and 8-S51 show that tnhe hull x and y forces are unaffected
by ground induced velo-ity rotation effects. Equation 8-52 shows that
the hull’s z force will increase linearly with the hull flow rotation
angle (1°).

The dependency of the flow rotation angle (A’) on ground proximity
is shown in Fig. 8~4, which was obtained by reducing the wind tunnel
data of Ref. 8~3. The wind tunnel data was corrected in order to remove
the effect of the velocity variation with altitude. The resulting data
are referenced to the local freestream velocity at the hull center of
volume, instead of the freestream velocity at the reference wind tunnel
location. The results of Fig. 8-4 suggest the following form for ground
induced flow rotation angle as a function of nondimensional hull
height, ﬁ (ﬁ height of hull c.v./hull diameter):

[

A = (w/2)(1 - e(hJKGHA) (8-53)

where

KGHA = a user supplied curved fit constant derived from Fig. 8-4

or available wind tunnel data.

The form of Eq. 8-53 1is plotted along with the experimental data in
Fig. 8-4. The model results compare favorably with the experimental
data, ard indicates that ground effects will be significant for huil
center of volume locations within two hull diameters of the ground
plane (; < 2).

b. Arbitrary Vehicle and Freestream Orientations

The previous model 1is generalized in this subsection. As can be
seen from Eq. 8-53 the ground-induced flow rotation angle is dependent
only upon the vertical height of the hull center of volume. The angular
orientation of the hull is important only to the extent that the velo-
cities used in the force equations of Eqs. 8-40, 8-41, and 8-42 are body
axis based. In order to employ the model of the Eq. 3-53, the following
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transformations are used to calculate the equivalent horizontal cross-
wind velocity and coordinates of the vertically oriented HLA heading

referenced axils system (xv, Yy» zv) shown in Fig. 8-3:
W = Lyn(% YY) (8-54)

where (VA €V)" 1s the relative velocity vector of the hull center—of-
volume relative to the local airmass (eq. 8-34), including the rotor and
propeller interference corrections of Subsection 4, above. 23 ¢V 1s the
relative velocity vector of the hull center-of-volume relative to the
local airmass 1in coordinates of the vertically oriented HLA heading
referenced axis system; in terms of Fig. 8-3,
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v V@) = -y (8-55)
and
, cos @ gin 6 sin ¢ sin 0 cos ¢
! Lyh = LSIL;I =] © cos ¢ -sin ¢ (8-56)
-sin @ cos 6 sin ¢ cos 6 cos ¢

where 0 and ¢ are the pitch and roll Euler angles of the hull. The com-

a cv
ponents of Vy ¢

M
uld cv
Vs cv = v .
- (8-57)
W
L,_Jv

cv

where ve = - V; of Fig. 8-3.

These components ace corrected for the flow rotation as follows:

‘ vio= B3 (8-59)

, a Ccv a ¢cv

wioo= vy T (R/2 =) +wy (8-60)

where the prime (‘) suverscripts indicate that the relative velocities

have been corected for ground on hull velocity interference.
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The equations for the lateral and vartical relative velocities
(given above) are consistent with those of Eqs. 8-47, 8 ~ and 8-49.
The absolute value function in Eq. 8-60 is necessary in order to allow
for arbitrary vehicle and wind motion. Equation 8-58 assumes thst the
axial velocity (parallel with the horizontal plane) 1is unaffected by
ground proximity to the hull. This 1s consistent with the wind tunnel
data of Ref. 8-3, and is sufficiently accurate for most conventional
hulls whose finest ratio (hull length/hull diameter) exceeds two and for
small pitch attitude angles |8] < 25 deg.

Equations 8-58, 8-59 and 8-60 are transformed back to coordinates of
the hull body axes to allow a calcuiation of the aerodynamic forces on
the hull:

(!ﬁ cv) = Lpyf Vv’ (8-

The double prime (") denotes correction for the propeller and rotor

interference (Eq. 8-34) and for ground proximity. The transforrzation

matrix is given by:
Lhy = [Len]™t = [Len]T (8-62)

Equation 8-61 provides the relative velocity vector at the hull
center-of-volume including all rotor, propeller, and ground interlerence
effects. Any second order effects arising from the grouand induced flow
rotation at the rotors and propeller locaticns are neglected. These

effects are felt to be unimportant.

D. QUASI-STEADY HULL AE0DYNAMICS

In the next few sections we explain the assumptions and equations

used to represent the hull aerodynamics in rectilinear and curvilinear
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steady flight. The model for hull rectilinear aerodynami.: forces and
momer :8 follows that of Allen and Perkins (Ref. 8-12) for a slender body
of revolution with zero base area. The discussion of hull forces which
originate 1in combinations of rectilinear and curvilinear motion giving

vise to centrifugal accelerations is deferred to Subsection (pending).

The drag parameters used in the hull aerodynamic model are affected
significantly by rotor, propeller, and ground ianterference (Type B)
effects. In the discussion that follows, it is assumed that these para-
meters are known a priori. Corrections for the various Type B interfer-

ence effects are precented in Subsection G.
l. Rectilinear Flight

The aerodynamics of an airship hull may be described in terms of two
overlapping angle-of-attack regimes. In *he first regime (low 1inci-
dence, free stream angle of attack less than 5 deg) the flow is iargely
attached, and the local angle of attack along the hull is twice free~
stream value. This local streamline curvature, known s ''2-aipha flow,"
i8 a result derivable from non-viscous potential flow theory (Ref. 8-6).
In the real viscous flow case, the boundary layer separates rrom the
le~ward surface, giving rise to small 1lift forces. The drag force is
predominantly due to skin friction even for low fineness ratio hulils
(Ref. 8-7).

Curtiss’ review (Ref. 3-8) of the literature pertiaeat to the calcu-
lation of low-angle-of-attack hull 1lift, concluded that presently avail-
able techniques inadequately nredict hull 1ift. This may largely t= a
result cf nonlinear separation line movements and strong Reynolds number
dependencies. The preseat simulation model neglects the low-angle-of-
attack "2-alpha" 1lift, resulting in a slight underestimate of the hull-
alone 1lift {n that regime. The skin friction drag important for trim
and performance calculations is determined from the axial dynamic pres-
sure, 1/2(pu?), and axial drag coefficient, CAh' 8y usiag the axial
component of velocity (instead of the more usual total velocity) in com-—

puting dynamic pressure, the data show that the axial coefficient CAh
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becomes more truly a conetant. This approach greatly simplifies the

simulation and was used thrcughout the aerodynamic model development.

The second hull regime (angle of attack greater than 5 deg) is char-
acterized by larger areas of separation which causes a breakdown of the
"2-alpha" flow, and the appearance of longitudinal vortices (Ref. 8-9).
The resultant aerodynamic force lies virtually normal to the surface.
This force 1is proportional to the perpendicular or "crossflow" dvnamic
pressure [(1/2)pw? or (1/2)pv2] and tue "crossflow" drag coefficient
(Cczh or Ccyh)'

The general expressions for the body axis forces, referenced to the

hull center of volume, are:

Xh = oXu|u|hulu| (8-63)
Yh = OYVIVIh v Vyz (8—64)
Zh = °Zwlwlh w Vyz (8"65)

where, from Eq. 8~61 dropping the double prime notatiom for simplicity;

= Vh (8-66)

and ¢ = p/p, is the relative air density correction. The velocity per-

pendicular to the x axis is

2+l (8-67)

yz
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The coefficients, XUlUIh’ thvlh’ and zwlwlh are input parameters deter~
mined by the ugser. These are related to the conventional aerodynamic

quantities according to the defining equations:

Xopup, ¥ (-po/2)SnCay, (8-68)
levlh z (‘po,’Z)ShCCyh (8-69)
Zw(w‘h s (-pQ/Z)ShCCzh (8-79)

The hull reference area, Sy, is that which is consistent with the cor-
responding drag coefficients; CAh’ Ccyh’ Cczh' The relative air density
correction, o, is equal to onme when the desired air density (p) corre-
sponds with the reference air density used in the input parameter calcu-

lations (pg).

The moment characterisiics of bare hulls in ideal steady flow have
been derived from potential flow theory by Munk, (Ref. 8-10), Zahm,
(Ref. 8-11) and others. The theoretical pitching moment has been shown
to follow the relation for all apey:

My = 3 o¥5(Ke - Kg)V sin (2oncy) (6-71)

In this expression, Vo is the relative free stream velocity magnitude,
Kz, Kp» Kc are the sa-called translational “apparent mass" constants
along the hull x, y, and z axes, respectively, ¥ is the volume of air
displaced by the hull, and apey is the hull angle-of-attack at the

center of volume, given by:
Opey = tan~l(w/u) (8-72)
For r~al flow, where leeward separation decreases the theoretical

moment obtained from Eq. 8-71, Zahm (Ref. 8-11) suggests a correction

factor, ng, obtainable from wind tunnel results. Generalizing to three
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dimensions, the expressions for the hull aerodynamic moments in terms of

the hull center-of-volume relative velocities are given by:

Mp = 0 Myguv (8-74)
Nh = o Nuvhuv (8-75)

where LV“h’ Huwh» and Nuvh are 1input parameters determined by the user.
These are related to the coaventional aerodynamic quantities according

to the defining equations:

vah = pOV(Kb - Kc) nL (8~76)
Mowy, = Po¥(Ke = K3) ny (8-77)
Nth = pOV(Ka - Kb) nN (8-78)

and np, ny, ny are the separation correction factors which are typically

in the range 0.6-0.8.

2. Curvilinear Flight

Classical airships derive 70-90 percent of their total rotary damp-
ing, at zero forward speed, from the hull envelope (Ref. 8-13). As the
flight speed increases, the relative importance of this contribution is
reduced due to the sharp rise in tail damping with velocity. In addi-
tion, heavy-lift airships derive considerable rotary damping in pitch
from the rotors at cruise conditions. However, rotor damping typically
drops to 50 percent of its cruise value in hovering flight (Ref. 8-14).
Therefore, the accurate modeling of hull-envelope damping becomes impor-
tant in hovering and low-speed flight regimes. Beyond the low-speed
range (Vo > 20 fps), the tail and rotor contributions dominate the over-

all damping characteristics.
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A significant consequence of the potential flow theory analysis
of airship hulls 1in curvilinear flight is the conclusion that no

resultant moment arises that is proportional to steady angular velocity

(Ref. 8-11). As a result, hull rotary damping must arise froam viscous
flow effects. A "strip theory" solution for hui’ dampingz can be
obtained by considering the lengthwise variation of "crossflow drag" for

pitching motion:

+2/2
1
Mn(an,, wh,) = =73 fCc,y, xy(w - 9xy)? ds (8-79)
where ~2/2
L Alrship hull 1length
w Relative crossfiow velocity at the hull center
of volume
q Relative pitching velocity
Xy Lengthwise coordinate
dS Section reference area
and for ellipsoids of revolution:
dS = D(x)dxy (8-80)
where
1/2
Dx) = a4 - X)) (8-81)
where
t = (hull length/hull diameter) = hull fineness

ratio

The expansion and evaluation of the above integral 1s an involved
procedure, complicated by the need for piecewise (non~closed-form) cal-
culations. An approximate solution that produces sufficiently accurate
results can be obtained by considering the superposition of two limiting
flight condittions.
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For hovering flight (w = 0), the rotary hull damping is given from
Eq. 8-79 as:

-pCCzhl
Mh(q, 0) =\ —130 ¢/ 9!4! (8-82)

When the relative angular rates are small compared to the relative

crossflow velocity Iq&| < |wi, Eq. 8-79 yields:

--“pCC 2'4
zh ) lwiq (8-83)

Mp(q, w) = (—'-@-f——"

The combined three-dimensional result for rotary pitching moment is:

My = Mqqly Q9yz * MqjwipdVyz (8-84)
where
wyz = /qz + r?
Mqiql and Mqy| are user supplied inputs given in the
parentheses of Eqs. 8-82 and 8-83, respectively.
and
Y
qal = o ¥ given in Eq. 8-2

TR-1151-2-II 8-28



CE

LSV SIS .+ S R,

ORIGINAL PAG™ i
OF POOR QUALITY

The remaining moment equations araz
Lh = LpjpiyP!Pl + Lplu|yplul (8-85)

Np, = errlhrmyz + ervlhtvyz (8-86)
where

errlh’ NtIVlh are user supplied 1input constants
obtained by replacing Cczh with Ccyh in Eqs. 8-82 and
8-83

LPIPI and Lplul are user supplied input constants which can be cal~
culated by strip theory analysis. Test case calculations show these
terms to be of negligible importance when compared to the roll damping

from the tail and rotors.

Theoretically, the viscous forces due to rotation of a symmetric
hull are zero. However, the simulation code retains terms 1in lerlh’
leVlh' Zq1qlp, and Zqiw|, t~ account for the small rotary forces which
can arise due to asymetric flor separation. Ordinarily these can be
neglected in comparison with the larger unsteady aerodynamic forces

(Subsection H) and the tail forces arising from vehicle rotation.
3. Summary of Hull-Only Quasi-Steady Aerodynamics

The force vector acting at the hull center of volume due to quasi-
steady aerodynamic effects is comprised of the three components given in

Eq. 8-63 to 8-65 as well as rotary force terms normally neglected:
| ]
EQSR Vo= gl Yy V Vyz ¥ Yrprteye ¥ Yepvpfyz (8-87)

-
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This force 1includes velocity interference effects (Type A) and the

Type B interference effects to be discussed subsequently in Subsec-
tion G.

The moment vector actfang at the hull center of volume due to quasi-

steady aerodynamic effects is given by:

FLWh"" * LotpipPlPl * Lpjujpplul

h cv
ZQsh =0 M“thw + Mq!th quyz + Mqlwlhquz (8-88)

Nuvpuv + Npjy g ruyz + ervlhrvyz

L -

Here the relevant equations are Eq. 8-73 to 8-78 and Eq. 8-84 to 8-86.
Again, Type A and Type B interference effects are included.

E. QUASI-STEADY TAIL (ON HULL) AERODYNAMICS

The calculation of tail-on-hull quasi-steady aerodynamic loads is
based on the assumption of steady rectilinear motion of the tail at
large local angles of attack and sideslip. These incidence angles are
derived from the relative local velocity field at the tail aerodynamic
reference center, which includes those kinematic motion effects due to
curved flight. Tail loads due to rotation about the tail’s reference

center are negligible except for rolling effects.

In low incidence flow the fin forces arise from circulation and edge
vortex effects; this 1s catled the '"pre-stall" regime, wherein forces
depend on dynamic pressure, tall local angles of incidence (a and 8) ard
tail surface deflections. At high incidences, near +90 deg, the forces
arise from separated flow effects. This 1is called the '"crossflow"

regime. Between these is the "stall transition” regime.

The forces for aft-quadrant flow directions (e.g., incidences from

490 to %180 deg) are assumed to be mirror 1images of the forward flow
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forces. This assumption 1is roughly true for low aspect ratio, sharp
edged, fins on slender bodies, and it greatly reduces the number of
input parameters. Should greater precision be desired about a given
angle of attack or sideslip trim condition, the form of the equations is
gufficiently flexible to peramit fitting it to more localized aerodynamic

properties, as obtained by test or semi-empirical methods.

Additional interference effects besides those that were treated in
Subsection C arise from ground proximity to the tail. This causes an
increace in the tail local angle of attack (Type A interference) and an
increase in the tail lifting efficiency (Type B interference). These
inter.erence effects can be important in the low incidence regime, but
will be less important in the crossflow and stall transition regimes.
In the development of the tail force models we assume that the tail 1lift
parameters are konown a priori. The corrections for the various hull and

talil Type B interference effects will be presented in Subsection G.

Before continuing with the detalled equations for quasi-steady tail
loads, we present the definitions for angle of attack and angle of side-
slip since they will be needed in the following sections. Here we also
present corrections to these local incidence angles arising from ground
on tail velocity interference (Type A) and tail control surface deflec-

tions.
1. Tail Aerodynamic Incidence Angles

The definitions for aerodynamic angle of attack and angle of side-
slip commonly used in helicopter literature have been adopted in order
to allow a continuous description of aerodynamic loads for all angles of
incidence. The definition for angle of attack is the standard ome which
i3 used in all aircraft applications. However, the angle of sideslip is
determined by the projection of the relative flow vector on the x-y
plane of the hull. The algebraic equations for these angles are given
in terms of the local velocity vector at the tall aerodynamic reference

center as:
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tan~1(w/u) (8-89)

tan~1l(v/u) (8-90)

©w
|

where, u, v, and w are the three components of (Vj t)' given in Eq.
8-35.

The tail rolling moment due to rolling velocity is calculated from
the local angle of attack at the nominal tail tip location [also
referred to as the non-dimensional roll-rate in the literature (Ref.

ap = tan~1 =) (8-91)

where bt is the reference tail span and p is the first component of

wd ©, from Eq. 8-4.

2. Tail Surface Deflection and Ground
Effect Vel 1{ity Interference

The local tail aerodynamic angles of incidence are affected by
deflections of the tail control surfaces and ground proximity (Type A
interference). The deflection of the tail surfaces causes a change in
the local angle of attack (due to elevator), local sideslip (due to
rudder), and local rolling angle of attack (due to ailerons), which is
calculated by a simple model based on the tail deflection angle (6§) and
a control surface effectiveness parameter (t). Ground proximity causes
a reduction in the 1induced anglc of attack at the tail aerodynamic

center due to the straightening effect of the ground plane.

For small angles of deflection, the change in local tail incidence
due to tail control surface deflection 1s 1linearly related to the
deflection angle with a correction for movable tail surface geometry.
When the deflections become large (greater than 60 deg), the effective-
ness of the movable tail surfaces becomes severely limited. The follow~
ing model accounts for the change in tail surface efficiency with

increasing deflection angles and was taken from Ref. 8-6:
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a’ = a+ 1o 8in § (8-92)
B° = B8 + 1y 8in §p (8-93)
cp' = ap + 75 8in § (8-94)

where the primed notation here indicates that the aerodynamic angles

have been corrected for tail surface deflections, and

Ga are the elevator, rudder, and aileron
deflections, respectively

T, T T are the tail surface effectiveness

e a
parameters for the elevator, rudder,
and ailerons, respectively

t’

The values for the tail effectiveness parameters are user input con-
stants, determined from the movable surface planform and the area of the

respective movable surfaces as percentages of the fixed tail areas.

The calculation of the velocity ground effect (Type A) on a lifting
wing 1s based on a potential flow wmodcl of the ground plane as a
reflecting vortex system. The strength of this reflecting vortex is
dependent upon the lifting efficiency of the tail (1ift curve slope) and
the nondimensional height of the tail above the ground plane ﬁt = (ver-
tical location of the horizontal tail/bt). This ground effect decreases
with the inverse square of the nondimensional tail height, becoming neg-
ligible for tail locations greater than three tail spans above the
ground. As a result, this correction will be unimportant except for
mooring and rolling takeoff calculations. The following approximate

model is based upon the equations given by Etkin (Ref. 8-15):

(a)” = (TIAC)a (8-95)
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(a)’ denotes that the tall angle of attack has been
corrected for ground effects, and

TIAC

[(degq/ae)(3e/3a)] + 1 (8-96)

deg1/3e  1s the rate of change of the ground-
induced downwash angle with respect
to the tail-induced downwash angle

3¢/3u is the rate of change of tail-induced
downwash angle with respect to tail
freestream angle of attack

and are given by:

3531 1
s = = (8-97)
1 + (KGTB)(h¢)
2
e 2 Zth
4% = \—/——= (8-98)
TPairbe
In these equations,
KGTB is an input constant
he ht/bt’ the height of tail aerodynamic

reference center normalized.

Z 9 is a an input parameter defined in Eq. 8-144
avy of the following subsection

The effects of ground proximity on the local tail angle of sideslip
and rolling angle of attack are neglected as being small in comparison
with the preceding tail surface deflection and ground-induced downwash

corrections.
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The equations for the local tail incidence angles, including the

effects of tail surface deflecti:as and ground proximity, are given by:

(e} = [a+ (1o sin §g)](TIAC) (8-99)
(B)" = B+ (1 sin &) (8-100)
(ap)' = ap + (14 sin &) (8-101)

where the primed ( )° notation now indicates that the tail aerodynamic
incidences have been corrected for both tail surface deflecticn and

ground proximity effects.

The rolling angle of attack correction of Eq. 8-101 is used in the
model for tail rolling moment due to rtoll rate. However, aileron
deflection does not affect the generation of side force due to roll
rate, which 1s also indexed to the rolling angle of attack. For this
case the uncorrected rolling angle of attack (ap) given in Eq. 8-91 is
used and will be distinguished from the adjusted value by the second

subsaript, "o'":

o

ap, = tan'lfg- t) (8-102)

“

In the discussion that follows, the tail local incidence angles
refer to the final corrected values of Eqs. 8-99 to 8-102.

3. Definitions for Large Angles of Incideance

The following definitions “or reflected (supplementary) angles of
{ncidence allow the use of single-quadrant equations in the tail aero-

dynaaic modeis:
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a lal € w/2
x = (8-103)
n(sgn a] - a /2 < Jal €«
8 181 < n/2
g = (8-104)
nfsgn B] -~ B ®/2 < |8 < =
ap lopl € /2
aé - (8-105)
n(sgn ap] - o ) n/2 £ lapl € =
apo laPol < /2
% ™) (8-106)
n|sgn apo] - %, ﬂ/2<lapo| <m

In these equations, the singles on the right hand side are defined
by the primed quantities in Eq. 8-99 to 8-10l. Further, the sign func-
tion is given by:

11 A>»0
A = (8-107)
-1 A<O

The three taill 1incidence regimes (i.e., pre-stall, transition, and
crossflow) ured 1n each of rthe aerodynamic force and moment wmodels
(except for axial force) are defined ir. terms of six parameters (aj, ay,

81, B2, ap, “Pz) as follows:
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TABLE 8-1. TAIL AERODYNAMIC REGIMES

a’ 8’ uB (and aﬁo)
Pre-Stall la’l € a1 181 < B) lagl < %)
P en | @1 < l1aTi <oy BL < 1871 < Bp ap; < logl < apy
Crossflow ap < ja’} < w/2 By < IB'] < %/2 ap, € |u6| < n/2

4. Tail Porces

Tail forces are modeled for the c.ambination of fins on the hull, so
11ft carryover and mutual hull/fin interference effects are subsumed in
the net tail coefficients. Tor simplicity, the tail forces are assumed
to pass through zero at :zero incidence. At low angles of incidence
(pre-stall) the ncrmal forces (Z and Y) are modeled by a sum . iinear
effects proporiional to (a’, B, ap) and leading edge vortex effects

proportional to (u'z, 8'2, a;Z).

