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ABSTRACT

SEPARATION SIMULATION FOR HELICOPTER EXTERNAISTORES AND
GENERATION OF SAFE SEPARATION ENVELOPES

Kapul u, ¥zge
M.S., Department oAerospaceéengineering
Supervisor: Prof. DrOzan Tekinalp

Decenber2015 116 Pages

In many aerospace applications, simulations are used to predict the behavior of the
flight vehicle and reduce the number of flight tests requiredhis thesiamodeling

and development of separation simulation toohielicopterexternal stores carried

out Detailedexplanations of mathematical modeling, procedure of store separation
analysis and collision detection approach from flight dynamics point of view are

presented.

The ronlinear mathematical model of armed configuration of Black Hawikdyekr

is developed in FLIGHTLAB Simulation environmerg.75inch diameter rocket

and 19tube rocket launcher are also modeledto simulate store behavior after
separation from the helicopter. A simulation codeigten to trim the mathematical
modelat a desired flight condition; then simulate store separation at that trim point.
The trajectory of helicopter and store are recorded during simulation. Store distance
to critical helicopter points are calculated until the store leaves the helicopter
neighbahood. Collision detectiorroutine checks whether the store has contattt

the helicopter components exceeds the clearance margidsing the simulation

tool many points in the flight envelope are investigatedhtainsafesgparation and

\Y



safe jettisn envelopes. These envelopes represent the mandhaetbe store
separatesafely without endangering the aircraft or cr@e main rotor interference

on external stores is investigated using different main rotor inflow methods. The
effect of launche loading is also studied to determine the most critical launcher

configurationat jettison.

The simulation tool is validatedith jettison of external fuel tanks. The jettison
envelopegenerated based on simulation results is consistent with thgesizfen
limits defined by flight test data.

Keywords:SafeSeparation Jettison,Helicopter External ®res 2.75inch Unguided
Rocket, 19%tube Rocket Pod, External Fuel Tank, {8BA Mathematical Model
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LIST OF DEFINITIONS AND ABBREVIATIONS

Store: Anything that may be released deliberately from an aircraft, whether dropped
under gravitational force or with ejection forces. Launched missiles, unguided
rockets and their launcherspuntermeasure payloads and external fuel tanks are

included in store definition.

Safe Separation: The parting of a store(s) from an aircraft without exceeding the
design limits of the store or the aircraft or anything carried thereon, and without
damageto, contact with, or unacceptable adverse effects on the aircraft, suspension
equipment, or other store(s) both released and unreleased.

Jettison: The intentional separation of stores or suspension equipment, or portions
thereof (such as expended rocketlg), no longer required for the performance of

the mission in which the aircraft is engaged.

Launch: The intentional separation of a splopelled store; such as a missile,

rocket, or targetrone; for purposes of employment of the store.
AEFA: Aviation Engineering Flight Activity

CFD: Computational Fluid Dynamics

CG: Center of Gravity

DOF: Degree of Freedom

GENHEL: General Helicopter Flight Dynamics Simulation

KIAS: Indicated Airspeed in knots

XixX



XX



CHAPTER 1

INTRODUCTION

Helicopters are widely used in military forces due thmimerouscapabilities. In

land forces helicopters are operated to transport troops, to launcardnéind akto-

air missiles. Hitting surface and subswoé targets are also part of helicopter
missions at sea operations. All military aircrafts equipped with weapon systems have
to fulfill target acquisition, stores installation and weapons separation requirements.
The methods and procedures for weapon rnattegn are explained in military
standardgReferencegl] and[2]) andthose documents are used as a reference in

weapons design andtegration activities,

Store is generally defined as anything (missiles, rockets and their launchers,
countermeasure payloads, torpedoes, external fuel tanks) that is released from the
aircrat intentionally or in emergency situatid]. Separation term is used for
situations such as release of a {fak store or release with ejection force, laun¢h o
selpropelled missiles and rockets, fire of a gun and dispenses of chaff and flare
counter measure systems. Separatiorgarded as safe when the parting of the store

from an aircraft without damage to or contact with the aircraft or other $igres

The intentional release of missile carrying launchers, rocket pods, external fuel tanks,
dispensers or other equipment from the aircraft is called as jettistmtiWipurpose

of minimizing the parasite drag or to redugeight pilot may decide to jettison the
stores that are no longer required for the mission. This situation is known as selective
jettison. However, most of the jettison cases occur in emergenwjitions. The
emergency procedures of rocket/missile fire failure such as hang fire situation

necessitate jettison of the launcher immediately. Single engine or dual engine failure



emergency procedures also dictates to jettison all external stores tentheiuel
tanks as soon as possible to improve autorotational performande eedlicethe

risk of damage to the helicopter on landjid].

The techniques used for prediction of stiight characteristics released from fixed
wing aircrafts are not convenient to be used in rotary wings. Although store
separation from helicopts occurred in lower airspeeds compared to fixed wing
aircrafts, the capability of hover, lateral and rearward maneuver capabilities makes
the separation problem equally cruciSeparation at relatively low speeds has a
negative impact on separation chaeristics since the store may not clear the
helicopter neighborhood rapidly. Main rotor induced flow is another subject to be
considered in separation from helicopters since mounting locations of external stores

are generally remain inside the rotor wake

Store separation from a rotorcraft is a complicated problem because of the transient
rotor indwed flow field around the starénother reason is that the missile launcher
and rocket pods have dynamically unstable jettison behaviotodheir geometrie

and low weights. Although launched rockets and missiles follow a horizontal and
forward path with respect to the helicopter axes, safe separation is still a subject to
concern. In dynamic maneuvers like push over and coordinated turns, the store path
maybe in a very close proximity to the main rotor blades and helicopter extremities
such as pitot tubes. Separation simulations concern the flight dynamics of the store as
far as it leaves the helicopter vicinity. Predicting unsafe separation has a major
significance because a potential damage to parent helicopter and to the store itself

may threaten the mission and crew safety.

Every helicopter carrying external stores and fuel tanks has a safe separation and safe
jettison envelope that demonstrates the saidd critical areas in the flight envelope.
These envelopes are providedthe aircrewn the flight manual. The purpose of this

study is to develop a simulation tool that investigates the helicopter and store motion
after separation and to detect thight maneuvers at which separatiorcigical or

unsafe. Safe separation and safe jettison envelopes are generated as the outcome of

the simulations.



1.1 Requirementsand Methods to Define Safe Separation

Flight testing