Instead of the conventlonal practice of v iting Z as a product of
total dynaanic pressure (« Vg) and coefficier's .ependent on a" and 8,
we have found it more efficient to use the dynamic pressure perpendicu-

lar *> the relevant span (~ V% ). By doing this, the Z-force siope

z
Czu becomes near.y constant for :11 B’. Similariy for lateral forces,
referencing to V%Yt allows the use of a single slope Cv_J which is nearly
constant for all a’. This agrees with skewed-wing theory (Ref. 8-6),
ma:ches data well, and simplifies the similation of large incidences.
At large angles of attack (post-stall), the tail’s normal forcas are
modeied by an extension of the hull crossfiow theory covare: . ovwe,
with CCYt and CCzt being the crosswind drag coefficients of the (- (on

hull) assembly. In the stall transition r ~ime, the tall force- are
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linearly interpolated between those at ay and ar; Bl and 82; and %, and

regpectively.

The tail axial force is closely proportional, over a large angle
range, to a constant (predominantly skin friction) coefficient times the

axial component of relative velocity (u) squared:
X, = UXUIUIt uluf (8~108)

where xulult is an 1input parameter determined by the user. It 1is
related to the conventional aerudymamic quantities according to the

dufining equation:

-p
Sluly = 'ig'StCAt (8-109)

The tail reference area, St’ is that which 1is consistent with the

axial drag coefficient, Cp .

The tall static Y-force model shown in Fig. 8-5 is defined by the

following equations:
Pre-Stall: |3°| < B}; all a and ap
. = ’ ’ ’ 2 _
Yoo a[YBV% B’ + YBZVE B7 18”1 [Vgy, (8-110)

vaere

iy, = Yu?+v2 (8-111)

Crossflow: B; < |8°] < #/2 ; all a’ and a6

Yo, = 0 Yypy ¥ Vyz, (8-112)
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-— Pre-Stall Trosr:soilt:on =— —— Crossflow
Y%
1 J 1
, .
0 B B, I
f3'(rad)
Figure 8-5. Tail Static Y-Force Model
where

= N2+ wl (8~113)

Vyzt

Transition: B8} < 8’ < B2; all a’ and ap

¥ (82) - Yt(ei)] @ - 8 (B-114)

Yr o= YD + [ Py

where Yt(815 is determined from Eq, 8~110 with B' = Bi, and

Ye(B3) = av2 Vyz, Yyjvy (8-115)
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where

Bl = B) sgn B (8-116)
B = B sgn B (8-117)
vy = nyt sin Bé (8-118)
Ve, = AP+ 2 (8-119)

Neglecting sume higher—order effects of overlapping a, B, and %
regimes, the dynamic Y-forces (i.e., those due to rolling velocities
about the tail aerodynamic reference center) are calculated similarly.

Note that @p, rather than a_  is used, s'nce the ailerons do not con-

P
tribute to the dynamic Y-forces.

Pre-Stall: 'aéol < oy all a’ and 8’

= , ¢ ’ 2 -
Y4 o[Yapvg o, * Ya%vg %o 1o, | [Viy, (8-120)

Crossflow: ap, < laéol < 1/2; all a’ and 8°

Yy, = o Y¥ppy, PIPI (8-121)

u

Transition: ) < aé < ap,y; all a’ and 8’

Yeqlapy ) = Yeglap; )
P 0 o ’ '
Yeg = Yeglopy )+ on, - %1 (apy = apy,) (8-122)
o [o]

and

Ytd(aélo) Is determined from Eq. 8-120 with ap = aélo

Yeylap, = opylpy 1 ¥p ey, (8-123)

'
[
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where
’

%1, ~ %1 %87 %,

L4

%p2, T %2 %" %,

(2vp, /b)) sin ap

P2

v

pp = fuZ + (pby/2)?

The tail z—forces are given by:

Pre-Stall: |a’| < ap; all 8" and aj

Z, = o[Zavzta' + ZaZVZt a'lu'l]V%zt

where

szt = ¢u2 +T;5

Crossflow: ap < ja’i < w/2; all 8’ and ap

Zt = OZwlwltw Vyzt

Transition: a; < a’ < ap; all B8’ and ap

- al)

Zc(ué} - Zc(ui) , R
7 7 (G
ar - aj

Zt = Zt(ai) + [

where Zt(ui) is determined from Eq. 8-128 with o’ = ui, and

Zt(QZ) = o w vyzzzwlwlt
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where

a =

a =

v

m

a] sgn a

aj sgn a

R INESUPEV A I i |

szt sin ap

yz2

In the preceding equations

/v + wl

(8-133)

(8-134)

(8-135)

(8-136)

(Eq. 8-108 to 8-136), the coefficients,

Xatuler Ygy2,» Yg2¢2 5 Yplpiy Yapvz » Ya2y2 » Yvivig Zg92, 0 Z2y2 > and
ZWIVI: are related to the conventional aerodynamic quantities according

to the defining equation::

xulult

YBVZt

Y
BZVZt

Y 2
Gpvt

Zulwl,

TR-1151-2-11

(‘DQ/Z)S:CAt
(—po/Z)StCYBt
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(‘po/z)StCY 2
%p¢
(-DO/Z)SCCYPIPIt

-po/2)8:C

( Po/ t Cyt
(-po/Z)StCZQt
at

(‘Do/z)stcczt
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(8-138)

(8-139)

(8-140)

(8-141)

(8-142)

(8-143)

(8-144)

(8-145)

(8-146)



- - ——

agy

[ TS

The nondimensional parameters of Eq. 8~137 through 8-146 (e.g., Cp.»
t

Cy 2 etc.) are obtained from available wind tunnel data, see Appen-~
a

dlxpﬁ.
S. Tail Moments

The normal (Y, and Zt) and axial (Xt) forces computed at the tail’s
aerodynamic reference center are transferred to the hull c.g. to yield
net quasi-steady static aercdynamic forces and moments there. The small
pitching and yawing moments which are measured about the tail’s own
aerodynamic reference center due to pitching and yawing angular veloci-
ties are neglected in comparison with the large analogous momeuts on the
hwll (Eqs. 8-84 and 8-86). Significant tail rolling moments arise due
to static sideslip (dihedral effect) and roll rate (ap). Since the hull
static and dynamic rolling moments are typically negligible (Subsec~-
tion D, articles . and 2), the analogous tail moments are retained. The
tail rolling moment de, endency on roll rate (a'p) is assumed to follow
the same model as was used for the tail dynamic side force (i.e., single
dependency on a'p). However, the model for tail static rolling moment
due to sideslip is more complicated, involving a generalized model which
is dependent on both angle of attack and sideslip. This is necessary to
account for the inherent asymmetry of the tail static rolling moment

characteristics.

The pitching and yawing moments about the t~2il aerodynamic raference
center due to pitching aund yawing velocities and the tail X and Z forces
due to tail angular velocities are second-order terms and are ncglected.
However, the tail rolling moment due to rolling angle of attack (cp) is
retained, since it contributes the dominznt roll damping of the hull/
tail system. The model for this moment is directly analogous to that
used for the calculation of the dynamic Y-force. Since the tail rollinxg
moment generated by roll rate iz the same as that due to an equivalent
allezon deflection, the tall rolling augle of attack used in the follow-
ing calculations 1is that which was corrected for aileron deflection
effects (Eq. 8-101). The resulting model for tail dynawmic rolling

moment 1is preseated below:
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Pre-Stall: laﬁl < oy all a’ and 8°

Crossflow: ap, < |q§| < %/2; all a’ and B’

Leg = olpjpy, Plpl

Transition: Ay < aﬁ < @y s all a’ and B’

Ltd(ax;z') - LEd(“‘r’:l) (@ - a5 )
%2 ~ %; %

Ltd = Lt::(01;1) +

where Ltd(aél) i3 determined from Eq. 8-147 with aé = “él: and

and

4

Gpy ¥ Gp; S80 ap

sz = sz sgn Qp

2 ’
P2 = (W vpc) sin Q.p

(8-147)

(8-148)

(8-149)

(8-150)

(8-151)

(8-152)

(8-153)

with th given in Eq. 8-127 L Vzt’ L szt* Lplplt are related to the

conventional aerodynamic quantities according to the defining equations:
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L = (~p,/2)S.b:C (8~-154)
apvzt [¢] t t 2upt

L = (=pg/2)S¢beC (8~155)
a%vzt o tht lagt

The generation of tail static rolling moment due to sideslip (dihe~
dral effect) depends upon both angle of attack (a’) and sideslip (B’).
This results from the change in the rolling moment duc to sideslip
derivative (LB) with changes in angle of attack, which arises from tails
with swept-back quarter chord lines. Even for zero angle of attack,
large dihedral effects may exist as a result of tails which are nonsym-
metrically disposed on the hull (e.g., vee— or tee-tails). Surveys of a
wide range of dihedrals effects at large angles of incidence leads to
the following five-regime flow model (Fig. 8-6), which 1s a generaliza-

tion of the previous three-regime models:
Pre-Stall: [a’| < aj and [B"] < B); all aé

., 0= ’ e, lv2 -
lrg o[LBVZt B + Lqugt B'a ]vxyt (8-157)

Crossflow: |a’| » ap and/or |B"| » Bp; all aﬁ

LtS = g LVIVltv Vyzt (8-158)

a~Stall Transit’ ap < la’]l < a2 2nd |R°' < B1; all a

Linear interpolation between ai and aé along constant B°

Le (o, 8° ) - Lt(al, 8°) 1 (o = o’ (8-159)
gy | ‘

Leg = Legaps B +
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Figure 8-6, Flow Regimes for Tail, Rolling Moment
Static Model
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g-Stall Transition: |a’] < ap and B; < |E°| < B2; all uﬁ

Linear interpoiation between Bi aud Bé along constant a’

Le(a’, B2) - Lela’, B1)
By - B}

Ly, = Leg(al, B1) +[ (8" - B1) (8~160)

a_and B Stall Transition: a] < |a’| < a2 and B) < |B’} < B2; all ap

Linear interpolation between @ and a, along constant B’

Le( 2, B°) = Le(al, B°)

a - o

Ly = Lc(ai» 5,)2 + ] (a’ - ai) (8-161)

where Lts(ai, 8°) 1s determined from Eq. 8-157 with a’ = ui, and

Lts((lz, 8 )=og¢ nyzt LVIVIt (8~162)
Le (o', B1) is determined from Eq. 8-157 with 8" = 8], and

Lts(q" 82) = quvyzzL‘”vlt (8"163)

Lts(ai, 81)2 is determined from Eq- 8-157 with o’ = a] and v and Vyz,
are given in Eqs. 8-118 and 8-119, respectively. L .2 , L, .2 , and
gv t BaV t
LVIVIt are rclated to the conventional aerodynamic quantities according

to the defining equations:

-po
B — 8-
stzt 2 Stth!‘Bc =0 ( 164)
oCyg
~Po Bt
LB'J‘VZt = 7 Stbt 3a (8 165)
-po 8
Lvivig = 77 Stdelay g, (8-166)
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The preceding expressions for the dihedral effect may seem complex.
However, they are the minimum complexity required to represent the
strongly nonlinear variations in rolling woment as a function of angle
of attack and sideslip which occur within and beyond the conventional
attached flow regime. For example, it is well known (Ref. 8-16) that
X-oriented fins give stability (restoring) dihedral effect at large «
and small B, and unstable (divergent) dihedral effect if rolled at
«5 deg to give equal a and B. The above equations correctly model this
effect. When the HLA tail operates in the fully separateu crossflow
regime, the dihedral effect variations become very idiosyncratic func-
tions of particular fin geometry, and the analytical model may not

accurately represent specific details.
6. Summary of Tail-Only Quasi-Stea” Aerodyramics

The force vector acting of the tail centroid due to the quasi-steady

aerodynamic effects discussed in this subsection 1s given by:

X¢ 0

-

Fgs, = o JYeg| * o }Yed (8-167)
lzt 0

where the vari.us force terms are taken from article 4 (Eq. 8-108 to

The moment vector acting at the tail centroid contains only rolling

moment contributions for article 3 (Eq. 8-146 to Eq. 8-166):

Les Led
Tosit = o 0] + o O (8-168)
0 0

In both cases the effects of velocity interferenc:z (Type A) and tail
surface deflection are accounted for; the Type B interference eff :s

are implicit in the coefficients.
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F. TYPICAL HULL/TAIL QUAS.-STEADY AERODYNAMIC
CHARACTERISTICS

This subsection sums the quasi-steady forces and moments of the huil
and tail at the center of gravity of the hull assembly. The resulting
model 's then correlated with wind tunnel data for a classical airship
design. This serves to expose the generic form of airship aerodynamic
forces and moments. The aerodynamic force and moment variations of the
hull and tail components used in an example HLA configuration are also
presented to illustrate further the hull and tail equations developed
above. This particular vehicle configuration was used throughout the

simulation development.
l. Porce and Mowent Summation

The quasi-steady aerodynamic force acting at the hull center of
volume 1is given by the sum of the hull cnly force (Eq. 8-87) and the
tail-only force (Eq. 8-167).

h cv - _ht
EQSh = EQSh + -QSy (8-169)

The quasi-steady aerodynamic moment is more complex in that allow-
ance is made for the tail center of pressure not at the tail reference
center. The result 1is expressed as a reduction in the tail centroid
location relative to the hull center of volume (typically by 10 to
40 percent) 1{s due to the mutual interference effect of the tail and
hull (Ref. 8-17). This interference effect is modeled by including cor-
rection ratios in the moment arm relative to the center uf volume. Thus
if the geometric moment arm is given by:

RS, = [x y 2zIT (8-170)
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then the modified matrix for expanding the vector cross product is:

\ 7]
0 “Azpz dypy
-Ayry Axrx 0

(8-171)

where the hat (") denotes the modification and the A’s are the correc-

tion ratios.

In the present model, the lateral offset of the tail centroid from

the hull center of volume ls assumed zero. Further, the vertical center

cf pressure correction retios for rolling and pitching are

equal, that is

Azp Azq

Only the value of Azq need be specified, whence [Rﬂgv x] is

.
0 =Azq2 0

[REE, x] = | Azq2 0 —AgqX
0 AgrX 0
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The resulting quasi-~-steady aerodynamic mument about %~he hull assem-

bly center of gravity 1is given by:

hev hev hev ne hev
Isy, = Iqsy, + B xEqs, +Igs, *+Rn

(£-174)

ht “ht ht
x EQSh + [Rhcv *] EQSh

Implicit 1in these -esults (Eq. 8-1€3 and 8-174) are b.th Trpe A and

Type B interferznce effects.
2. Validation of Quasi-Steady Model

The bull and tail aerodynamic models were va_.ldated ngainst exten—-
sive wind tupnel data for the airships "Akron," "Shenandoah," "R101,"
and the "Goodyear Zeppelins" (Refs. 2-3, 3-13, 8-i8, 8-19, 8-20).
Static 1lift, drag, and pitching moment data for the "Axron,” with a
fineness rati{o of 6, are plotted in Fig. 8-7. Also shown are the fitted

simulation model equations converted to wind az!l. components.

The simulation model drag results are within S perceat of the
experimental data over a large range of incidences. As expected, the
predicted hull 1lift is deficient, iun comparison to the data. However,
the error is less than 10 percent when the hull/tail configuration is
considered. Bare hull pitching moment chacacteristics match fairly t.»2'1l
when a separation factor, Mo of (.75 18 used. Pitching momert correla-
tion with the t i1 on 1s not so good, due to the rearward shift of the
tail center of pressure. Howzve:, the low inciderce instability and
higher {ncidjence stability .o typical ot airshinss are mafched. Addi-
tional correlations with "igh 1incidence and oscillarory (danping) data
indicate that the hull and tall aerodyr mic forces are zeu:rally valid
to within aboutr 25 percent accuracy over the entire Hia operational
fl1gh. envelope. C-nsidering ‘hat ne 'rly all of the !iLA aerodynaric
characceristics requiring control can be simulated, furtie 2caplexity

in this generic model is hard *o justify.
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3. Steady Aerodynamicas Model of Example Coufiguration

The qrasi-steady aerodynamic (model) characteristics for the bare
hull and hull/tail assembly of the example simulation test configuration
of Fig. 8-8 are presented in Fig. 8-9 for a constant flight speed of 50
ft/sec. The hull properties are assumed equal in pitch or yaw, and the
tail-on-hull properties for the 45 deg vee-tail are assumed to be the
same in pitch or yaw, except for the rolling moment. Semi-empirical
methods (Refs. 8-6, 8-7, 8-21, 8-22) were used to estimate the basic
aerodynamic characteristics. The static Z(Y)-force (Fig. 8-9a) is seen
to be dominated by the bare null, as a result of the small tail exposed
area. The static pitching (yawing) moment characteristics (Fig. 8-9b)
show that the small stable tail countribution is completely overridden by
the large unstable hull contribution, thereby rendering the vehicle
statically unstable (metacentric stability not included). The present
test case, which has a vee-tail, exhibits large negative rolling moments
due to sideslip (positive dihedral effect). Figure 8-9c shows signifi-
cant nonliaearities in the model for angles of attack of +35 and -35
deg, owing to the assumed breakdown of attached flow in the stall tran-
sition regimes. The bare hull damping characteristics for axial and
non-axial flight are presentad in Fig, 8-9d. While the offsets in
moments at zero angular rate (q,1 = 0) are due to the static hull moment
characteristics, the significant increase in damping momeat with angular

rate results from the wi, and v, dependency in Eqs. 8-84 and 8-86.

G. ADDITIONAL INTERFERENCE EFFECTS

Subsections C and E, article 2 treated the various velocity (Type A)
interfoarence effects on the hull and tail. Additional important inter-
ference =2ffects arise from the proximity of the rotors and propellers to
the hull, and the ground to the hull and tail. These effects may sig-
nificantly alter the drag and lift parameters of the hull and tail (Type
B interference). For most standard configurations wi.ere the rotor and

propeilov wakes do not directly impinge on the tail surfaceg, the Type B
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Hull
Length 240 ft
Diameter 103 ft
Volume 1.5 % 106 f£¢3
Tail Area 2520 ft2
Weight 8.89 x 10% 1b

Lift Propulsion Unit (LPU)

Rotor Diameter 56 ft
Propeller Diameter 13 ft
Engine Horsepower 1524 hp
(One per LPU)

Weight (Each LPU) 9 x 103 1b
Composite Vehicle Unloaded Loaded
Weight (1b) 125,000 165,000
Buoyancy Ratio 0.92 0.70

Figure 8-8, Simulation Test Configuration
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wake interference effects on the tail crossflow drag coefficients will
not be important. In addition, the effect of ground proximity on the
tall crossflow drag coefficient 's neglected in comparison to the simi-
lar effect on the hull,

The rotor-on~hull interference model is based on the HLA wind tunnel
data of Ref. 8-1. The model is generalized to represent the similar
effects of the propeller interference on the hull. The model of ground
effects on the hull is drawn from wind tunnel experiments on a model of
the airship Akron, described in Ref. 8-3. The grcund-on-tail interfer-
ence model is based on wind tunnel data (Ref. 8-6) and a potential flow
sol:tion (Ref. 8-15).

1. Rotor-on-Hull Interference

The data of Ref. 8-1 show a significant increase in hull crossflow
drag coefficient (Ccyh) with the rotor thrust increase for operations in
the large angle of sideslip regime. This is probably due to the inter-
action of rotor and hull wakes. For the maximum rotor thrust settings,
the hull crossflow drag coefficient increases by 80 percent for the
nominal rotor spacing, with small reductions for more outward rotor
locations.

The rotor thrust-velocity-squared (U%)rotor

(with UT given Eq. 7~51)
is representative of the rotor self-induced flow energy, the dominant
source of rotor-on-hull Type B interference. A measure of the induced
flow energy from all four rotors is obtained from the following defini-

tion of the total thrust-velocity-squared:

4
2 2 . rotor 1
UTeocal (ut) (8-175)

nt

i=1

The ratio of the hull crossflow dr.~ coefficient with cotors off to that
obtained with all rotors on is designated (Ccyh)'/CCyh where the ( )’
notation indicates that the hull crossflow drag coefficient has been
corrected for the interference effect of all rotors. The variation of
this hull crossflow drag coefficient ratio with total thrust-velocity-
squared i{s shown in Fig. 8-10. The data were obtained from Ref. 8-1 for
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Figure 8-10. Rotor Interference Effect on Hull Crossflow

Drag Coefficient for Outward Rotor Locations
(d = 1.5)

the nominal nondimensional rotor/hull separation distance (& of Subsec-—

tion Cl) equal to l.47.

As can be seen in Fig. 8-10, the variation of the drag coefficient
ratio with thrust velocity follows nearly a square law for this configu-
ration. However, for more outward rotor locations, the wind tunnel data
shov a more linear dependency on thrust velocity. In order to accommo-
date arbitrary rotor locations, the following general model has been

adopted:

(CC h)' 4 2, ,rotor 1
-C—Eih_ = 1+ 12=:1 [(KRHAIUT|) + (KRHB UT)] (8-176)
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where Uy 1is defined in Eq. 7-51, and KRHA and KRHB are user-supplied
constants for each rotor obtained from available '7ind tunnel data. This
hull crossflow drag coefficient correction is reflected in the hull

crossflow drag parameter as follows:

(CC h)'
(Yopviy)’ = -——JL——-Yv,v,h (8-177)

Ccyh
where (Y;y|y, )° denotes that Y v)v, of Eqs. 8-64 and 8-69 has been cor-

rected for rotor interference.

2. Propeller—on-Hull Interference

The propellers, like the rotors, can cause significant changes in
the hull crossflow drag coefficient due to wake interaction. The model
adopted for propeller-on-huil Type B interference 1is identical to that
discussed previously for the rotor-on-hull interference. The interfer-
ence constants of the Eq. 8-174 are redefined for each propeller (KPHA,
KPHB). When the propeller and rotor hubs are in roughly the same loca-
tion, the propeller interference constants (KPHA, KPHB) are user
approximated from the rotor constants and the ratic of the propeller and

rotor disk areas according to the following relations:

(keHA)PTOP 1 = (gmua)rotor 1 3yt (8-178)
(kpHB )PTOP 1. (kR )FOtOT t (K)i (8~179)
- 11
where (A)L = QBEEEEE;EE, for the ith LPU (same as Eq. 8-37)

3. Ground-on-Hull Interference

The data of Ref. 8-3 show a significant decrease in the hull cross-
flow drag coefficient (Ccyh) for crossflow conditions where the height
of the hull ahove the ground is reduced to within one hull diameter.

This decrease in the crossflow drag coefficient with decreasing ground
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hefght is due to changes in the leeward hull wake as the ground fis
approached. The data of Ref. 8~3 are plotted, in Fig. 8-11, in terms of
the drag coefficient ratio (Ccyh)'/Ccyh where the primed ( )’ notation
denotes that the crossflow drag coefficient has been corrected for
ground-on~hull interference. These data are plotted as a function of
normalized hull height;\ (= height of the hull center of volume above
che ground/hull diameter). The data of Fig. 8-11 indicate that the
crossflow drag coefficient correction becomes negligible when the height
of the hull center of volume exceeds one hull diameter. 4s shown in
this figure the wind tunnel data follow an exponential function of nor-
malized hull height, approximated in the following equation:

(cc)’

2 4] -

(X)h
Cc e

(8-180)

where K 1s the curve fit constant. When the hull orieated upright
(with ¢ = 8 = 0), the Y-force model is given by:

(Yp)’ = Yp+ (AYh)ge (8-181)

where ( )’ denotes that Yh has been corrected for ground interference.
Yh is given in Eq. 8-64 including the rotor and propeller interference

effects on YVlVlh' and

-~

K)h
(B¥p)ge = =W §v§| e( )

YVIV‘h (8-182)
with Vy as in Eq. 8-43. When the hull pitch angles are small, the
dependency on normasized hull height accounts for differences between
the ground interference effects along the length of the hull. The
effect of hull roll angle 1s accounted for by the generalization of the
side force corrections of Eqs. 8-181 and 8-182:

(Xp)" = Xp (no interference effect) (8-183)
(Yh)' = Y, + (AYh)ge (8-184)
(zp)" = 2zp + (AZh)ge (8-185)
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Figure 8~11. Ground Interference Effect on Hull
Crossflow Drag Coefficient

and Xh, Yh' Zh are given in Eqs. 8-58, 8-64, and 8-65 ani are corrected
for rotor and propeller interference according to Subsection G, Articles

1 and 2.

(atn)g = 95 |95 ] ({KCHBIRY (Lo gy ) (FVVABH ) (8-186)
(42)ge = =5 3 V) (M) (s1n gy )(Fvvasn)  (8-187)
where
vd t is given in Eq. 8-57
FVVABH = VY\ZIIVIh cos? o + Z‘%lwlh sin o (8-188)
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4. Ground-on-Tail Interference

The presence of the ground plane causes an increase in the tail cir-
culation and lift effectiveness (Zuvzt) due to the favorable interfer-
ence of the ground plane on the three-dimensional flow characteristics
of the tail (Ref. 8-6). The following simplified exponential model
bzsed on nondimensional height of the tail above the ground hy (= tail
height, ht/tail span, bt) was developed from data given in Hoerner
(Ref. 8-6):

(zavzt)’ = Za2, (TcLe) (8-189)

where ( )’ denotes that the tail circulation 1lift parameter (quz ] has
t

been corrected for ground effects, and

-~

- o(KSTAIN

TCLC = 1/[1 (8~190)

~

In this expression, hg

tail height above the ground divided by bt H

user-supplied effective tail span (same value as in Subsection E, Arti-
e 1), and KGTA is a user-supplied input constant.

The effects of roll and pitch ang'e on the tail ground effect calcu-
lations are ignored in addition to the unknown effects of ground prox-

imity on the tail vortex lift effectiveness (Zazvz e
t
H. UNSTEADY AERODYNAMICS AND BUOYANCY

The afrship’s low relative density (buoyancy force/weight) makes its
static buoyancy force contribution very significant and gives rise to
the airship’s relative sensitivity to unsteady aerodynamic loads,
neither of which are generally of great importance for conventional air-
craft. This section presents equations for these effects while making

careful distinction among the several categories of loads involved.

The various loads can be classified in three categories. The first

category of loads are those which arise from momentum changes 1in the
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local flow due to accelerations of the vehicle or the airmass. These so
called "apparent mass" effects impart large forces and moments to the

hull and tail.

The second category of loads are those which arise from
dependent build up of the bound-vortex patterns accompanying 1 ting
surfaces. The importance of this category of loads, so-celied "circu-
lation lag" effects depends upon the lifting characteristics of the

individual elements.

Buoyancy loads are in the third category and arise from pressure
gradients in the atmospher surrounding the HLA. The vertical pressure
gradient induced by the earth’s gravitational field produces the static
buoyancy of the airship. Accelerated ambient flow fields also have
pressure gradients which give rise to loads which are analogous to the
static buoyancy forces. These are often termed "horizontal buoyancy"
forces although the surr unding alirmass can accelerate vertically as
well. More precisely they are termed “buoyancy pressure gradient"
forces. These loads depend on the inertial acceleration of the ambient
flow, and the displaced volume of the hull. The tail does not experi-

ence buoyancy loads since its displaced volume is negligible.

Figure 8-12 taken from Ref. 8-23 shows a typical time history of the
forces imparted to a two-dimensional (i.e., infinite span) wing during a
step up gust encounter. The initial (infinite) impulsive force arises
from the (instantaneous) momentum change in the local ! ow which accomp-
anies the abrupt alteration of the steady stream iines. This 1is the
"apparent mass" effect. Following this, a bleedoff in the impulsive
force occurs with the force level approaching that given by the quasi-
steady model. The lag in the bleed-off of the impulsive forces results

from the time required for the bound vortex to reach a steady state con-
dition.

The circulation lag effects on an airship hull are very small since

it experiences only small circulation lift forces (Subsection D). To be
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Figure 8-12. Typical Tail Vertical Force .ime History During
a Step Up-Gust Encounter (From Ref. 8-23)

consistent with the previous omission of the hull lift forces at low
angles of attack (2-alpha flow), these associated circulation lag
effects are omitted. However, the ~pparent mass effects are very appre-
ciable for the hull, contributing the dominant source of vehicle loads

for unsteady motion.

The tall experiences loads due to both circulation lag and apparent
mass effects. The former 1is highly sensitive to the effective tail
aspect ratio (b%/st), with a value of 1 or 2 being typical of airships.
For quasi-steady flow, the tail forces contrxibute only a small fraction
of the total (bull tail) aerodynamic forces due to the typically small
relative tail size. This was demonstrated in the quasi-steuady results
of Subsection F. The circulation lag effects, which are only a small
fraction of the typically small quasi-steady tall forces, mery be

neglected in comparison with the larger tail apparent mass loads.
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Inclusion of tail circulation lag effects should be considered for con-

figurations with unusually large tail surfaces of high aspect ratio.

Summarizing the above simplifications, the unsteady aerodynamic
effects which are modeled in the simulation are: the apparent mass
effects on the hull and tail, and the buoyancy pressure gradient effects
on the hull. These models are based on the potential flow solutions of
Refs. 8-1i1, and 8-24 to 8-27. The aesociated effects of rotor, propel-
ler and ground interference are uanknown and ther2forec neglected. The
unsteady aerodynamic forces and moments3 which arise from flow momentum

changes (apparent mass effects) are considered first.
1. Momeatum Changes

First, a model 1is presented for determining the unsteady 1loads on
the hull, with later generalizations to allow the calculation of corres-

ponding tail loads.

As outlined above, unsteady loads result from the energy which an
accelerating body must impart to the surrounding fluid to cause changes
in an otherwise steady flow field, or the energy imparted to a trimmed
vehicle by an accelera*ing flow field (e.g. a gust). The original deri-
vetion of accelerated wmotion forces are due to Kelvin, Ref. 8-24 and
Lamb, Ref. 8-25 and were based on ejuations for imparted fluid kinmetic
energy. These concepts were accurately applied by many British and
.. .2rican scientists working on the airship problem in the early part of
this century. Most notable at a publications by Munk, Ref. 8-26 and
Imlay Ref. 8-27,.

An alternate approach to the kinetic energy solution 1is given by
Zahr (Ref. 8-11), who considered the tire rates of change of the linear
and anguiar momentum of the local flow. Ucllowing this approach, the

ilinear momentum vector of the local flow duc to hull motion is given by:

P o= p¥[KIpW (8-191)
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where yﬁ <V ois given in Eq. 8-1 (i.e., excluding interference effects),

and
Ky 0 0
[KIh =] 0 Kp 0 (8-192)
0 0
I e |
where K , K,, and K, are the so-called hull "apparent mass" constants

which are shape factors determined in part by the fineness racio of the
hull (Ref. 8-11). Corrections for separation effects (typically a

reductlon of less than 20 percent) are discussed in Ref. 8-28.

The hull forces imparted by the surrounding fluid are equal and
opposite to the fluid forces imparted by the hull. They act at the hull
ceater of volume and are determined from Newton’s Law by the inertial
rate of change of the body referenced flow momentum vector:

. (o]
Pucp™ = =B} = - PR - (wn x BR) (8-193)

where the subscript MC stands for momentum change and uw, i{s given in
Eq. 2-31. Since the matrix [K], is referenced to the body axis, 1its

time derivative relative to rotating body axes is zero. So,
o 0
Pp = p¥IKlp Vi Y (8-194)

where §ﬂ Vs given in Eq. 8-9. The relative acceleration is dependent
upon the acceleration of the hull center of volume, gﬁc”, glven in
Eq. 8-16 waich in turn contains the unknown quantity ﬁh a function of
the external forces in Eq. 2-58. For the present, the quantity ﬁﬁ Y ie
assumed to be known a priori; the equations will be rearranged in Sub-

section I, following to accommodate the computatioral difficulty.
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Expanding Eqs. (8-193) and (8-194) in scalar form yields:

X = -pV(Kag + Koqpw = Kprpv) (8-195)
Yy, = -o¥(Kpv - Keppw + Kyrpu) (8-196)
2, = -pV(ch + Kppp,v - Kaqhu) (8-197)

o o o
where u, v, and w are components of the relative acceleration vector

7

o

u

(o] [o]

vz vg® (8-198)
o

w

The angular velocities carrying the subscript b, are components of the
angular velocity of the hull relative to the inertial reference frame

(repeats Eq. 2-31):

qhl = (Equation 2 repeated) (8-199)

While the subscripted angular velocities are elements of the angular

velocity relative to the air mass, i.e., of gg eV (Eq. 8-2).

Equation 8-195 to Eq. 8-197 can be expressed in the form:

Xn = o[X38 + Xqu,anw + Xpy,rpv] (8-200)
o O

Y, = o[Yth + Ypu, P + Yruhrh“] (8-201)
o ©

Zp = o[thw + vahPhV + unthU] (8-202)
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where the parameters Xah. xqwh, zquh, etc. are simulation input parame-
ters. These are related to the constants of Eqs. 8~195 through (8-197)
by the defining equations:

Q

Xap, = —Po¥Ky (8-203)
Xqw, = -~Po¥Kc (8-204)
Yy, = —po¥Ky (8~206)
YP"h 2 po¥K, (8-207)
Yrg, = “Po¥Kg (8-208)
Zu, = —Po¥Kc (8-209)
Zpy, = =Po¥Kp (8-210)
Zqu, = 9o¥a (8-211)

The hull moment equations are obtained by a similar analysis of the
angular wmomentum which 1s imparted to the surrounding fluid by hull
motion. As discussed in Refs. 8-11 and 8-29, linear hull motion gives
rise to an angular momentum vector as a result of the curvature of the
local streamlines around the hull ellipsoid. The inertial time rate of
change of this momentum vector results {n quasi-steady aerodynamic hull
moments of Subsection D, article 1 (Eqs. 8-73 to 8-75). When the hull
experiences angular velocities it imparts angular momentum to the local

flow according to the following relation:
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Bh = p¥[K'lp &

(8-212)

where ga Y 1s given in Eq. 8-2 (i.e., excluding interference effects),

and

ki o 0]
Kl = Jo K, © (8-213)
0 0 K¢

where K3, Kj, and K are the so-called hull "apparent inertia" constants
which are shape factors determined by the fineness ratio of the hull
(Ref. 8-11). K3 is set to zero because of the assumed cylind: :al sym-
metry of the hull.

The moment vector experienced on the hull due to angular motion 1s
obtalned from the inertial time of change of the angular momenftum vector

of the local flow:
. [o] a
Tych v = -Hy = -H, - (@ xP}) (8-214)
As before, the matrix [K"], is body axis referenced; so,

Q (o]
Hh = p%¥[K']h on (8-215)

where ;: Y 1s given in Eq. 8-12. Again, the relative angular accelera-
tion vector, ;ﬁ cv’ contains the unknown quantity ;h (Subsection B),
which 1in turun depends on the external moments as in Eq. 2-58., As
before, we assume the quantity ;% ¥ i{s known a priori, and deier the
computational problem to Subsection I, following.

|
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Expanding Eqs. (8-214) and (8-215) in scalar form yields:

Ly = -o¥(Kip + Kiqnt = Kjrna) (8-216)
My = -oV(Kﬁg + Kgrpp = Kppr) (8-217)
Np = -DV(Kég + K{pha ~ Kaqnp) (8-218)

o o . 0
where p, q and r are components of the relative angular acceleration

vector

o
p
o o
Q= m (8-219)
o
| r
and the corresponding relative angular rates are:
p |
_ acv
q = Wy
r
L J
Equat!en 8-216 to 8-718 can be rewritten as:
o© - -
Ly = ofLpyP + Lgr,ant + LgquThal (8-220)
o © - -
M = o[Mqhq + Mrphth + Hprhphr] (8-221)
o©° - -
Np = ofNp,r + Npg,Pha + Ngp,anp] (8-222)
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where the subscript (7) denotes the inertial angular velocity within the
parameters Larh, etc. These parameters are simulation inputs which are
related to the constants of Eqs. 8-216 to 8-218 by the defining equa-
tions:

Lp, = —Po¥K3 (8-223)
Larh 2 —po¥K( (8-224)
Liqp, = Po¥Kh (8-225)

Mg, = Po¥Kf (8-226)
Mepy = ~Po¥K; (8-227)
Mpe, = Po¥KE (8-228)

Ney = =Po¥KE (8-229)
Noqn = ~Po¥Kp (8-230)
Nipp, = Po¥Ki (8-231)
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The calculation of tail forces and moments which arise from changes
in the local flow momentum djrectly follows the above development for
the hull. Input parameters are related to the circumscribed area of the
tail chord and span in lieu of their nonexistant volume. For typical
airships, the forces which arise from the tail apparent mass effects are
significantly smaller than the analogous hull forces. However, the
resulting tail moments about the hull can be important due to the typi-
cally 1long taill arms. Therefore, we retain the first order effects
which depend on the linear and angular acceleration terms {the first
terms of Eqs. 8-200 to 8-202 and 8-220 to 8~222) and neglect the remain-
ing velocity product terms. This approximation is within the overall
level of accuracy of the hull-plus-tail aerodynamic model. The result-
ing equations for the force, EMC:t, and moment, IMCEt vectors at the

tall aerodynamic reference center are given by:

Xg = 0 (8-232)
o] o
Yy = oYy v o¥p p (8-233)
oo
Zy = Zgw (8-234)
o© o9
Ly = olp.p + oLvtv (8-235)
o ©
My = aMg.q (8-236)
(o]

where Ygt, Ygt th, Lgt:’ Let Mgt’ and N?-t are simulation input parame-
ters which are determined by the tail (on hull) geometry (Refs., 8-23 and
8-28). The Ygt and Lgt coefficients account for possible vertical
separation between the tail centrcid for apparent mass effects and the
hull centerline. In these equations the relative linear accelerations

from Eq. 8-14 are:
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[~ N
o
u
0 (o]
v]= " (8-238)
o
w

and (from Eq. 8-16):

-
p
o (o]
q]= &£ ° (8-239)
(o]
r

2. Buoyancy Pressure Gradient Effects

The static buoyancy force, i.e., without airmass acceleration
effects, depends upon the geometry and density of the air displaced by
the hull. It acts at the center of volume of this displaced air, which
is the geometric center of the exterior envelope. The force is s.ven

by:

Fsc’ = o¥ g Lyl 0 -1)T (8-240)

where g 1s the acceleration due to gravity and LhI is the direction

cosine matrix defined in Eq. 2-6.

Dynamic buoyancy forces are imparted by fluid pressure gradients
required to accelerate the flow. These forces are in addition to the
momentum change forces and mowents discussed above. The pressure
gradient vector ar!sing from the accelerated flow condition 13 given in

hull reference axes by:
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[ Jen cv
Ip/ ax
2™ Y = |ap/ay - -p(iﬁ“ °V) (8=241)
Total
ap/a{
) h
where (Vh" cv)Total is given in Eq. (8-18)

The force vector exerted on the hull is obtained by integrating over

the envelope voluame,

¥
ey = - [/] BV dxdyde (8-242)
o

where dxdydz = d¥. The dynamic buoyancy forc: vector 1is therefore given

by:

hev ¢ cv
F = oYV (8-243)
_DBh (-h )Total

Because the total effective airmass acceleration consists of both
acceleration and gradient terms, the dynamic buoyance can be written as

the sum of a gust acceleration term and a gust gradient term, viz:

h *
Eogy .’ = EcABy . + EcoBy (8-244)

where the gust acceleration term 1s:

Eaprs’ = o¥iR" <" (8-245)
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and the gust gradient term is:
EGGB:cv = ¥ —— Vi (8-246)

The total buoyancy force acting at the hull center of volume is the sum

of the static and the two gust terms:

hev hev hev hev
Fg,, = FEss, *+ Ecas, + EcoBy (8-247)

I. COMPUTATIONAL CONSIDERATIONS AND EXAMPLE

This subsection collects and summarizes the several contributions to
the aerodynamics acting on the hull/tail assembly of the HLA., Certain
of these terms are functions of the hull accelerationms, §h and Zh, mean=
ing that these unknowns appear on both sides of the matrix equations of
motlon. This introduces a computational difficulty which is resolved by
moving these terms to the left-hand side, thereby augmenting the hull
assembly {inertia matrix, [Ih]h; see Section 2, Subsection F. The sub-
section concludes with an 1llustrative example of the aerodynamic load
contributions during a gust encounter, thereby providing an illustrative

example of the relative importance of the several load contributors.
1. Load Term Susmary and Equation Arrangement

a. Hull-Only at the Hull Center of Volume, CV

When the quasi-stedy and momentum change forces are summed, the
result can be separated into a relative acceleration dependent term and
a term dependent upon steady flow effects, e.g., products of velocities,

etc. For the hull only, the resulting summation ylelds:
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o
zuc2°“ + EQSECV = Myp ¥ <+ ESFECV (8-248)

where the left hand side terms are defined in Eq. 8-193 and 8-87, and
MhFl is a diagonal matrix given by:

[~ .
oX&h 0 0
MpF, = 0 ¥y, 0 (8-249)
o]
LO 0 onh_

The sceady flow force vector, F hev is given by:
LSHy

Xqupdnv + erhth1

hcv hcv
ESFh = ngh + prhPhw + erhrhu (8-250)

ZpvyPhV * ZqwpdhY

where the second vector on the right hand side is taken from the velo-

city dependent terms in Eq. 8-200 through 8-202.

A similar equation holds for the hull-only moments

hev hev O3 cv hev
v,  * Iosp, = InTp¢h  * Ispy (8-251)
whete the left hand side terms are given in Eqs. 8-214 and 8-88, and

Ith is a diagonal matrix given by:
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o
OLph 0 0
(o]
IhT]_ - 0 (ﬂqh 0 (8-252)
i 0 0 oNgh

The steady flow moment vector is given by

Larh qpr + L;qh rth

h h - -
ZSFhCV = EQShcv + | Mrp, ThP t Mprp, Pur (8-253)

LNth Phd + NgppdnP

-4

where the second vector on the right hand side is taken from the angular
velocity dependent terms in Eq. 8-220 through 8-222. Recall that the
velocities carrylng the subscript, h, in Eq. 8-250 and 8-253 are rela-
tive inertial space; those without a subscript are relative to the mov--

ing airmass.

The relative acceleration dependent term in Eq. 8-248 is expanded by

substituting Eq. 8-9 for the acceleration at the center of volume:

o o o avﬁm eV
acv hev am cv = a cv
MnF | Yh = MppVh - MppYn ¥y Y

<3

(8-254)

- EAD:cv + EGA:CV + Ecc:CV (8-255)
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The three terms on the right are respectively the acceleration dependent
term, the gust acceleration term, and the gust gradient term. The ele-
ments of the HhFl matrix have the dimensions of mass. The second two

terms 1In the simulation printout are identified as gust derivative
terms:

hev hev hev
Fep, = Fea, + Ecgy (8-256)
The steady flow and gust derivative terms are als: * 1ed separately
in the printout:
hev hev hev
FsreD, = FEsry * Eopy (8-257)

Finally, all the hull-only aerodynamic forces at the hull center of
volume are summed from Eq. 8-257, 8-255, and 8-247 (buoyancy force):

EARCV = ESFGD:cv + EB:cv + _AD:cv (8-258)

x]

A similar development holds for the hull-only moments at the hull
center of volume. Thus, the reiative acceleration dependent term -f
Eq. 8~251 is given by

[ ls) 0
Ithw?\ vV - Ithail};cv - IhTIng cv (8-259)
h h h
= IADhcv + EGAhcv + IGthv (6-260)
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where the hull only gust gradient dependent moment is identically zero

at the center of volume (ZGC:cv = 0)« Thus the gust derivative moments

are:

0
Topps = Toapr" +;2c%‘6/' (8-261)

The steady flow and gust derivative terms are separately summed:

h h h e
Tsrep, = Tskp  + Xopp (8-262)

All the hull only aercdynamic torques acting at the hull center of

volume are given by:

T, - TsrGop | + IAD:cv (8-263)

33

b. Tail-JInly at the Tail Centroid, t

Equations 8-248 to 8-263 nertain to the aerodynamic forces and
moments of the hull alone acting at the hull center of volume. A simi-
lar development holds for Lhe tall-only forces and moments rating at the

tail centroid. The momentum change and quasi-steady forces ire summed:

[o]
ht ht at Oat ht
Emcy, * Egsp, = MerpVh + Keppuh + Espy (8-264)

where the left hand side terms are defined in Eq. 8-232 through 8-234
and 8-167. There are two matrices. The first cariies the dimensions of

mass and is given by:
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0 0 0 |
Mep, = |0 oYy, 0 (8-265)
o
—0 0 ontd

The .econd has the dimension of mass times length and is given by:

0 0 0
Kep, = |o¥p, 0 0 (8-266)
0 0 0

Since thera are no velocity dependent terms in tie momentum change

forces, the steady flow and quasi-steady forces are the same:

Essgt - Eqs;:c (8-267)

As for the hull, there is a similar development for the tail-alone

moments. The momentum change and quasi-steady moments are summed yield-

ing:

ht nt Oat o ht

t
Ty *+ Tqsy = Lempeh + Ker Vo + TsE (8-268)
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where the left hand side terms are given in Eq. 8-235 through 8-237 and
Eq. 8-168, respectively. The first matrix (moment cf inertia dimen-

sions) is giver. by:

. 5
[;Lpt 0 0
(4]
Ie;y = © atq, 0 (8-269)
0 0 oNp,

The second matrix has the dimensions of mass times length:

— -

0 oLy, 0
Keyy = | O 0 0 (8-270)
0 0 0 _|

There are no velocity dependent womentum change terms whence:

Issgt = qugt (8-271)

The relative acceleration depeandent terms in Eq. 8-264 are given by:

o (o] - o
at Oat ht Oht am t Oam
MeF Vh * Kergoh = (MergYh ot Kerpeh ) - (MerYh o+ Keppsh )

(8-272)
am t
3!h at
+ MeF; - R Yh
ht ht ht
= Eap,  * Ega, + Ecgy (8-273)
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As before, the three right hand side terms are defined as the accelera-
tion-dependent, the gust acceleration and gust gradient terms. The
gsecond two terms are summed separately in the simulation printout as the

gust derivative terms:

Eco::t - EcA:t + Ecc:t (8-274)

The steady flow and gust derivative terms are separately summed as well:

ht . _ht ht
Fsrpp, = Esk, * Ecpy, (8-275)

Finally, all the tail-only aerodynamic forces are summed at the tail

centroid:

ht ht ht
h

Fao, = Esrcpy, + Eap, (8-276)

The tail only moments are similarly handled. Tone relative accelera-

tion dependent terms of Eq. 8-268 are:

Oat %at Oht %ht
Ietywh + KerVh = (Letyen + Ker Yh )
(8~-277)
am t
v

Oam t Oam t =h at

- (Lergoh  HKeryWh )t Kery —p— W
- IAD:t + ZGA:t + l‘cc:t (8-278)
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where the right hand side terms are the acceleration-dependent, gust
acceleration and gust gradient dependent terms, respectively. The

second two terms are separately summed as the gust derivsative teras:

ht ht ht
Teo, = Toa, + Igg, (8-279)

The steady flow and gust derivative terms are also separately summed:

ht ht ht
Isrep, = TIsr, + Iopy (8-280)

All tail only moments are summed at the tall centroid giving:

ht ht ht
Ta, = Isrep, + Iany (8-281)

¢. Hull and Tail at the Hull Ceanter of Gravity, h

In Eq. 8-258, 8-263, 8-276 and 8-281 the accelerﬁgion dependent

terms (subscript AD) are functions of the hull linear, Vi and angular,
o
wp acceleration. Tte force summation is:

h ht
Fyap, = EADhcv + Fapy (8-282)

Upon substituting Eq. 8-11, 8-13, 8-15 and 8-17 for the linear and angu-

lar accelerations there results:
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o]
Fuap, = (M * Mer )¥n

(8-283)
h h o
+ :'MhFl[Rhcv x] - MeF) [Rht x] + KtFl: h
)
= Mpde t angh (8-284)

where use (s made of the identities expressed in Egq. Z-66 througn 2-69.

The moment summation about the center-of-gravity is given by:

h h h ht ht ht
Tuap, = Tap,  *+ R * Eap, .~ + Tap, *+BRn xFap,  (8-285)

Upon substituting in for the angular and linear velocities, the follow-

ing expression results.

T ey e + (R x)Mep + Kop. | V
Do, = A x]Moy (Ra~ xIMer, ety dh

h h
+ :[th + Lery - thcv x]MhFI[Rhcv x]

h ht h
-[Rn" x]Mer [Rn° x] = Kerp[Ra® ¥
0
+ [ *]K:Fl% wh (8-286)
° o
= Ko|Vh + I22w, (8-287)
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These contributions to the aerodynamic loads of the hull assembly are

subtracted from both sides of the equations of motion for the hull

assembly. When coefficients are combined on the left hand side an

effective 6 x 6 inertia matrix results:

0
Vh Fap, ~ FHAD, All other
[1h], o = h + forces and
“h IAh - ZHADh moments
W
All aero
forces and (8~-288)
moments less
hull acceleration
dependent terms
where the effective inertia matrix is:
My 0 kg
[ty = |--—--1---- (8-289)
Ky : I
and the individual 3 x 3 partitions are:
- n
My 0 0
M = 0 Mph 0 -M11 (8-290)
0 0 My
- -
Kw - —Klz (8-291)
K, = -Kj1 (8-292)
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Iy 0 -1,(21
1 =|o I, 0 | 1 (8-293)
d BV 0 I,

o o
and M;,, K2, K, and 122 are given by the coefficients oi Vy and wy in

Eq. 8-283 and 8-286.

Summarizing the above development, unsteady aerodyaamic terms
involving kinematic accelerations of the hull assembly do not appear
explicitly in the righthand side force summation, F, of Eq. 2-58. They
are shifted to the left-hﬁgd side of Eq. 2-58 to facilitate solution for
the acceleration vector, V. In this sense, these unsteady forces and
moment terms appear as "apparent mass" effects because they increase the
effective mass characteristics of the hull assembly portion, [Ih]h, of
the overall inertial mass matrix, M, in Eq. 258, However, they do not
appear ir the centrifugal or gravity terms of the applied force vector
(F). Incorrect formulations have at times been obtained when attempts
were made to simply augment inertial mass terms in aerodynamic equations
of motion. Such a case was reported by Flax, Ref. 8-30, who correctly

identified this source of confusion.

The remaining hull-tail assembly aerodynamic terms which do appear
in F of Eq. 2-58 are as follows. The hull-only right hand side force

terms are given by

Fuas, = Fsrony ' + Epc" (8-294)
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The corresponding moments about the hull center of gravity are:

hev

Thag, = !SFGDECV + Rp x Fuapy, (8-295)

The tail-only right hand side forces are:
Fra, = ESFGD:t (8-296)

The corresponding moments (right hand side) are:

ht _ ht ht
Ira, = Isrep, *+ Bn * Egpy

(8-297)

hev ht “ht ht
+ Ry xEqs, * [Racv *]Eqsh

where ihe effective moment arm adjustments of Eq. 8~i74 for the quasi-

steady tall only forces have been accounted for.

The hull and tail right hand side terms are summed as follows. For

the forces:

Faop, ~ EHap, = Ena, + ETa, (8-298)

For the moments:

Tap ~ THapy, = THas, * Imay (8-299)
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Equations 8-298 and 8-299 constitute the hull assembly aerodynamic force
contribution to F in Eq. 2-59.

4. Typical Bull/Tail Aerodynamic Characteristicsa
During a Gust Eancounter

A time history of the force component buildup is shown in Fiz. 8~13
in order to illustrate the relative orders of magnitude of the various

quasi-steady and unsteady aerodynamic contributions.

The vehicle {s trimmed for a 44 ft/sec axial flight condition, with
the control system disengaged (open~loop). At the start of the time
history (t = 0), the vehicle is subjected to an oblique up-gust, tuned
to excite the natural oscillatory of pitch and roll motion (see Appen-—

dix C for an explanation of the oblique up-gust geometry).

The solid curve (Cl) of Fig. 8-13 1is the total lwll/tail Z-force
(excluding hull static buoyancy which {s approximately cancelled by the
vehicle weight) acting through the hull center of volume. This total

force 1is comprised of the following components, also shown 1in the

figure:

c2 Quasi-steady lwull and tail force; sum of quasi-steady components
due to relative vehicle/airmass linear and angular velocities

c3 Hull unsteady flow force; components due to relative hull/
airmass linear and angular acceleration including buoyancy pres-
sure gradient effects

C4 Tail unsteady flow force; components due to velative tail/
airmass linear and angular acceleration.

CS Total hull and tail uncteady flow force; sum of C3 and C4 show-

fng the net contribution of vehicle ungtead; flow forces tuv the

total Z-force Cl.
The results of Fig. 8-13 show that the hull and tail unsteady forces
(C5) comprise a major fraction ¢ the total z-force, Cl, during the
entire time history. In fact, for the present example, the quasi-steady

contributions could te neglected entirely without incurring large
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errors. One implication is that, because circulation lag co.rections
are generally a small percentage of the quasi-steady forces (which are
themselves small), the omission of these corrections 1s probably justi-
fied.

More iJimportantly, structural loads are dominated by the unsteady
flow forces. Design loads would be significantly underestimated if only

quasi-steady force (C2) or gust (i.e., no gust accelerations) models
were used. HLAs will be especially susceptible to the unsteady effects
during mooring and stationkeeping operations. Previous authors (8-31)
incorrectly estimated critical loc4s due to gusts when they ignored the
effects of gust accelerations on vehicle buoyance and "apparent mass"

loads.
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SECTION 9

PAYLOAD AERODYNAMICS

A. BASIC ASSUMI'TIONS

A review of several references concerning the aerodynamics of pay-
load (cargo) containers and payload modeis for dynamic simulations was
completed (Refs. 9-1, 9-2, and 9-3). References 9-2 and 9-3 describe
static wind tunnel results and their use in piloted simulation models.
Reference 9-1 discusses 1in detall static and dynamic payload aero-

dynamics models and their incorporation in numerical simulations.

The major conclusion to be drawn from the aerodynamic datz of
Ref. 9-2 1is that payload (cargo container) wind tumnel data are highly
configuration-sensitive, with strong asymmetries resulting from asym-
metric vortex shedding and dependency on corner geome:ry and coanstruc-—
tion precision. The generic modeling of the extreme nonlinearity of the
data would require many parameters to describe forces in the various
flow regimes (analogous to the tail parameters ap, G, etc.). The
extensive analyses conducted ia Ref. 9~1 suggest that the typical pay-
load limit cycle motion is not obtainable from numerical simulation
without the incorporation of complex hysteresis models of the local flow

fleld separation characteristics.

Because of the severe configuration dependency of typical payload
aerodynamic data, a simple crossflow model has been adop..d. Consis-
tent with this approach, all interference effects on the payload are
neglected. However, the software structure allows for the incorporation
of more complex aerodynamic models that pertain to a specific payload

geonetry.
B. VELOCITIES RELATIVE TO THE LOCAL AIR MASS

The payload aerodynamic model depends on the linear and angular

velocity vectors at the paylvad aerodynamic reference center (pc)e.

TR-1151-2-1I1 9-1
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Thesa vectors are determined from the inertial motion of the payload and
the outputs from the atmospheric disturbance model. Following the sign
convention adopted for air mass quantities (“~ction 5, Subsection B},

the payloa’ velocity vectors relative to the local air mass are given

by:
pc . P PC _ pc -
Y% ¥ % (s-1)
L0 . P gmpe (9-2)
where ng pc. g;m P¢ are given in Eqs. 6-58 and 6-59, respectively. The

remaining unknown vectors in the above equations are determined from the
rigid-body motion of the payload center of gravity (!p, Eb) and the

locat'on of the payload aerodynamic reference center (ggc):

P pc _ P PC
Yp = Yo+ (4 xRp ") (9-3)

$ =y (9-4)

and gg PC¢ {s the vector that locates the payload aerodynamic reference

center with respect to the payload center of gravity, Eq. 2-29.
C. PAYLOAD AERODYNAMIC FORCES AND MOMENTS

The simplified payload aerodynamic model is directly analogous to
that used for the hull. This model is suitable for payloads where the
inert{al forccs dominate the aerodynamic forces and the x-axis 18 the
slender axis of the payload with an associated low drag coefficient as

compared with the y- and z~axis coefficients.

The static aerodynamic forces and moments follow directly from the
quasi steady hull aerodynamics giver in S5ection 8, 3ubsection D. The

static aerodynamic forces and moments are given by:

TR-1151-2-1I 9-2
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c
EEAB = 0
TEp = g
_aAp

where Vyz = /v2 + w2 and the linear velocities are given by:

;1 V;
- pe pc
v Y; Vg (2)
w
pc
L -
The dynamic moments are
Lpipip PIPI
pc .
IBAP o] Mqlalp qiql
Nr'r‘p rir|
TR-1151-2-11 9-3
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where
-p, r'w; pc(l)w
] BRI ¢ (9-9)
_r_ pc ;.mg PC(3)-

XUIUIP’ YVIVIP' Zwlwlp are Input parameters determined by the user.
These are related to the conventional aerodynamic quantities according
to the defining relations of Eqs. 8-69, 8-70, and 8-71, with the appro-
priate paylcad area and the corresponding payload drag coefficienta.

Mqlqlp and errlp are obtained from the analogous equations for the
hull dynami{c moments (Eq. 8-82), inserting the respective drag coeffi-
clents and geometry parameters. The dynamic rolling wmoment parameter,
Lplpip’ can be calculated from strip theory but, like the hull, it is of
negligible importance to the payload dynamics.

For typical cable geometries and cargo containers, the static roll-
ing 4and pltching moments will be negligible in comparison to the cable
moments about the payload center of gravity. These parameters have bcuu
set to zero i{n the input subroutines, although they appear in the pay-
load aerodynamic subroutines should their future inclusion be desired.
The static aerodyiamic payload yawing moment parameter (Nuvp) has been
retained as a user Ilnput constant, since it will play an important role
in determining the characteristic motion of the payload. This {input
constant 1s related to the conventional aerodynamic quantities according

to the following defining equation:

Po

TR=-1151-2-11 9-4
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where
Lps Sp are payload reference length and reference
area, respectively

CNB is the payload state yawing moment derivative
with respect to sideslip angle (8, radians)

The force and moment vectors at the payload aerodynamic center are

summed according to:

5 W (3-11)
pc pc pc -
%, Bap + Ba) (9-12)

They are then transferred to the payload center of mass:

pc
F = F 9-13
£, .ﬁp ( )
pc P pc pc
T, TR +R F 9-14
p P (-P * ZAp ) ( )
TR~1151=-2-1I 9-5
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~4CTION 10

TRIM STATE CALCULATIONS

A. OVERVIEW

The purpose of the trim function in the simulation programs 1is to
calculate the required values of certain simulation variables, called
controls, which establish a user—-specified force and moment balance con-
dition, called a trim state, in the independent degrees of motion free-
dom of the vehicle. When used as an initial condition in time history
calculations, the trim state permits transient-free startup. It also
serves as an operating point about which the stability and response

derivatives are computed, see Section 1l.

The three simulations have three different sets of controls and
degrees of motion freedom. In the mooring simulation the controls are
the three hull Euler angles; the trim state has zero Euler angle
accelerations. This 1is the simplest trim function. The vehicle-alone
simulation uses the six limited control input points as the controls.
The trim state consists of specified Euler angles, Euler angle rates,

and linear velocities relative to the airmass.

ine most complex trim function Jis used for the vehicle-plus-slung-
payload. Here the payload is trimmed fairst; the controls are the pay-
load Euler angles and its location relative to the hull. The trim state
is payload force and moment equilibrium at the specified Euler angles,
Euler angle rates and linear velocities relative to the airmass of the
hull. This trim establishes the cable tensions acting on the hull which
are added to the remaining forces in calculating the six linked control
inputs for the hull. The trim algorithm for this two-body simulation is

in *wo stages.

The basic algorithm proceeds from an initial crude estimate of the
control values needed for trim, and {iteratively solves for the trim

solution. Along the way it may encounter various limiting conditions

TR-1151-2-11 10-1
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which are flagged to tell the simulation user of trim difficulties.
These difficulties are usually of the sort where the trim algorithm runs
out of control "power," e.g., calling for excessive rotor collective
pitch. Other times they are due to one or another form of numerical
difficulty, most typically encountered when spring forces figure

prominently in the overall vehicle forces and moments.

B. TRIM ALGORITHM

The trim algorithm used in the simulation is a generalization of the
gsecond method for the solution of a simultaneous set of nonlinear alge-
braic equations. It is patterned after that used ian Refs. 10-1, 10-2,
and elsewhere. Its basic ideas can be illustrated with a single dimen-

sion example.

A solution is sought for the nonlinear algebraic equation
Fu) = 0 (10-1)

for which there already exist two approximations, up, and Use The geo-
metry is sketched in Fig. 10-l. When a secant is projected through the
function evaluations F(ul) and F(uz), it estimates a better approxima-

tion, u given by:

new’

ug - uj )

Upnew = U} + F(ul)(F(UI) - F(uz)

u)F(up) - ujF(up) = uyF(up) + ujF(uy)
F(up) = F(up)

F(uz) Fuy)
- (F(uz) - F(ul))ul(+ F(up) - F(uz))UZ (10-2)

This solution can then be tested for solution improvement, for formulat-

ing a new estimate, etc.
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Figure 10-1. Sketch of Secant Approximation
The process can be formalized for the one dimensional case as fol-
lows. A solution vector, q-= [ql qle is sought to satisfy the simul-

taneous set of linear equations

q1F(up) + q2F(up) = 0

{10-3)
ql +q2 =1
then predicting Uiew according to
Upnew = qlul + qauy (10-4)

The problem that arises 1is that F{u___) may be greater than F(ul) or

new
F(uz) or both. That is, too large a step is taken and the successive
aporoximation algorithm implied earlier will fail to converge. To get

around this, Eq. 10-3 18 reformulated as

TR-1151-2-11 10-3
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F(u)) F(uj) q] (1 = K)Fpiq
= (10‘5)
1 1 q2 1

where Fmin is the smaller of the two evaluations, and equal to F(u;) in

the example sketch of Fig. 10-1. The solution vector is given by:

1 (1-K)Fpin = F(u3) ] (1 = K)F(up) = F(up)
q1 F(up) - F(“l) F(up) - F(“l)
-(1 = K)Fpin + F(u}) -(1 = K)F(uy) + F(uy)
12 ] F(uz) - F(up) i F(up) - F(up)
. d

Fuin=F(uy)
(10-6)

As K approaches zero, q; approaches 1 and q, approaches zero. The
resulting value of U ew (Eq. 10-4) approaches u;. Thus the new estimate
for u is close to that estimate, uy in this example, which results in
the smallest value of F(u). The new approximation cannot "jump" far
away from the better of the two previous approximations. For small K,

the successive approximations slowly approach the desired answer.

However, the method can still fa'l if F(u) has a local minimum which
is not a solution, e.g., as in Fig. 10~l. In this event, the iteration
procedure must be restarted from a different set of initial approxima-

tions, u; and Uy

The foregoing process is extended to the multidimensional case as
follows. F(u) is now a multidimensional function vector of a multi-
dimensional control vector u; the number of elements being the same for
F and u. For the HLA vehicle-alone simulation F has six elemerts:

o

© o o o 9
F(u) = [u v w p q r

N (10-7)

TR-1151-2-11 10-4
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The ceontrol vector corresponds to the six linked controls:

L) ] [ ] . . ® T
= [ V¢ We Pe G tc] (10-8)

[~

For the given trim condition specification (HLA velocity, altitude,
attitude, etc.), a value of u is calculated which approximates setting F
to zero. In the program this estimate is very crude in order to avoid a
requirement for a configuration-dependent or a user-supplied initial
estimate. Then six additional u’s are computed by successively multi-
plying each element of u by a small constant, K < l. This results in a
significant departure from the first estimate along each of the six con-

*
trol "coordinates." If the element is alreaudy zero, it is set to K.

For each of the seven values of u which result, the corresponding
function vector, F is calculated. To assess the relative magnitude of

these vector functions, a modified Euclidean norm is calculated accord-

ing to:
Flw © Faw) 2 Faw) 2
Sw = w5~ * T Yo
+ F4(w) 2+ Fs(u) 2+ Fglu) 2 (10-9)

where F|, F,, and F3 are the HLA linear accelerations and F4, Fg, and Fg
are the angular accelerations. The factor of 10 means that 1 ft/sec2
(or 1 meter/secz) is weighted the same as 1 rad/sec2 in angular accel-

eration. The norms, S(u) are used to order the F(u) from Fpi, to Fp,ye.

*k = 0.001 in the program.

TR-1151-2-1I 10-5
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Then a system of equations is set up: JF PGCR QUALITY
-~ = r -1 B
Filup) Fy(u2) ... Fyluy) q] a- K)Fxmiﬂ
F2(u1) F2(u2) ... Fa(u7) q2 (1 - KF .
. . see . . = . (10-10)
Fo(ul) Fg(uz2) ... Fg(uz) . (1 - K)Fe_,
l 1 cee 1 q7 1

where the elements on the right—~hand side are taken from the F(u) corre-
sponding to the minimum value of S(u), the modified Euclidean norm. The

solution for g 1is used to estimate a better value of u according to:

7
Ynew = z:l%_‘-_li (10-11)
j=

The new estimate, Upey, 1s used to calculate F(upey) and S(upey). The

norm {s used to make decisions on how to proceed:

a) If S, >S5 , then the step was too large. Cut
K in half and resolve for q.

b) If S . < Spax» then upey represents an improve-
ment Over up,y. Replace the corresponding column
on the left-hand side of Eq. 10-10; replace the
right-hand side as well 1if Sne < Smi“, and re-
solve for g; double the value og K (up to a maxi-
mum of 1.0) each time two successive improvements
in the trim solution are made.

As the successive approximation process proceeds, the successive
values of F(u) are tested against a preset tolerance for trim. If K
becomes less than some present Kmin' a local minimum has been found and
the process 1s restarted using the best value of u (corresponds to S

min)
determined up to the time the restart decision is made.

TR-1151-2~I1I 10-6
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C. SPECIAL SITUATIONS

The trim calculation will flag the occurrence of limiting in the
control variables. For the vehicle, this corresponds to limiting in the
rotor cyclics or collectives, the propeller collectives, or the tail fin

deflections. For the payload, it corresponds to cables going slack — a

function of the geometry — see the User’s Manual, Section 7.

The reader will recognize that the occurrence of one of the condi-
tions does not necessarily mean a physically unrealizable state. What
it usually does mean is the close approach to an uatrimmable state, cer-
tainly a state where it would be impractical to trim the vehicle because
of the proximity to control saturation about at least one axis. It also
implies a requirement for a configuration-dependent 1limit-detecting
algorithm 1if partial limiting in the controls is to be allowed. Such
complication was not felt to be warranted, besides being impractical in

a general, as opposed to specific, vehicle simulation.

The mooring simulation represents a special case in a aumber of
ways. For one thing, there are generally three equilibrium heading
angles caused by the fact that most hull configurations are unstable in
yaw at zero yaw angle relative to the wind. Zero yaw angle corresponds
to a point of unstable equilibrium. The other two points are stable
equilibrium points and occur at yaw angles on either side of zero. The
program will converge to on2 or the other of these when the user enters
an appropriate initial guess for the yaw angle as part of the trim state

specification.

In zero wind mooring there is no yaw constraint, and the ua.z must
specify a heading. For this condition the program inserts an artificial
yaw spring sc that the same three-controller version of the trim algor-
ithm can be used. However, if there is a single, off-~center landing
gear touching the ground, the vehicle will adort a yaw deflection
against this epring — an artificial trim state. Off-center single
landing gear locations are not allowed in the moo:ing simulation in the

no—~wind condition.

TR-1151-2~1I 10-7
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LINEARIZATION

A. OVERVIEW

The simulation programs include a set of routines for linearizing
the motion equations of the vehicle exclusive of its f1_zht control sys-
tem feedbacks. These equations describe the open-loop dynamics (i.e.,
no flight contiol system loops closed) of smsll motion perturbations
about a selected operating point or trim condition. They are useful for
various linear s;stems analyses, in particular for the synthesis of

flight control laws.

The equations consist of a simultaneous set of first-order differ-
ential equations of motion and a set of auxiliary equations for certain
dependent variables. In addition, the eigenvalues and eigenvectors of
the system cat bz computed as 3 quick check of the characteristic modes
of vehicle response. The primary purpose of the routines is to provide

data for the user’s own 1 near systems analysis routines.
B. EQUATIONS OF MOTION

The linearized equations of motion are given by:
au = Au + B'gzc + Bue + Cug (11-1)
where the various vectors differ fur each of the three simulations:

1) State vector, u
a) HLASIM

T
u = (% e RP nj] (11-2)

TR-1151-2~1I 11-1
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b) HLAPAY
h h P P (11-3
u = [ w BRI nr Yp wp By np] (11-3)
c) HLAMOR
T
v = (o i) (11-4)
Linked control vector, ug. (HLASIM and HLAPAY only)
AJ » - o * [ 2 T (11-5
ug. © (6 Ve % Be dc Bl : )
Control vector, u, (HLASIM and HLAPAY only)
2 3 4 T
Ye = [“é Ue Uc Ue “gl (11-6)
where for 1 = 1, 2, 3, 4, (LPU controls):
wh = [8or(1) Apg(e) B)g(1) ap(1) 8op(1) ap()]T  (11-7)
and {tail surface controls):
ve = [ & -] (11-8)
Disturbance vector, ug
a) HLAPAY
sam cv  sam CvV g Sam CvV °*sam cV  Sam cV
ug = [Vn uh Vh h Shgrad
sam t sam t *sam t ‘*sam t sam t
Yh ®h Yn “h Yhgrad
saml _sam?2  sam3  sam4 sam pc  sam pc I
Vi Y2 v v vp o PE o up® PE
(11-9)
11-2
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where the gradient vectors are given by:

sam cv sam cv sam cv T
sam gv - dup dup avh (11-10)
hgra 3x ay 3y
T
sam t sam t sam t
wﬁam t . dup dup dVh (11-11)
“hgrad % 3y 3y

b) HLASIM and HLAMOR — same as HLAPAY, deleting payload

sam pcC sam pc
sust 1lnputs, !p P¢ and @p P

In Eq. ll-l1, the A matrix 1s tne characteristic matrix of stability
derivatives for the vehicle. For the HLAMOR simulation it 1is a 6 x 6;
for HLASIM, 12 x 12; and for HLAPAY, 24 x 24,

The B’, B, and C matrices have dimensions corresponding to the size
of the state vector, the two control vectors, and the gust vector. Thus
the C matrix of response derivatives for the HLAPAY simulation is 24
rows by 48 columns, wherecas the B’ matrix for HLASIM is 12 rows x 6 col-
umns. The B’ and B matrices for HLAMOR are null matrices -— no controls

in this simulation.

C. AUXILIARY EQUATIONS

The auxiliary equations relate a selected set of dependent variables
to the state vector, the control vectors, and the gust vector. In the
three programs, certain of the loads internal to the vehicle are chosen.

The load vector is symbolized by F. The auxiiiary matrix eqration is:

F = Agu + Baug + Bauc + Cayg (11-12)
where Ay, B3, B,, and C; are auxiliary matrices of response derivatives
of column dimensions depending on the dimensions of u, Ug.» Ye» and yg
in the three simulations. The row dimension depends upon the selected

elements in F. Thus:
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1) For HLASINM,

hl _hl _h2 _h2 _h3 _h3 _hé hA]T (11-15)

F = [Ech IC), ECh ZC;.l Ech ZCh ECh Ich

Here F 18 the column vector of conrstraint forces and
moments acting on the hull at the four LPU attach points.
F has 24 elements for HLASIM.

2) For HLAPAY -- Same as above, adding the cable force mag~
nitude, ij, J =k =1, 2, 3, 4 (four elements), making
28 elements in all.

3) For HLAMOR —— Same as for HLASIM, adding the landing gear
axial force magnitudes, Fgﬁ(3), superscript g = 1, 2, 3, 4

(four elements), also making 28 elements in all for F.

For analyzing the vehicle-alone gust response, it is sometimes more
useful to use a4 vectcr composed of the three gust components at each of
the four gust sources -—— a twelve-element vector. The relationship
between this vector and ug defined above for HLASIM 1is obtained through

the use of a pust-processing routine, see the User’s Manual (Vol. III),

Section 10.
3« DERIVATIVE APPROXIMATION

All of the matrix elements are partial derivatives of a left-hand
column vector element (element of g or E) with respect to an element of
the pertinent rig' .~hand side vector (element of u, Ugor Y or 28)’
holding all other variables fixed at the operating point condition. The
derivatives are approximated by incrementing the left-hand side vector
element forward and backward, differencing these two values, and divid-

ing by two times the increment:

iy fi(uj + Au) - fi(u_‘] - M)

BUJ 2Au (11-14)
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where f1 is an element of Q or ¥ and uJ is an element of u, CT Ue, OF
ug)-

The size of the increment is set within the prog.aa source codes.
The current version increments linear velocities, linear pcsiticns, and
gust gradient terms by 0.014 ft/s.:, ft, or rad. All angular velocities
ard angles except cyclic deflections are incremented by 0.008 rad/sec or
rad. The cyclic deflection, A‘S ~ad Bls’ aie incrementced by 0.0525 rad.

The program also checks for pronounced nonlinearities in the vicin~

ity of the point about which the derivative is estimated, see the User’s
Manual, Section 10.

E. PIGENVALUEZS AND <IGENVECTORS

An IMSL library routine 1is used for calculating the eigenvalues and

eigenvectors of the A matrix, see the User’s Manual, Sertion 10. The

eigenvalues are listed in terms of the real and imaginary parts of a
complex number. They correspond to the roots of the characteristic
equation of the vehicle. The eigenveciors are also complex numbers, in
general, and are listed for each eigenvalue and state variable. These

numbers corresjond to the modal response coefficients for the system.
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APPERDIX A

REFERENCES PFOR AERODYNAMIC INPUTS

This appendix is a cross-reference of experimental and analytical
sources for the calculation of the hull and tail aerodynamic inputs. In
some cases the cited reference does not relate directly to the specific
parameter, but rather provides guidance for estimating an input quantity
based on data for other vehicles. An excellent reference which should
be consulted for more detailed estimation methods is the Air Force
Stability and Control Data, "DATCOM," by D. E. Hook and R. D. Finck.
Volumc IV contains a table of default input values. These default
values are no: automatically selected by the computer, but rather are
user loaded iato the data files as normal inputs to eliminate the

otherwise uncertain aerodynamic terms.
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th YVDOTH 8-206 A-1, A-2, A-3

z3h ZWDOTH 8-209 A-1, A-2, A-3

Lgh LPDOTH 8-213 A-1, A-2, A-3

th MQDOTH 8-226 A-1, A-2, A-3

N7, NRDOTH 8-229 A-1, A-2, A-3

Y9, YVDOTT 8-233 A-1, A-2, A-4, A-5

zgt ZWDOTT 8-234 A-1, A-2, A-4, A-5

Lo, LVDOTT 8-235 A-1

Lgc LPDOTT 8-235 A-1, A-2, A-4, A-5
Mgt Mdnorr 8-236 A-1, A-2, A-4, A-5
Ngt NRDOTT 8-237 A-1, A-2, A~4, A-5
Xululy XUUABH 8-68 A-6, A-7, A-8, A-9
Xqun, XQWH 8-204 A-1, A-2, A-3

Xruy, XRVH 8-205 A-1, A-2, A-3
YVIVIh YVVABH 8-69 A-8, A-10
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Zq1qly, ZQQABH 8-87
Zpw, ZPVH 8-210 A-1, A-2, A-3
Zquy, ZQUH 8-211 A-1, A-2, A-3
qu"lh ZQWABH 8-87
Lp) plh LPPABH 8-85
Lo uly LPUABH 8-85
Ly, LVWH 8-76 A-1, A-2, A-3, A-8, A-ll
Loy, LQBRH 8-224 A-1, A-2, A-3
Liqn LRBQH 8~225 A-1, A-2, A-3
Mqiqly MQQABH 8-84 Eqn. 8-82, A-9
Myen, MUWH 8-77 A-1, A=, A-3, A-7, A-8,
A-9, A-11
Mrpy MRBPH 8-227 A-1, A-2, A-3
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Mg lwly MQWABH 8~84 Eq. 8-83, A-9
Neirly NRRABH 8-86 Eq. 8-82, A-9
Nuwy, NUVH 8-78 A-1, A-2, A-3, A-7, A-8,
A-9, A-11
Npan NPBGH 8230 A-1, A-2, A-3
Nap, NQBPH 8~231 A-1, A-2, A-3
Ne vl NRVABH 8-86 Eq. 8-83, A~9
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Lvlv], LVVABT 8-66 A-7, A-8, A-10
Lplple LPPABT 8-156 A-7, A-8, A-10
Lapvg LAPVST 8-154 A-8, A-10, A-12
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ay ALIT Table 8-1 A-10, A-18
as AL2T Table 8-1 A-10, A-1§
8, BETAIT Table 8-1 A-10, A-18
By BETA 2T Table 8~1 A-10, A-18
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P1 ALPIT Table 8-l A~10, A-18

aPZ ALP2T Table 8-l A-10, A-18

o TAUA 8-94 A-10, A-11, A-12, A-l4
T, TAUE 8-92 A-10, A-11, A-12, A-l4
T, TAUR 8-93 A-10, A-11, A-12, A-l4

81T BWKIR! 7-14 A~8, A-15
BWKIR2
BWKIR3
BWK1R4

g2r BWK2R1 7-14 A-8, A-l5
BWK2R 2
BWK2R3
BWK2R4

Mpax (BT) MXBDR | 7-12 A-8, A-15
MXBDR 2
MXBDR 3
MXBDR4

Alr LWKIRI 7-14 A-8, A-l5
LWKIR2
LWKIR3
LWKI1R4

A2t LWK2R1 7-14 A-8, A-15
LWK2R2
LWK2R3
LWK2R4

Mpax A T) MXLDR 1 7-12 A-8, A-15
MXLDR 2
MXLDR3
MXLDR 4
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KHRA KHRAL 7-68 Fig. 7-8, A-15
KHRA2
KHRA3
KHRA4

KHRB KHRB 1 7-68 Fig. 7-9, A-15
KHRB2
KHRB 3
KHRB4

KGR KGR 1 7-40 Fig. 7-5, A-16
KGR2
KGR3
KGR4

g 1P BWKI1PI 7-14 A-8, A-15
BWKI1P2
BWK1P3
BWKI1P4

8 2P BWK2P1 7-14 A-8, A-l5
BWK2P2
BWK2P3
BWK2P4

Mpax (BP) MXBDP1 7-12 A-8, A-15
MXBDPZ
MXBDP 3
MXBDP4

ALP LWKIP1 7-14 A-8, A-15
LWK1P2
LWKIP3
LWK1P4

\2P LWK2P! 7-14 A-8, A-15
LWK2P2
LWK2P3
LWK2P4
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zwm;:

Mpax (\P) MXLDP1 722 A-8, A-15
MXLDP2
MXLDP3
MXLDP4

KHPA KHPAL 7-68 Fig. 7-8, A-IS
KHPA2
KHFA3
KHPA4

KHPB KHPB1 7-68 Fig. 7- , A-l5
KHPB2
KHPB3
KHPB4

KRP KRP1 7-78 A-17
KRP2
KRP3
KRP4

KGP KGP1 7=40 Fig. 7-5, A-16
KGP2
KGP3
KGP4

g1f BWKIF1 7-14 A-8, A-15
BWKIF2
BWKI1F3
BWKIF4

g 2f BWK2¥1 7-14 A-8, A-15
BWK2F 2
BWK2F 3
BWK2F 4

Mpax BF) MXBDF 1 7-12 A-8, A-15
MXEDF 2
MXBOF 3
MXBDF 4
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aif

Mpax A 5)

KkaF

KPF

KGHA

KGHB

KRHA

KRHB

LWKIF1
LWKIF2
LWK1F3
LWKIF4

LWK2F1
LWK2F2
LWK2F3
LWK2F<

MXLDF1
MXLDF 2
MXLDF3
MXLDF 4

KRF1
KRF2
KRF 3
KRF4

KPF1
KPF2
KPF3
KPF4

KGHA

KGIB

KRHAL
KRHA 2
KRHA3
KRHA4

KRH3 1
KRHB2
KRHB3
KRHB4

7-14

7-14

7-12

7-80

7-80

8-53

8-186,
8--187

8-176

8-176

A-8, A-'5

A-8, A-15

A-8, A-15

A-17

A-17

Fig . 8"4, A"B

Fig. 8-8, A-1!

Fig. £-10, A-15

Fig. 8-10, A-15
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KRHC KRHEC 1 8-29 Eq. 8-28, A-15
KRHC2
KRHC3
KRHC 4

KRHD KRHD1 8-29 Eq. 8-28, A-15
Kf.D2
KRHD 3
KRHD 4

KRHE KRHE 1 8-29 Eq. 8-28, A-15
KRHE2
KRHE3
KRHE4

KPHA KPHA 1 8-178 Eq. 8-178, A-15
KPHA2
KPHA 3
KPHA 4

KPHB KPHB1 8-179 Eq. 8-179, A-l5
KPHB2
KPHE 3
KPHB4

KPHC KPHC 1 8-30 Fq. 8-30, A-15
KPHC2
KPHC3
KPHC4

KPHD KPHD1 8-31 Eq. 8-30, A-15
KPHD2
KPHD 3
KPHD4
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KPHE KPHE ] 8-32 Eq. 8-30, A-15
KFHE2
KPHE3
KPHE4

KRTA KRTAl Tail counter- Tail counterpart of
KRTA2 part of 8-29 Eq. 8-29, A-15
KRTA3
KRTA4

KRTB KRTB! Tail countur- Tail counterpart of
IRTB2 part of 8-29 Eq. 8-29, A-15
KRTB3
KRTB4

KRTC KRTC1 Tail counter- Tail counterpart of
KRTIC2 part of 8-29 Eq. 8-29, A-15
KRTC3
KRTC4

KPTA KPTAl Tail ~ounter- Tail counterpart of
KPTA2 part of 8-30 Eq. 8-30, A-15
KPTA3
KPTA4

KPTB KPTB1 Tail counter- Tail counterpart of
KPTB2 part of 8-31 Eq. 8-31, A-15
KPTB3
KPTB4

KPTC KPTC1 ‘ail counter- Tail counterpart of
KPTC2 part of 8=32 Eq. 8-32, A-15
KPTC3
KPTC4

KGTa vima 8-190 A-10, A-19, A-20

KGTB KGTB 8-97 A-10, A-19, A-20
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HEAVY LIF1 AIRSHIP DYNAMICS
Mark B. Tischler, Robert F. Ringland and Henry R. Jex*
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Hawthorne, California 90250

Abstract

A nonlinear, wnultibody, six-degrees-of-freedom digital simulation has been
developed to study generic heavy lift airship (HLA) dynamics and control.
The slung payload and flight control system models are described, and a review
of the aerodynamic characteristics of an example vehicle is presented. Trim
calculations show the importance of control mixing selection, and suggest per-
formance deficlencies in crosswind stationkeeping for the unloaded example
HLA. Numerically linearized dynawmics of the unloaded vehicle exhibit a diver-
gent yaw mode and an oscillatory pitch mode whose stability characteristic is
sensitive to flight speed. The vehicle with slung payload shows significant
coupling of the payload modes with those of the basic HLA. The accuracy of
decoupled linearized models is sensitive to the size of dynamic excusions and
the vehicle loading condition. A considerable improvement in the vehicle’s
stability and response is shown using a simple, multi-axis closed-loop control

system operating on the rotor and propeller blade pitch controls.

Nomenclature

h Altitude

L,M,N Aercdynamic moments about x,y,z reference axes, respectively

*Staff Engineer, Research, Member AIAA; Principal Specialist, Assoclate

Fellow AIAA, and Principal Research Engineer, Member AIAA; respectively.
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u,v,w
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X,Y,2

a1

a2
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Components of angular velocity about x,y,z refererce axes,
respectively

Laplace transform operator

1/rsy1, 1/Tsy2 -- Surge, heave, and sway/yaw inverse time
constants, respectively (time-to-half-ampl‘tude = 0. 693T'
T = Tg, Ths Tsy1, Tsyz)

Components of velocity along x,y,z axes, respectively

Orthogonal. right-hand coordinate uxes; positive z is down

Aerodynamic forces along the x,y,z axes, respectively

Tail angle of attack, a = tan'l(wta/uta)

Value of a for stall or vortex breakdown

Value of a for start of predominantly crossflow regime

Tail angle of sideslip, B = tan-l(vta/uta] (nonstandard defini-

tion)

§,4,84,8 w-59’6¢'6v -- Surge, sway, heave, pitch, roll, and yaw control deflec-

Cp’cr

Clats %lon

Cyv

C}‘V!Crv’c

tions, respectively

Pitch and roll mode damping ratios, respectively

Lateral and longitudinal slung-payload pendulum mode damping
ratios, respectively

Yaw vibration slung-payload mode damping ratio

Heave, roll, and pitch slung-payload vibration mode damping
ratios, respectively

Pitch and roll mode undamped natural frequencies, respec:iively

Lateral and longitudinal slung-payload pendulum mode natural fre-
quenciles, respectively

Yaw vibration slung-payload mode natural frequency.

Heave, roll, and pitch slung-payload vibration mode natural fre-

quencies, respectively
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Subscripts

a Apparent, relative to local airmass.
c Command

Cege Center of gravity

CeVe Center of volume

h Hull

o Reference value

P Payload

t Tail

Superscript

() Time derivative with respect to nonrotating axes

I. JIntroduction

Recent feasibility studies(1-3) have shown that the heavy-lift hybrid air-
ship (HLA) 1s an efficient and cost-effective vehicle for lifting, transport-
ing over short distances (200 km), and positioning massive loads (typically up
to 100 tons). These studies suggest that because of its economic advantages
the HLA may serve Iin an important future role in thr areas of logging, con-
tainer ship offloading, remote site supply and coastal patrol.

While many economic studies are found in the literature, only limited
analytical treatment of the engineering problems assocliated with operation of
these vehicles in their intended coles has been published-(a’s) The studies
of conventional, and more recently heavy 1lift, airship dypamics and control
have used the classical, linearized, small perturbation approaches. However,
the validity of using such techniques for the study of the HLA, a relac.ively
new class of v- icle, has yet to be established.

Unlike the lighter-than-air vehicles of the past, the heavy~lift airship

will have large thrust-to-weight ratios and low fineness ratios. As a result,

S e — - - . e . S =4 mm e e e e an - TR hd S N
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significant nonlinear rotor/hull aerodynamic interactions, not considered a
probiem in classic airships, have been repotted.(6'7) Also, unlike its pre=-
decessors, the HLA will typically be used in missions requiring precise
control through flight regimes encompassing large and rapid changes of speed,
incidence, and inertial properties. The response of these vehicles to gusty
environments has become an important 1issue, receiving only limited analytical

treatment in the past'(8-10)

Historically, the lack of control over gust-
induced motions has proven the undoing of many dirigibles and blimps. The
modern HLA, with its greatly increased control power (rotors and propellers),
has the challenge of and potential for solving these traditional problems.

An accurate, nonlinear, non-real-time six-degrees-of-freedom (6 DOF) simu-
lation to investigate the technological problems of the buoyant quadrotor
(BQR) concept (Fig. 1). Specific areas of concern already noted are aero-
dynamics, flizht dynamics, and flight controls. The simulation is intended
for use as a b~-1c design synthesis and analysis tool for evaluation of
conpeting designs.

The example configuration, used for software development and simulation
demonstration, is representative of a class of low fineness ratio, quadrotor
HLAs having small fins and designed for efficient low speed cruise and hover
flight. The assumed geometric and inertial properties of the loaded and
unloaded vehicle are given in Fig. 1.

The simulation provides the capakility to Investigate generic properties
and basic vehicle characteristics. It also permits the evaluation of the
relative importance of aerodynamic and dynamic nonlinearities. Throughout the
program, emphasis was placed on determining dominant effects and obtaining
gross loads and motions, using models based on uniformly valid first approxi-
mations to a varilety of effects. Also recognized was the need to minimize

input data requirements to facilitate design tradeoff studies.
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A comprehensive description of the simulation models and typical results
was given in an extensive paper at the 1981 AIAA Lighter Than Air (LTA) Con-

ference.(ll)

The present paper highlights the discussion of the flight con-
trol system model and example vehicle aerodynamics with emphasis placed on the
presentation of performance and dynamic characteristics. The slung payload
model is described, and a preliminary analysis of the coupled vehicle/payload
dynamics is presented. The vehicle description in Fig. 1 has been corrected

from the original paper.(ll)

II. Description of Simulation

This section will review the simulation capabilities and describe the
aerodynamic, slung payload, and flight control system models. The aerodynamic
characteristics of the example configuration are presented to provide insight
into the physics of the vehicle dynamics discussed in a later section. The

results presented here employ the basic (non-interference) aerodynamic models.

Simulation Capabilities

The NASA/STI simulation is composed of four computer programs: vehicle,
payload, vehicle/payload, and mooring.

Simulation capabilities include the calculation of: trim conditions
(operating points) and the assoclated operating point equatious of motion;
normal mode response pacameters; and large amplitude (nonlinear) motion time
histories. The trim solution (unmoored) is an iterative calculation of con-
trol positions required to null vehicle (and payload) accelerations at
selected orientations, velocities, and local wind directions. This capability
i{s very useful for identifying control power requirements, operational
envelopes, and performance tradeoffs. Small perturbations about selected trim
points are used to generate numerically the open~loop (i.e., controls-fixec)

system characteristic matrix, and the control and gust input matrices for
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linear systems analyses. These matrices can be used to evaluate the vehicle
open~loop transfer functions for flight control system synthesis, including
time and frequency responses.

Fully nonlinear responses of the HLA and payload to a variety of control
system commands and gust inputs are generated for open- and closed-loop
studies. Control system commands, feedbacks, gains, and lim‘- are -ecermi:ed
from user inputs. Over 1000 states, component loads, and other dependent
variables can be accessed at each time step and plotted or tabulated as
desired. This capability can provide valuable insight into the importance of
many nonlinear aerodynamic and dynamic terms.

The following subsections present summaries of the aerodynamic, slung pay-
load and flight control system models. The reader 1is referred to detailed

(11,12,13)

descriptions of the aerodynamics models, dynamic equation formula-

tion and software architecture.

Steady Aerodynamics Model of Example Vehicle

The quasi-steady aerodynamic characteristics for the bare hull and hull/
tail assembly of the example configuration of Fig. 1 are presented in Fig. 2
for a constant flight speed of S0 ft/sec. The hull properties are assumed
equal in pitch or yaw axes, and the taill-on-hull properties for the 45 deg
vee-tail are assumed to be the same in pitch or yaw, except for the rolling

moment. Semi-empirical methods(14’15’16’l7)

were used to estimate the basic
aerodynamic characteristics. The static Z{Y)-force (Fig. 2a) 1is seen to be
dominated by the bare hull, as a result of the small tall exposed area. The
static pitching (yawiag) moment characteristics about the cenier of :olume
(Fig. 2b) show that the small stablizing tail contribution is completely over=-
ridden by the large unstable hull contribution, thereb; rendering the static

vehicle aerodynamically unstable (metacentric stability not included). The

present test case, which has a "vee-tall," exhibits large negative rolling
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monents due to sideslip (postive dihedral effect). Figure 2c shows signifi-
cant nonlinearities in the mode. for angles of attack of +35 and =35 deg,
owing to the assumed breakdown of attached flow in the stall transition
regimes. The hull-alone damping characteristics for axial and non~axfal
flight are presented in Fig. 2d. The offsets in moments at zero angular rate
(q,r = 0) are due to the static hull moment characteristics. The significant
increase in damping moment with angular rate for non-zero a or B results from

the Vh, and Vh, dependency in the hull damping model(ll).

Slung Payload Model

A slung payload model was developed in order to study the generic problems
of hull/payload dynamic coupling and performance. A versatile sling geometry
was implemented which allows the connection of the payload ana hull by four
(or less) elastic cables. Attach points on the hull and payload are user
selected to facilitate tradeoff studies among various sling configurations

' etc.)» Each cable is described in terms of

(e.g«, pendant, "inverted vee,'
spring stiffness and damping constants, with sling mass and aerodynamic
properties neglected.

For the present simulation, a simple quasi-steady payload aerodynamics
model was i{mplemented which is suitable for trim performance and low speed
dynamic analyses of high density containers. This model, which is essentially
identical to the hull (tail off) quasi~steady aerodynamic model, accounts for
potential flow moments, and viscous drag and damping loads. The model
neglects the complex discontinuities (hysteresis, separation bubbles, etc.)
and unsteady aerodynamics known to be significant for detajled assessment of

(18). Future sinulation

stability boundaries and full scale flight correlation
users can easily adapt the present aerodynamics model for specific paylcad

configurations should a detailed assessment be required.
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The payload used as an example 1is a rectangular cargo contairer suspended
Uy an "inverted-vee" sling. The container 1is suspended 3 degree3; nose-down

for improved dynawmic stability characteristirs.(la)

The payload and sling
geometry is shown in Fig. l. The stif.ness constant 1is typical for sling
cables and was obtained from Sampath-(ls) The damping constant was selected
to yleld a heave vibration mod» damping ratio of about 0.2. As indicated in
Fig. 1, the payload weight 13 20 tons Aerodynamic parameters were obtained

from cargo container wind tunnel data(ls).

Flight Control System

The flight contrcl system implemented in the simulation exercises control
over all six degrees of hull motion freedom. It functions to maintain trimmed
flight conditfons in the presence of disturbances and to execute msn. sver
commands.

Control Mixing. With four lift-propulsion units (LPUs), each having a

rotor and a propeller, and three fin deflection controls, there are a total of
27 possible control points. Sixteen of these are active in the example HLA,
four on each of the four LPUs. These are the propeller and rotor collectives,
and the rotor lateral and longitudinal cyclics. Each of these is effective
betwveen user-set limits corresponding to mechanical limits at the control
surface. The remaining control points are the rotor and propeller rpms, which
are fixed at user~set values in the present simulation. The three fin deflec~
tlons are fixed at zero.

The simulatisn incorporates the software equivalent of a "mixer box" to
link the act. e coatrol surfaces into six approximately orthogonal control
i{nput pofints, one for each degree of freedom. An input to one of these points
is equivalent to commanding an acceleration in one of éhe 3ix degrees of free-
dam. The six linked control points established by the mixer box are used to

compute the .rim operating points foir the vehicle, for calcula‘*ing linearized
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control response derivatives, and feor simulation flight control when computing

time histories.
In the present model, the six acceleration command points are related to

the linked control surfaces as follows:

Pitch, 83 ~ Fore-and-art differential rotor collectives

Poll, 5¢ -— Side-to-side differential rotor collectives

Yaw, 6¢ -— Side-to-side differential propeller collectives and differen-
tial rotor longitudinal cyclir

Surge, Gu -~ Propeller collective and rotor longitudinal cyecliecs

Sway, GV ~= Rotor lateral cyclics

Heave, 6w ~=- Rotor collectives

The scheme mixes rotor longitudinal cyclics and propeller collectives to
assure adequate contreol power for hovering with and without a payload, {i.e.,
over a wide rarge of cpera‘’ing rotor thrust conditions. The mixing ratio {is
user-selected. The lateral cyclics are used exclusively for side force (sway)
control because this axis 1is most control power limited -— .. . propellers are
directed forward in the example HLA.

Flicht Control loops. Upstream of the mixer-box are the individual £flight

control loops, one for each of the accelers.ic1 control points. The pitcha
control loop, a typlcal example, is shown in Fig. 3. It incorporates feedback
of pitch attitude and body axis pitch rate and conta‘ns proportional and
iategral paths in the forward loop. The attitude and body axis rate fe: b ~ks
provide command response and stability augmentation, while the forwarl loop
integrator (initialized by the trim condi:ion calculation at the start of the
run) insures zero steady-state attitude error. The user deter-i.,2s the gain
choices based upon analysis of the control requirements. Th. ~-Luul {is
limited by a user-set value as 13 the inte-val term. The output llmit

prevents the pitch channel from using all t.e control authurity that might

.o .-
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otherwise he available at one or more of the rotor collectives. The integra-
tor limit similarly prevents the trim term from saturating the pitch control
channel; the combined proportional-plus-derivative signal can always influence
the pitch control, 66‘ Upon encountering the limit, the integrator input is
removed until it changes sign, when it is restored.

The control—-augmented airframe constitutes an attitude-command/attitude-
hold syst.a, which 1s a favorable characteristic for low speed and hovering

flight operations.(lg)

Such a system, while not highly maneuverable for "up
and away" flying, allows for limited periods of unattended operation in con-
trolling pitch attitude which will likely be required during payload pickup
and drop, especiaily in gusty environments.

The siamulaticn ware organization 1Is structured so as to confine
control system changes to a limited number of subroutines, thereby making it
easy for the user to reprogram for a particular HLA configuration under evalu-
ation. Among the parameters suited for study using the flight cortrol system
model are: requirements for cortrol power as a function of task and { .t

condition; contrel guln and limit schedules; crossfeeds between channels

(e.g-, for turning flight in cruise); and sensor location and orientation.

III. Typical Simulation Results

This section presents so.e results of rthe simulation to fllustrate the
nrogram functions and to show the motion dynamics for one class of HLA, the

example configuration of in Fig. l.

Trimmed Flicht Conditions

A series of trimmed flight conditinns covering a wide range of speed and
sicidences was ~~vputed In order to investigate the control authority require=-
ments and flight envelope boundaries for both the unloaded and loaded configu-~

rations. The example payload aerodynamic forces are very small compared to
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its weight, and so the resulting effects on performance were found to be
correspondingly small (i.e., less than 2 percent at 44 ft/sec). For the trim
analysis given here, the payload aerodynamics were neglected. Payload aero-
dynamics and sling dynamics are considered in the coupled vehicle/payload

analysis discussed later.

Power Requirements. Figure 4 shows the total vehicle power requirements

as a function of sea level axial flight speed for the unloaded and loaded con-
figuations. Power is required at hover, even when unloaded, because the buoy-
ancy ratio i1s less than unity. Based on a total available power rating of
6100 hp, the maximum unloaded cruise speed is 152 ft/sec (103 wph), compared
to 145 ft/sec (99 mph) for the loaded vehicle.

These results show the importance of the longitudinal control crossfeed
between propeller collective and rotor pitch cyclic. If the longitudinal
crossfeed gain is kept the same for the loaded and unloaded configurations, as
it was in the present case, rotor thrust contributes a greater proportion of
cruise propulsion when the vehicle is loaded. Rotors, as a result of their
large disk areas, are inherently more efficient for low speed cruise propul-
sion than are propellers. Therefore, the power requirements for the loaded
and unloaded vehicles are essentially the same at maximum speed. Scheduling
the crossfeed zain to optimize rotor and propeller usage for changing loading
conc..lons will greatly improve overall vehicle performance.

The speed for maximum range and speed for maximum endurance, critical
design parameters for HLAs, are seen to be 80 and 30 ft/sec for the unloa’ad
and 105 and 75 ft/sec for the loaded vehicle, respectively. These parameters
can be tailores to design specification by systematically exercising the simu-
lation trim function tor a range of conf{igurations.

Crosswind Hove-. The opevation of HLAs in crosswind hover conditions is

an important design consideration. Figure 5 presocnts the required uniform

rotor lateral cyclic (Gv) for upcight trim (zero roll angle) as a function of
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crosswind velocity for the loaded and unloaded vehicle. For a typical lateral
cyclic limit of +12 deg, this figure indicates a maximum crosswind capability
of 8 ft/sec (4.7 kt) for the unloaded vehicle. The loaded configurationm,
which trims with larger rotor thrusts, has a crosswind capability of 18 ft/sec
(10.7 kt). Trimming at non-zero roll angles would generate larger lateral‘
rotor forces; however, significant roll control (6¢) would be required to off-
set the vehicle metacentric rolling moment, and/or a more complex load-
handling suspension cable control system would be required to allow steady

roll angles under load.

Small Perturbation Dynamics — Vehicle Alone

The coefficients for the linearized, small perturbation equations of
motion were numerically determined for a number of trimmed, controls-fixed,
flizht conditions without a payload. Additional casecs were calculatec for a
rizidly attached payload, the slung payload alone, and the HLA with slung
payload. The characteristic roots of the system, each being associated with a
particular dynamic mode of response, were calculated for the various flight
conditions.

In describing the characteristic modes of response., we use a shorthand
notation for Laplace transform factors. Thus, (1/T) denotes the factor
2].

(s + 1/T), while [, w] denotes [52 + 2Zws + w These common metrics in the

frequency domain are related to the common time dom.'n metrics as follows:

Time~to~half-amplitude = J.693T (real roots)
= 0.693/7w (complex roots)

Complex root location = =Lw + juwl - g2
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Table 1 summarizes the characteristic roots for several cases at
44 ft/sec. This condition 1s representative of blimp-like operations. A dis-
cussion of these results is presented below.

The unloaded vehicle (Table 1, Line a) exhibits the following five basic

modes:

Surze Subsidence (1/Ts). This stable mode is a 1 DOF motion, comprised
of variations 1in axial speed (uhcg)- About 50 percent of the surge damping
arises from vehicle drag, while the remaining portion arises from rotor and
propeller effects. This motion is largely decoupled from the other modes
because Mu and Zu are small in this flight condition.

Heave Subsidence (l/Th). This stable mode is predominantly composed of

vertical motion and derives most of its damping from the rotors. The rotor
flapping dynamics induce some co' s2ling between heave, sway, and surge motions,

the modal response ratios being:

uhcg : vhcg : Wy = 0.14 : 0.2 & 1

cg l/Th
Signiticant coupling between the heave and pitch motions, measured in terms of

the hull pitch angle to hull angle-of-attack modal ratio:

8y : a = 0.7 : 1

EEWEN |
arises from the tail 1lift response to vertical velocity. Barring this
coupling, the HLA heave mode resembles the heave mode exhibited by V/STQL air-
t.(ZO)

craf

P{tch Oscillation (cp, mp). The oscillatory pitch mode i comprised of

varlations in uhcg’ whcg’ and 6h. The eigenvector phasing shows that 6y
variations lead whcg and uhcg by 25 deg and 273.3 deg, respectively. Although

somewhat resembling the classical aircraft phugoid mode in f -quency and damp-

ing, the present motion exhibits large changes in hull angle of attack,
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Oneg * G| = [0.55: 1|

cg w

P

Further, the frequency of oscillation (mp) is determined by the wetacentric
height (of c.v. above c.g.), the static aerodynamic pitch instability (effec-
tive M, of the total vehicle is positive; Fig. 2b), and the total vehicle
effective pitch inertia. The light oscillatory damping (Cp) is provided by
the hull, tail, and rotors. For the 44 ft/sec flight condition, the rotors

generate atout 70 percent of the vehicle effective pitch damping.

Counled Swav-~Yaw (1/T3yl, 1/Tsy2). This mode 1s comprised of coupled
variatiors in side velocity (thg) and yaw angle (f,). The modal instability

arises from the unstable static aerodynamic yawing moment characteristic of

the hull/tail assembly (Fig. 2b). The unstable root (1/Tsy1) and stable

root (1/T_,.) locations depend on the yawing moment characteristics and the

5Yy2

lateral drag and rotor damping. The coupled yaw-sway mode is similar to the

unstable spiral mode in conventional aircraft.

Roll Osci{llation (cr, wr). The stable osecillatory roll mode is a well

damped 1 DOF "pendulum motion" composed of variations in side velocity (vhcg)
and roll angle (¢h). The modal response ratios indicate that the effective
center £ rotation is 3 ft below the hull center of volume and above the
unloaded vehicle’s composite c.g., due largely to apparent mass and inertia
ecfects. The natural frequency (w,) 1s controlled by the metacentric height
and effective roll inertia, while the damping (Cr) is generated by the rotors
and tail.

Dynamic modes of HLAs and classical airships have been calculated by pre~

vious authors. The HLA longitudinal analysis completed by Nagabhushan and

Torlinson{3) ghowed the existence of the surge, heave,.and pitch oscillatory
modes, recsemblin, those presented here. The lateral and longitudinal open-
loop results presented by Nelaurier and Schenck(4) are in correspondence wi h

the five modal resporses discussed here. Although specific damping ratios and
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frequencies vary (depending on the configuration under study), the mode shapes

and relative eigenvalue locations are very similar.

Effect of Payload on System Dynamics

The loaded vehicle (rigidly attached payload) has the charscteristic
roots shown in Table 1, Line b. The added payload weight results in a size-
able increase in the trim rotor thrust and related rotor blade coning and
flapping. Thils produces significant coupling between the longitudinal and
lateral-directional degrees of freedom. The surge mode now has substantial
sway motion and has become slightly unstable. Except for minor changes in the
osclllatory frequencies due to increased metacentric height (above the lowered
c.g.) the remaining vehicle modes are essentially unchanged from the unloaded
values 1in Line a.

The vehicle/slung-load configuration has eleven characteristic modes of

resporse. The first five of these correspond to those of the basic vehicle.
These basic vehicle modes of response induce in-phase payload motion of almost
equal magnitude. For example, the (coupled) vehicle pitch oscillation modal

ratios are:

P 8h 9 = |0.57 ¢+ 1 : 0.93

This strong coupling into payload motions is due to the sling geometry which
with inverted vee slings both forward and aft on the payload (Fig. 1) causes
it to move with the hull. The coupled system responds as a single rigid body,
with nearly the same modal characteristics as the losded vehicle (rigidly
attached payload) case. The associated coupled system roots are shown in
Table 1, Line ¢, and very closely match those of the loaded vehicle, as

expected.

- e, ot bnden
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The characteristic roots of the slung payload only system (in isolation)

are listed in Table 1, Line d, and reveal six modes of response. The two
lovest-frequency modes are associated with longitudinal [§+,,, Wionl and
lateral (Z13t» @w13t] pendulum modes. These have very low damping ratios
because of the small aerodynamic damping in this flight condition. The next
highest frequency mode [Cyv, wyv] is associated with yawing motions of the
payload. Here the arrangement of the sling 1s such that cable spring force
and damping contribute substantially to a higher frequency and damping

ratio. The three highest-frequency vibration modes are dominated by the cable
spring and damping constants.

The vehicle/slung-load modes, which correspond to the isolated slung

pa Jad modes, are presented in Table 1, Line e. A comparison of the results
{L.nes d and e) shows that the characteristic roots are essentially

uniffected. However, the payload motion now induces significant out-of-phase

\ 2hicle motions. The magnitude of the vehicle response in each mode is nearly
equal to the ratio of the payload mass (or moment-of~inertia) to the
appropriate effective vehicle mass or moment-of-inertia (i.e., including hull
apparent mass and moment~of-Inertia effects) or the dominant degree-of-
freedom.

For example, consider the coupled heave vibration mode:

Payload Mass
= 0.179 : 1 = = 0.175
whv Effective Vehicle
Mass for z-Axis
Motions

'Jhcg H Vpcg

These relatively high frequency out-of-phase coupled modes could be important

in the desizn and analysis of inter-element structural members. Also, rotor
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excitation, including higher—-order dynamics not modelled in the present
simulation, could be significant at these frequencies.

The present example analysis of the coupled HLA/slung-load dynamics shows
that while the characteristic roots of the separated vehicle (Lire b) and
payload (Line d) modes are essentially unchanged in the combined vehicle |
(Lines ¢ and e), significant dynamic coupling between the bodies exists.
Adequate consideration of the coupled vehicle/slung-payload low frequency
modes will be essential for load positioning, and of the nigh frequency modes
for minimizing structurzl mode excitations. Analogous low frequency problems
with heavy~lift-helicopters have required special flight control system
characteristics, including feedbacks of the cable angle rates to rotor con-

trols(ZI).

This remains an area for future HLA study.

The coupled vehicle/payload dynamics resemble in character ihe helicopter/
slung lcad results of Sampath(lg). However, the present payload aerodynamic
model iacks the detaill required to capture the oscillatory nonlinearities and

stability sensitivities repo-ted in that reference.

Effect of Flight Speed on Unloaded Velicle Dyramics

The linearization analysis for the unloaded vehicle was extended over
a range of irimmed flight speeds from 0 to 140 ft/sec (¢ = 0). The migration
of the 5 modes with axial speed 1s shown in Fig. 6. The surge (l/T:) and
stable sway/yaw (l/Tsyz) time constants increase fairly linearly with speed.

The unstable == mode time constant (1/T yl) increases due Lo the increasing

hull instability with flight speed.

(22) the heave lamping (1/Ty)

As expected from heli-opter dynamics,
improves with increasing speed. Since both the rotor and tail effectiveness
increase with speed, the roll mode becomes more stable, reaching a damping

ratio of 0.53 at the flight speed of 140 ft/sec. Forward flight speed reduces

the frequency and ultimately destabilizes the pitch oscillation mode, due to
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the hull’s large aerodynamic instability and the small tail area. Howeve

the pitch damping of the rotors improves with increasing airspeed, so the mode
is margianally stable up to 60 ft/sec. At this speed, the dominance of the
envelope aerodynamics over metacentric stability causes the osclllation to
become unstable. Ultimately the mode becomes two aperiodic divergences a§ the
speed further increascs.

The sensitivity of the dynamic modes to forward flight speed is a very
important consideration in configuration. and flight control synthesis. The
present analyses show the unaugmented, unloaded example HLA configuration to
be best suited for low-speed and hover flight conditions (Vo < 60 ft/sec).
Increzsed flight speed can be achieved by incresasing the tail size and hull
fineness ratio, or by incorporating an active stabilizing flight control

systeme.
Comparison of Nonlinear and Decoupled lLinear Models

Flight mechanics and control analyses commonly are based on the small per-
turbatfon, linearized dynamics of vehicle motion where the longitudinal
(pitch, surge, and heave) and lateral (roll, yaw, and sway) degrees—of-frredom
are assumed decoupled. The validity of employing such assunp: cas for HLA
analyses was checked by comparing the step response of the nonlinear and
decoupled linear models for the 44 ft/sec flight condition, with and without a
slung payload.

Figure 7 shows the open-loop pitch attitude response of the vehicle to
small and large step commands in surge control (Gu)-

The unloaded vehicle pitch angle in response to a small step command of
surge control (Gu = 0.16 deg] is shcwn in Fig. 7a. The nonlinear and
decoupled linear system responses compare very well, thereby validating the
approximations. When the command is increased to §; = 2.0 degrees, Fig. 7b,
the discrepancy between the system responses becomes more noticesble, indicat-

ing the existence of response nonlinearities for larger motions. Howeve=, the

g ":
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character of the response is well represented for this case where derivative
discontinuities in the aerodynamic data for the tail (Fig. 2) are not encoun=
tered.

The 6~degree-of-freedou nonlinear and the decoupled 3-degree-of-freedom
linear responses of vehicle/slung payload systems are compared for a small
command (8, = 0.2 deg) and a large command (60 = 10.0 deg) 1n Figs. 7c and
7d, respectively. During the first 15 secs, the comparison 1s good, with the
large command response exhibiting some nonlinc rity, as before. Thereafter,
the response of the linearized system diverges from the nonlinear system.

This divergence was traced to the coupling between longitudinal and the
lateral-directional degrees of treedom — a factor which is not represented in
the decoupled linear model. A4s previously noted, the loaded venicle exhibits
significantly increased conupling due to the increased rotcr flapping asso-
clated with the large trim thrust levels.

These results are typical for simulations of rotorcraft where substantial
response nonlinearity and coupling between longitudinal and lateral~
directional degrees of freedom exists. The comparisons show that ccatrol and
response coupling characieristics need to be taken into account in the
analysis of HLA dynamics and the svnthesis of flight control systems for these

vehicles.

Vehicle Cust Response

The unloaded example configuration was trimmed at the 44 ft/sec flight
condition and then subjected to an 1solated vertical tail gust in order to
study the dynamic responses. The gust input was a one-minus~cosine shaped
vertical downdraft with a maximum value of 5 ft/sec and a duration of &4 sec.
The selection of an isolated tail gust (no hull gradients) wa3 made in order
to excite the vehicle pitch mode with a simple disturbance, not necessarily

representative of a realistic gust environment.
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Open-Loop Response. The longitudinal response of the open-loop vehicle to

the tail gust input is shown in the solid time histories of Fig. 8. (Note

that the rate of climb, hhc not whcg’ is preserted here.) The open-loop

4
behavior is dominated by the pitch mode. The frequency of oscillation,
phasing, and relative response ratios correspond very well, as expected, with
the previous linearized results.

Closed-Loop Response. The flight control system was closed in all six

degrees-of-hull~freedom in order to compare open- and closed-loop unloaded
vehicle response to the gust input. Details of the pitch loop closure were
presented in Reference 1l.

The longitudiral closed-loop response to the tall down gust 1is plotted
(dotted lines) in Fig. 8. Th' disturbance-suppressing characteristics of the
6 DOF flight control system are clearly apparent. Further studies are needed
to determine vehicle response to turbulent environments, utilizing the four-
point-gust model(ll) with realistic turbulencz inputs and the aerodynamic

interference models.(13)

IV. Conclusions

An .ample HLA coafiguration with a low fineness ratio hull and a small
vee -tail was analyzed to expose basic aerodynamic and dynamic properties.

Sone of the significant conclusions to be drawn from this analysis and a

comparison with past airship data, are:

1) For the example configuration, the tail size 1s not sufficient to
stabilize the vehicle in cruise flight.

2) The choice aud scheduling of control mixing between rot~rs and propel-
lers has a significant effect on vehicle erformance. For the example
configuration, the loaded and unloaded vehicles exhibited _out the same
maximum speed because the fixed crossfeed values . sulted irn higher pro-

pulsive efficiency for the loaded coudition.
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The trimming capability of the unloaded HLA 13 severely limited when !
hovering in crosswinds due to lack of lateral force generation capa=-

bility.

r menh e #

Numerically linearized small perturbation dynamic analysis of the

.

unloaded example configuration showed the existence of five character- ?
istic response modes: ;
Surge subsidence (stable)
Heave subsidence (stable)
Pitch oscillation (stable)
Coupled sway-yaw (unst..le)

Roll oscillation (stable)

Resemblance of some of the HLA modes to those of classical aircraft and
V/STOLs is apparent. The qualiiative correlation of these modes with
the results of other investigators was noted.

Analysis of the vehicle/slung-payload dynamics shows significant
coupling of the payload dynamics with those of the basic HLA.

The pitch and unstable sway-yaw (unloaded vehicle) modes were desta-
nilized with increasing axial flight speed, while the other modes became
more stable.

Comparison of ncnlinear and decoupled linear solutions for the unload:d
vehicle showed close agreement for small motions, with some nonlinear
effects for motions larger than a few degrees. T. loaded vehicle
exhibits strongly coupled characteristics due to the rotor flapping
dynanmics.

Open- and closed-loop responses of a 5 fps (one-minus~cosine) down-gust
on the tail showed that excellent improvement in the vehicle’s dynamic
behavior can be attained with the incorporation of simple flight con~

troller having proportional, rate and integral-error feedbacks.
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Hull
Length 240 ft
Diameter 103 ft
Volune 1.5 x 106 £¢3
Tail Area 2520 ft?2
Weight 8.89 x 10% 1b
Lift Propulsion Unit (LPU)
Rotor Diameter 56 ft
Propeller Diameter 13 ft
Engine Horsepower 1524 hp
(One per LPU)
Weight (Each LPU) 9 x 103 1b
Composite Vehicle Unloaded Loaded
Weight (1b) 125,000 165,000
Buoyancy Ratio 0.92 0.70

Figure 1. Example Quadrotor HLA and Slung Payload
Used in Present Simulation
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Figure 5. Trimming for Hover in a Steadv Crosswind
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QUADROTOR HEAVY LIFT AIRSHIP

Mark B. Tischler and Henry R. Jox.
Systens Technology, Inc.
Hawcthorne, CA 90250

Abstract

The response of & Quadrotar Heavy Lift Atrship
to atoospheric turdulence is evaluated using a
4-potint f{nput model. Results show 1interaction
betwveen gust inputs and the characteristic aocdes
of the vehicle’s response. IExample loop closures
denonstrate tradeoffs betweun responses regulation
and structural loads. Vehicle responses to a
tuned discrete vave front compare favorably with
the Llinear results and {liustrate characteristic
HLA motion.

Nomenclature

a, Acceleration of the hull ceuter of
gravity along the gosittvc (downward)
z-body axis, ft/sec® (g)

Cege Center of gravity of the hull (i.e.,
envelope/tatl/support structure assem-
bly, excluding LPUs)

< Traveling upgust wvave celerity, {.e.,
{nertially referenced crest velocity,
ft/sec

d8 Decidels (= 20 log)q (gain)]

r. 1 Constraint force exerted on the hull

z support structute at the ‘att.chment
point of LPU-l, along the positive
(downvard) z-body axis, 1lb

LPU Life propulsion unit; each unit s
cor prised of one rotor, one propeller,
and one nacelle; nuambering system
shown {n Fig. 2

L, Characteristic scale length for verti-

8 ¢t " turbulence, ft

lh Huil leagth, ft

[ ] Liplsce transform operator

L/Ty, Heave node fnverse time constants for

I/Tﬁ the open-loop (bare airframe) and
closed=loop (control system engaged)
vehicle, respectively; rad/sec (time-
to~hs. f~anplitude = 0.693T; T =1,
)

v, Peference relative airspeed, ft/sec

V° Relcorence ‘nercial velocity along the
x-body axis (ground speed), ft/sec

v Velocity of the hull center of gravity

aloag the positive (downward) z-<“aldy
axils, “t/sec

v Heave axis control deflectian; v, *
1 degree * 1 degree of negative col-
lecr: ., pitch on each rctor, deg

t:l. vgz, Gust velocities along the inertisl z-
axis at input sources l-a4, respective-
v=3. ':‘ ly; positive downward, ft/sec

¢p 4 Pitch oscillation wode damping ctatios
' for the open~-loop (Mare airframe) and
closed-loop (control aystem engaged)
vehicle, respectively
9, ¢ Pitch and roll Euler angles, respec~
tively; rad (deg)
[ Root-mean~square value (rma)
oa, Root-mean-squared (rms) level of hull
aceleration (a;)
oF . 1 Root-mean-squared (rms) level of ver-
x tical constraint force at LPU-|
(Fe,,)
dy Intensity ievel (rms) for cturbulence
8 along the inertial z-axis, ft/sec
L VTP Powver spectral density function and
88 truncated power spectral ,ensity func-
o tion, respegctively, for vertical tur-
vaVg 5
8 bulence, ft*/radrsec)
" Fraquency, rad/sec
wy, Heave control system bandwidth; de-
fined as the -3 dB frequency (Fig. 1),
rad/sec
w, Butterworth filter cutoff frequency,
rad/sec
v, Traveling upgust '-ave encounter angle
(Fig. 2), deg
wpo ui Pitc oscillation mode frequencies for

the oper-loop (bare airframe} and
closed-loop (control system engaged)
vehicle, respectively; rad/sec

Supecscripts

- Average value
) Time derivative with respect to nonro-
tating axes

1. Totroiuctton

The effects of aetmosp! (c turbulence on the
sirship =otions snd structures are a continufng

"seatt Enzineer, Research, Member AIAA; and Principal Research Engineer, Associate Fellow ALAA.
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coneotn."z" Lov speed and mooring operations
are especially difficult since the reduced control
power and ground clearance increase the vehicle’s
vulnerabilily to turbulence. Recently, both the
British AD~500 and Goodyear Columbia have suffered
consideradble damage in mooring sccidents which are
largely attributable to severs turbulence.

Current design concepts emphasize requirements
of precision vehicle control and gust response
suppresstion in lov speed and hover flight opera-
ttonl-"'s These requirements are especially
foruidable for the Heavy Lift Afrship (HLA) log-
ging eon(l.prctton‘ and the Maritime Patrol Afr-
ship (MPA)." The utility of these vehicles de=-
pends on thetr ability to operate in all weather
conditions.

Studies bdY Delaurter! on the effects of atmo-
apheric turbulence on conventional airshipa ahowed
the existence of significant coupling vetween air-
ship pitch dynaaics and vehicle structural loads.
Maxinmus vehicle response and attendent loads were
found to occur vhere turbulence wave lengths
corresponding to those of the airships' normal
modes. Nagabhush.n analyzed the effects of
closed-1loop control on the hovering performance of
quad-rotor HLAs {n crosswind flight conditions.
His analysis showved that considersble improvement
in the radius of hover could be achieved by feed-
backs of {aerrial vehicle position to the rotor
cyclic contrals. The associated effects on the
structural loads of HLAs were not investigated.

An analysis of the dynamics and performance of
a generic quad-rotor heavy lift airship (Fig. 1)
using the STI/MNASA simulation was discussed in
Refs. 7 and 8. One significant conclusion was
that gust accelerztions have a considerable impact
on the loads experienced by airships due to appar-
ent nass effects. This will be especially impor-
tant for the HLA logging mission where large and
rapid changes {n the local atmospheric condl.ions
result from the geographic surroundings.

In this paper, we further develop analysis of
turtbulence effects on quad-rotor heavy lift con-
figurations with the use of the four point atmo-
spheric {nput nodel outlined in Refs. 7 and 8.
This nultiple~input model allows a mnre accurate
description of rust gradient effects than is ob-
tainable wvith a nore conventional single point
aircraft model.? An assessment of the effects of
atoospheric turbulence on the vehicle dynamics was
sade wvith an adaptation of design military gust
spectfications for piloted aircraft (MIL-F-
8785C)s This paper presents an overview of the
four~potint atnospheric {input mod2l, a discussion
of 1its range o: validity, and an application of
the Mil Spec for & typical low speed ualoaded
flight condition. The results show the cffacts of
closed~loop control on vehicle turbulence respoase
snd assoclated structural loads.

1I. Atmospheric laput Model

Analyses of tucbulence effects on aircraft are
generally based on the assumption that the local
staosphere nmay be represented by gust velocities
and linear pradients at a single point (nominally
the afrcrafe centec of gravity), then ext apolated
outvard therefrons. As noted by Etkin,? this leads
to signiitcant overestimation errors for large
atrcraft and  small gust wavelengths. Alrships,
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Hall

Length 240 ft
Diameter . 103 ft
Volume 1.5 x 108 f£e3
Tail Area 2570 fe2
Weight 8.89 x 10% 1b

Lift Propulsjon Unit (LPU)

Rotor Diameter 56 fe
Propeller Diameter 13 fe
Engine Horsepower 1524 hp
(One per LPU)

Weight (Each LPU) 9% 103 1b
Cunmposite Vehicle Unloaded Loaded
Weight (1b) 125,000 165,000
Buoyancy Ratio 0.92 0.70

Fig. l. Generic quadrotor heavy lift airship
used {n present study

with their nearlv .eutral bouyancy, large dimen-
sions and relarively low cruise speeds, are aspe-
ciall, sensitive to large-acale atmospheric gra-
dients and accelerations. A aultiple-point input
model allows the calculation of these gradient
effects at smaller wavelengths (and larger air-
craft size) than fs possible with a single-point
nodel. This results from the spatial interpola-
tion scheme which 18 used to calculate average
gradients and velocities from the velocities at
the various {input sources. Based on these con-
sidecrations, ve have implemented a four-point
atmospheric input model. This model, which is an
extension of the work of Holley and Bryson.‘l and
Etkin,® s discussed in detail in Refs. 7 and 8.

Figure 2 shows the location of the four input
sources for the present snalysis, which are se-
lected as a compromise to be close to the more
distai vehicle components, [f.e., hull ends, tatl
surfaces, and 14ft/propulsion wunits (LPUs)).
These sources are assumed to be satatiscically
uncorrelated because of thetr large separation
relative to gust charactevistic lengths at low
altitudes. Hence, linear superposition can be
used to determine che total (Gaussiau) turbulence
response of the vehicle by summing the {solated
responses of the vehicle to {ndividual gust velo-
city sources. Each input gives visea to effective
gust accelerations, velocities, and gradients at
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the hull, tatl, and LPUs. These, in turn, are
used to calculate aeradynamic forces and mowents
for use in the dynamic equations of motion. The
aany {nterpolatior forwmulas and equations for the
associated aerolynamic forces are presented in
Ref. 7 and are not rtepeated here.

Di{screte vave fronts are generated by tailored
sequencing among the {nput sources. These wvaves
can be tuned to the vehicle's dynamic wmodes to
evaluste critical non-Gaussian phenomena. The
four~point model s valid for all discrete distur-
baances within the assumption of lineor interpola-
tion of local gust velocity between input sources.

!

The use of a four-point atmospheric wodel
allovs the calculation of gradfent effects to
shorter gust wavelengths than is possible with a
stuile-point nodel; hovever, a lower gust wave-
length lintt e¢xists on the validity of the model
{n sioulating the response to sinusoidal inputs.
This results from the assunptton of gust velocity
linear (interpolatfon between the various input
sources, and the use of a closed-fornm hull aero-
dynamic model dependent only on the relative
foution betwcen the hull center of volume and atlr
D388,

Analyses uslng a mulifple segment hull model !
shov that the rosponse power spectra fall off
capidly for gust wavelengths shorter than twice
the hull length (:”h)' This is due to the pres-
sure averaging effect of the hull. In the present
atnple~pntnt =~ciel, the spectral-power reduction
s modeled with a third-order Butterworth filter.
The f[tlter breax frequency corresponds to a wvave-
length of 2lh. the assumed limic of the four~point
{nput nodel.

While the more accurate multiple segment model
{9 necessarty to cvaluate distributed structural
loads along the afrship hull, the satmplified ap~
proach adopted here {s felt to be sufficient for
dmaatcs and control analyses of heavy lift atr-
ohips, where the losda bdetween widely separated
elenents are of prime {mportance. This approach
allaws the easy ftncorporatfon of measured atmo-
spherte dats  (e.g., at four towers more than
100 fe apart) and (s well sutted for the study of

vehicle reasponses to discrete waveforms, such as
traveling gust "wvaves" asnd thermal curreats. A
comprehensive experimental effort with an {astru~
mented flight vehicle would be needed to validace
the preceding assuaptions. '

III. Apslysis Techaiques

The present analysis procedures are broadly
based on the MIL-F-8785C turbulence require-
ments. This specification rcquires analystis of
both continuous random (Gaussian) statistical tur-~
bulence and discrete (non-Gaussian) disturbances.
As noted by Etkin,? the Gaussian statistical
analyses a.count the Gaussian loads of up to 3o,
important for fatigue asssssment. The discrete
turbulence (wvave front) analysls accounts for the
critical loads which occur in thunderstorms with
far greater frequency than their %aussiin proba-
bilicy (Pr 4.50 = 7 x 107®) would tndicate. A
discussion of the application of these analysis
techniques to the four point atmospheric model {s
presented bdelow.

Statistical Turbulence Analysias

The longitudinal gust vesponse trangfer func-
tiong for each input source (e.g., 8/w3l, l=/v’l,
8/uwds, etc.) are generated by exercising the
numerical linearization option of the STI/MNASA
Heavy Lift Atrship simulation.’ These transier
functions provide valusble ins{ght into the dyna-
mics of HLA gust responses. Constraint force
transfer functions give the gust-imparted loads {n
the support structure between the central buoyant
envelope (hull) and the 1lift propulsion units

(LPUs). Statistical information {s obtatned
through anslysis of the gust transfer functions
and the relevant atwospheric spectra. In the

present analysis we used a simplified form of the
Dryden wmodel!? with the high frequency spectrua
truncated for wavelengths shorter than twice the
hull length (2%, = 480 ft). The turbulence
model’s scale length and intensity parameters were
obtained from Ref. 10. Open-loop (bare airframe)
and closed-loop (flight control system engaged)
studies were completed to investigate tradeoffs
between requirements for respense suppression and
structural integrity.

Discrete Cust Response

Discrete gust responses show the vehicle reac-
tion to non-Gaussian distirbances. A tuned upgust
wave front was developed based on the MIL Spec
guidellnes-lo This wave consists of seguenced
{1l ~ cosine) discrote waves, one at each of the
four 1input source locations, designed to excite
the vehicle at {ts natural frequencies of motion
about the pitch and rvoll axes. The resulting
large amplitude time histories provide information
on critical loads and motions.

1V, Linearized Transfer Punctions

The opun-loop line rized and decoupled longi-
tudinal transfer functions were calculated for a
flight condition of 44 fps (13.4 m/s) (axial afc-
speed), which corresponds to that analyred in
Ref. 8. The present model includes the effect of
aerodynamic {nterference awong the vehicie compo-
nents (e.g., hull/rotor, rotor/tatl, etc.). A
compacrison of the present transfer functions with
thone of Ref. 8 showa intcecrfercnce effects on the




vehicle’s transient dynaaics to be small to neg-
ligible. As noted in Ref. 7, the dominant effects
are changea to vehicle trim controls and power
conditions.

Closed-loop transfer functions were calculated
for che nominal flight control system described in
Ref. 8. Feedbacks of attitude, and inertial
linear and angular velocities to the rotor, pro~
peller and tatl control surfaces stabilize the
vehicle against unvanted motion and maintain the
command+d flight path. A forward loop integrator
13 used in each axis to finsure zero steady-state
error.

Figure 3} shows the vertical velocity response
(v) to vertical command inputs ('c) for the open-
loop (feedbacks disconnected) and closed-loop
(feedbacks connected) vehicle. The open-loop
response 1s vcharacterized by the dominant heave
mode frequency (1/Ty = 0.22 rad/sec), the pitch
oscillation wmode frequency (w = 0.27 rad/sec),
and the =3 dB heave bandwidth (uwgy = 0.36 rad/
sec). VWhen the noaminal feedback gafﬁs are used,
the pitch oscillation mode s well damped, and
the gugmented heave node frequency is increased
(1/Th = 0.85 rad/sec). The associated increased
heave banduidth (wwy = 0.8 rad/sec) implies 1im-
proved command tolloning and disturbance suppres-
sion characteristics. Attendant =2ffects on gust-
induced structucal loads was a central question of
the present study and is discussed in the follow-
irg sections.

Additional 1increases 1in the vertical velocity
feadback gatn results in higher bandwidth systems
(F1g. 3) with further improvements in the dynamic
characteristics. Increased gains result in larger
control deflections which may cause surface limit-
1z Iin heavily load:ud conditions. Héwever, for
the present unloaded flight conditfon this is not
& prodlem, even for very high bandwidth systems
(Wyzy, = 5 rad/sec).

The gust transfer functions examined 1in the
study were: pltch atcitude, 9; vertical accel-
eration at the hull center of gravity, a,; and
vertical constriint force exerted on the hull
structure Jt the attachment point of LPU-1, Fcz .
These variables ecxeoplify the notions and loa%s
vhich are characteristic of the vehicle longitu-
dinai response to turbulence.

Pitch Actitude Response

The open~- and (nominal) closad-loop pitch
attitude responses to vertical gusts on inpul
Source 1, 6/v§l. are shown in Fig. 4. The vehi-

cle plech response to input Source ! is represen-

tactive of the rcaponse of the vehicie to the
wircd/sec)
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Fig. 4. Pitch attitude résponse to gust inputs

at Source 1; 6/"21

other gust imput sources (vgz. w§3, ui‘). This
results from the assumed symmetrical distribution
of the gust input sources about the hull center of
volume, the hull’s fore/aft symmetry, and the
relatively small tail compared to the hull. The
transfer functions for gust inputs Sources 3 and 4
have a slizhtly higher gain in the high-frequency
region. This is due to the unsteady tail forces
vhich are predominantly fanfluenced by the rearward
sources (s3, s4).

Referring to Fig. 4, we note that the open-
loop dominant pitch response 1s at the damped
natural pitch oscillation frequency (= w,) as
expected. These results agree with those of
DeLaurier,! who also showed maximun gust responses
at vehicle damwed pitch natural frequencies. The
peak closed-loop response is significantly reduced
from the open—loop case due to the desired fune-
tion of the pitch attitude control system. In the
frequency range above the nominal closed-loop
bandwidth (= highest closed~loop pole, 1/Ty), the
open- and closed-loop transfer functions are iden-
tical; therefore, the 1initial time respoases
(1.e., slopes) for both cases will also watch.
For low-frequency inputs the attitude response
asvnptotically approaches zero due to the in-
stallel trim integrator. These linear resulcts
correlate well with nonlinear time historties of
Ref. 8 and those presented in the next section.
Vertical Acceleration Response

As with the pitch response, the vertical
acceleration (az) transfer functions are quite
similar among the four input sources. This agafin
{8 due to the symmetrical orfentation of the
sources about the hull center of volume and the
small relative size of the tail. The accelera-
tion response to a vertical gust on input Source
1 (lz/“sl) is shown in Fig. 5 for the open~ and
closed-loop systems.

Ignoring the excitation of the pitch oscil-
lation mode (w;), we obtain, from Fig. 5, the
following approximate relatfonship between the
vehicle open-loop vertical acceleration response
and the gust acceleration at input source l:

w3l w3l
ot o). & m

The approximately 1identical
remaining input sources give:

reaults of the

a, & 4, e))
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vhere . . . .
T S/ Sk Wk )
vy = Py (€3]

Equation 2 ind{cates rhat the open-loop vehi-
cle 1s subject to pure convective motion. This
results from the near-neutral buovancy ratio
condttion (0.92) of the present vehicle. Analyses
by Delaurter! and Nagabhushanz verify this conclu-~
sion for other neutrally buoyant vehicles. Coun-
ceptually, the cpen~loop vehicle may be considered
as a soap buddle or particle in the air mass, con-
vecting with che local motion.

This result i3 especially imporrant for moor-
ing and other power-off flight conditfons; at-
tenpts to restrain the vehicle will require the
attachment structures betwveen the hull and LPU to
absord the large enargy of the local air mass
potions. This explains the historical policy of
allowing airships to float frealy away from the
mooring =ast {a severe turbulence condit{ons.”
Also, current Goodyear policyld 1s to allow the
moored airship to freely "kite,” thereby relieving
the otherwise large air mass forces associlated
with constratning the vehicle against 1its natural
convective motlon.

The clesed-loop responss below the augmented
heave aode (1/Ty) is signtficantly reduced from
the open-loop case due to the desired function of
the (nominal) vertical axis control system. The
pitch axis control system daops the previous exci-
tation of the open-loop pitch mode (”p)' Addi-
tional ({ncreases 1in the vertical loop bandwidth
are shown {n Flg. 5 to further reduce the vertical
acceleratton gust response. This {s expected from
the (tmproved conmmand response characteristics
shown {n Ffg. 3. Again, the high-frequency charac-
tecistices (adove 1/Tf) are unchanged since the
unsteady (accelerated flow) aerodynamics of the
rotors .are neglected.

The retention of significant acceleration
responses out to high frequencies suggests poten~
tlal f{ntecaction between the accelerometer mea-
surements and structural (high-frequency modes),
possibly causing degradation of the control system
effecti{vencss and resulting gust suppression

performance. Careful attention will have to be
paid to insure that the accelerometers are located
at appropriate points relative to the mode shapes
of the dominant structural modes for appropriately
tailored control systea/structure interaction.

Coanstraiat Force Response

The frequency response of vertical corstraint
force between the hull and LPU-1 due to gust
inputs at Source 1, (F. /vil), is shown 1a Fig. 6
for the open~ and elosé ~loop vehicle. The high-
frequency response of Fe to each of the other
temaining gust input sources {s nearly identical,
again due to the symmetry of the input sources
about the hull, the relatively small tail and the
constant hull response to gust accelerations.
However, the low-frequency charscteristics of the
remaining transfer functions are quite different,
especially near the ooven-loop pitch mode (w,).
This results from the coupling of the constraint
force and pitch mode responses due to the rotor
damping forces.

Figure 6 shows a siznificant increase in the
constraint force loads from the use of closed-loop
control to regulate hull wmotion against turbu-
lence. For the closure selected in the present
study, the wnid-frequency load response increases
by a factor of 6. Further increases in the ver-
tical gaia indicate an {nverse relation between
vertical accelzration response suppression (a,/
v.) and constrain: force response amplification
(Eczlvg)- The limiting condition of a vertically
conStrained vehicle 4s being approached with this
high bandwidth case.

The increase In constraint loads a: :fated
with the higher bandwidth control systems {s due
to the attempt of the rotors to restrain the hull
in the presence of large gpst acceleration loads.
Reductions in quasi-steady (i.e., velocity depen=-
dent crossflow) forces which arise <£from the
closed-loop (stabilized) hull motlon are over-
shadowved by this effect. DeLaurier!s!3 cites such
reductions in structural loads on classic airships
with in.reases 1in control gain since the gust
acceleration dependent terms were not included {a
his dynanic model.

An important conclusion of this analysis is
the existence of a direct tradeoff between re-
quirements for precisfon control and structural
integrity. This will be especially important for
the hover and near-hover precisfon control tasxs
which are essential to the Heavy Lift Airship log-
ging and payload positioning roles. Design and
performance specificactions for these vehicles need
to include this tradeoff.

V. Statiatical Response to Turbulence

The statistics of the vertical acceleration
(a,) and vertical constraint force at LRU-1 (F. ,)
response to statistical turbulence were evaluated
for the open-loop (control system not engaged) and
several closed-loop systems. These analyses were
based on the linearized decoupled longitudinal
transfer functions of the previous sectifon for
a flight condftfon having an afrspead (V_ ) of
44 fr/sec (30 mph), with a headwind of 30 ?t/sec
(20 mph), resulting in a groundspeed (V,) of
l4 fe/sec (10 mph). The statistical analysis was
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coapl) ‘ted using the following simplified first

ocrder spprox{mation of the Dryden spectrum:
2
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The following numerical values wvere selected,
based on the guldelines given in Ref. 10, for the
given flight condition at an altitude of 2000 fr:

o,‘ = 6.3 ft/sec
« Intensity level for

“noderate turbulence"

1750 fc

Turbulence scale length’

A» previously (scussed, the assumed applica-
bility o) the four=-point atmospheric tnput model
{s liotted to turdulent wavelengths not exceeding
tvo bdady lengthas In order to restrict the calcu-
latton of statisctles to wavelengths within this
Itatearton, a standwed third-order Butterworth
fllter was used to trun ite the {nput power spec-
tral denstty function ot Eq. 4. For the present
flight condlzlon, the Butterworth cutoff frequency
ta oo » M Sy = 0.57 rad ‘secs Note that this
cutotf! friqueacy {3 s .cade adbove the break fre-
quency of the (st “!f'°d) Dryden ({nput powver
spectral denstty filtur; hence, the truncation of
the spectrum wi. not represent a severe restric-

tion of 2"Me Aiyses for thix flight condition.
The following truncated {input power spectral
densicy nctton {s obtatned by combining the
stnplt! 4 Dryden model with the Butterworth
filter:

J
w,

.
L K" - % K0 3 5
a 8 RO+ w s 4w b u;]

(5)

vhete '« itecisk denotes that

spectruw 1as been tceuncated.

the {nput power

Jhe output root mean s2quare (rms) value for a
saponse to a 1pecifie gust fnput sovurce {s ob-
tatned as follows:

02 = jﬂcuu)lz dw )
o ¢

vhere G(jw) are the , complex transfer functions,
typifted by (ag/vg’) and (Fc‘l/'s )» discussed
earlier.

The total response to all four gust input
sources {s obtained by superposition, as explatned
earlier. For example, the total vertical acceler-
ation rms vesponse (va;) {s calculated froam:

oay = [2(agid!) + o2(agn}?)

, /2
+ o {agnd?) + 02(a i3] N

A statistical anslysis of vertical accelera-
tion and constraint force response to turbulence
was completed. The output rms levels were nor-
malized by the turbulence intenstity (o, ) aad
converted to decibels (dB) to allow easy sfaling’
to other intensity levels. These results are
shown in Fig. 7 sa a function of the heave control
system bandwidth, o

As expected from the previous transfer func-
tion results, the vertical acceleration rms re-
sponse decreases with increasing closed-loop dand-
width. Associated with this acceleration response
reductfon {3 an {ncrease in the constraint force
response. As the gain (and associated bandwidth)
of the heave control system {s {increased, the
acceleration response asymptotically spproaches
zetro as the coanstraint feorce cesponse approaches
a constant value. These asynptotic values arve
representative of a vertically constrained condi-
tion (L{.¢., infinite closed-loop bandwidth).

The assumption of a constrained coadicion
would provide a simplified approach for apecifving
extreme rtandom load design requirements, e.g.,
for fatigue and failure mode analyses. Such
assunptions have been previousaly used to deter-

mine structural loads on <classical airships.‘“
One possible design requirement might be the 0
constraint-force level, which could bde expected
roughly I percent of the ti{me in a glven cturbu-
lence tlight condittion. For the present flight
condition, the &47.7 dB ratio of uF. , /o, shown
in Fig. 7 tindicates a 20 roqﬁ&reﬂint of
3100 1b (above trim). This criterion does aot

appear to he an overly conservative estimate of
the nominal c¢losed-loop loevel for statistical
loads analyses. However, the results in the next
section show that, for discrete turbulence encoun-
ters, a desaign requirement based on constrained
motion would be very stringeat, leading to an
undesirably heavy structure.

The resulte of these statistical analyses
reemphasize the previous transfer function rosults
concerning the tradeoff between requirements for
redponie suppression and structural Integrity. A
significant fincrease tn the constraint farces
occurs with the (mplementation ¢f any inerctally
vefarenced closed-loop control systems. This
sugpgests chat the low speed and precision hover
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wvidths, are crtttcal for doth disturdance suppres~
ston and structural logd conatderations. Furthet
analvses are trequited to exaatne the moored Ilight
conditton, vhere latge nose loades atre expected to
occut Jroa the partlally conatratued condition.

YI. _Vehicle Nonlinear Reaponse to a
Tunesd Dtecewte vusg tnput

The di{rcrete gust (nput {x Jdeeigaead to excite
the vehicle at (te natural pttch and rall mode
frequencies to proside (nformation on critical
sotions and loads. Thiz ts conventently done dy
having the vehicle encomater an odbliguely ortenied
traveling upgust wave, whose celorf{ty ({nsrtially
roferencod crewt veloctty), wavelength, and rela=-
tive hoading, ate adjusted to manimally and a{aul-
tanedutly exctite the pitceh and roll modes.  Heve,

rhe wave 14 ataulated dy applving a tuned series
! (1 = ¢atine) gusts at the four {npul soutves,
and By properlv welecting  the wavelength and
tintng.  The procedute te summartzed in Fig. 8.
™e prevent flfzhe comditton {4 an afrapeed
ot 4t eer and A windepesd ol W [t sec] the

natural frequenctee are 2% tad sev ta plich and
Ocan? tadsvee  tn roll. Vith the ayewettical
100 £t spacing of the gust {nput  sources, the
ptocedure ylelde an apparent wavwe envounter wv)
angle of 27 deq from the nose (Fig. ), & cresmt
colaptty (C,) ot Y4 fr/eec (Fige 1)y and (over-
Lapptng) taput pettods of % xee (or sach sgource
(Flgs ). ™e velected peak guat magnitude of
1.4 (t/see tosults tn the four guat taputs (one
st eAch fnput Acutrces) whlch are showm tn Fig. 8.

™1Le peac gust value (v 17 percent ol the mean
windapoed of ¥ tt/eec. 1t wan obdtalned from the
Ml Spee requirementas fo be constatent with the

provious stattattical raa level for free atly turdu-
lence.
Peak (1 = conlne) valuer expected ta thunder~-
storm encouaters Dy conveational  atrecaft  are
spectfted as a4 fuactton of alrspess tn the Nl
sSpec. An altetnate peak value bassi on typteal

~a

atrship scenartos has been propo“d" The selec-
tion of an sppropriate thunderstors peak value and
vehicle penetration atrspeed fa crucial to the
vesulting load requirements and Jdepends largely on
the apecific misston aend dllowedle operational
weather condittions. For the prosent generic
study, an snalysis of extrems gust ancounters has
wot been completed; however, the Ctreads obtatined
uzing the woderate 134 ft/sec gust are represen-
tative of the resulte cthat may be expected for
"0re Bevere guat levels.

The open=loop pitch (9) and roll (#) responses
(dashed lines In Figs. %a and 9b) to the 1.3 ft/
sec peak upgust show that the vehicle s bdeling
excited at 1its damped natural (frequenctes. As
expected from the lineartzed responses, the atti-
tude and acceleration excurstons (Figs. 94-9¢) arve
significantly reduced due to the deszired operation
of the closed=lovp flight control syates. Strict-
ly speaking, the oblique upgust parameters should
be vetuned to the closed-loop natural frequencienm,
but this was not done here.

In the open-loop case, the vertical constraint
force in LPU=1 (Fig. 9d) rvesponda at the same fre-
quency (but roughly 180 deg out of phase) as the
(apen=loop) plich response. A sigai{tcant {n=-
crease tn the coustcaint force excurstons and fre-
quency reaults from the operation of the closed-
loop avstem with the transtent (orces (from trim
values) cistag from about oS00 to over 2300 1d.
This {s largely due to the atteapt of the rotore
to restraln the vehicle i{n the presence ol large
telative atr-to-hull accelevation loads on the
hull. The taportance of thess unsteady aecodwna-
mic loade, coapared with the guast-steady forcos
(those Jdue to relative velocities), has been pre-
vivusly Jdiscussed and demonstrated. The gradual
rige (n the open=loop constraint force, at the cad
of the time history, atises from the steady in-
creane {n relative vertical atvspeed due o unata-
ble vehtcle lateral characteristics® az rellected
tn Fign. Ya and 9d.

As  dtacusaed

earlier herein, (ncreasing the

tightness (bandwidth) of the closed-lovp systen
causten the constraint forcea to  approach the
lim{ting valuex for an  {oertially rvestrained
vehtcle. Then the forcea atre juet those that
arise from the gust f{nputs. For the nelected
fltaht (ondttton and Jdiscrets gust tnputwy, thia
fmiting vase vields a maxinum conxtratat force
toad o 19, W0 L, The (ucremental load of
3,00 Ih (above trim) ta  (lve ctlmea  thay
(2300 1h) odtatved for the nominal control ava-

tems  While Che conxtratned vehtcle approximation
providea & rveasonable eatimate for atatlatical
turbulence analyses, this approxtwation {s asen to
be overly convwrvative far the analysie of Jdis-
crete guet encountors, theredy leading tv an aver-
designed structure.  Espectally uurealtattc loads
are to be expected from atmilar anslyses of thun-
derstore level Jdiscrete gust encounters wiore peak
(1l = coninei values exceed 1% {r/gec.”’

The cunatvatined vehicle calculation asuggests
that large loads would be {mpatted to a vehtole tn
a fully vestratned wooring conditions The neces~-
atty of alloving unrestrataed angular motton to
relieve the othecrwize large nose somenta cuggests
the advantagos of utiliaing & mooring syetom which
allows  lacreased, dut properly impec-d, ltnear
wotton to relfeve the asnoctiated note forces,
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1. SELECT
a. Type: "Seni-diagonal™ upgust; roll frequency = 2 x pitch frequency
b. Dominant Pltch Perlod: TP = 2v/s, (open-loop; wy * ui for closed-loop)
c. Peak Magnitude: Vo,pk ® f(weather condition), e.g., M{1~F-8785-C, Para. 3.7
oc
for = 0.1g of vertical atr-mass acceleratton: vS-Pklo-lg = 3T (ft/sec)
d. Flight Condition: Afrspeed = V‘ (f:/sec); Groundspeed along x-body axis = Yy (ft/sec)
COMPUTE:
2. Overall Pitch Mode Perlod: SI‘l - Tp
b. Rise Tioe : Peak spacing: T; = 0.4 ®fug
!
ce Onset Times: ¢ = 0; ty = Tty = ZTl Pty = 3T
d. Wavefora (L = 1, 2, 3, 4):
0 H t <ty
vittey - l 0.5 wg ok [1 = cos [n(t - e0)/T11! 5 &g S & <ty + 2T
0 3 t >ty + 2T
e+ Transient Conmputation Period: ZTP - 10T

3.

OALTQUE WAVE PROPERTIES (not required for simulation):

I

b.

Encounter aagle from nose: ¥, = tan‘l(Ax/Ay) (deg)
where 8x = 0.5(x; - x3) ; Ay = yi3 -y (ft)

Xp» Yy are positive quantities as shown above; and X3, y) 4are negative quancicies
as shown above

Apparent wvave celerity (cresr veloctity with respect to HLA; negative means travaling
beckwards past hull)

Cu,a = (=3x/Ty) cos ¢,

Inerctal wvave celerity (crest velocity with respect to ground; positive means traveling
same direction past hull as Vo)

& = (Vo = &x/T]) cos ¥,

F{g. 8. Tuned oblique traveling upgust relatfonahips
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The nonlinear time history responses under-
score the results of the previous linearized
analysis. The responses verify the earlier con-
clusion that a (closed~loop) reduction in acceler-
ation response due to gust inputs is gained at the
expense of significant transient increases in the
constraint forces between the LPUs and the hull.
Further 4increases in control system tightness
accentuate this penalty. The increase in the con-
straint force frequency characteristics reflects
higher loop bandwidths and implies 1Increased
fatigue loads in the LPU and hull support struc-
ture. These fundanentally opposing trends require
consideration in the flight control system perfor-
mance and design load specification process.

VII. Conclusions

An anslysis of typical quad-rotor heavy-lift
airship cotions and loads due to atmospheric dis-
turbance was cozpleted. The results presented in
this paper revealed the following conclusions:

l. Vehicle motions due to gust responses were
maxinum at frequencles corresponding to those
of the atrship”s natural motions.

2. Loads betveen the rotor units and hull are
dominated by static (trim) 1loads and the
unsteady aerodynanic hull forces due to 1{its
acceleration relat{ve to the gusting air mass.

3. 1lzplementattion of a mnulti~axis closed-loop
control sj;stem causes a sigrificant reduction
{n the venhicle dynamic moticor to statiotical
and discrete gust inputs, but also causes
large 1increases {n the transient constraint
forces betveen the hull and LPUs.

4. The loads computed by assuming that the
vehicle is fully constrained by the 1ift/
propulsion unit arms are overly conservative
for crufse calculatifons, but suggest the
advantages of a coopliant mooring system which
would allow sonme linear motion, impeded in a
proper nanner.

5. An extension of the aircraft Mil Spec discrete
tuned (l - costine) gust input for loads
requirements 1is suggested. It simulates the
effects of an oblique traveling upgust wave,
tuned to sinultaneously excite both pitch and
toll doainant nodes, for which constraint
forces are wvorst.

6. The existence of tradeoffs between tight vehi-
cle response and resulting Increases in vehi~
cle constraint forces suggests that closer
atteatfon than usual needs to be paid to oper-~
ations {n the low speeu and hover flight
regines vhere gust responses are most signifi-
cant. Future studies should focvs nn:

a. Openting up of motion tolerances for pre~
ci{sfon hover and load nhandling, e.g., by
different load handling techniques.

b. Flight control laws that allow some high-
frequency vehicle attitude and linear mo~
tions while constraining the low-frequency
linear nottons.

c. Hull and tall gust load relief (e.g., via
tall controls responsive to hull gust
angles or loads.)
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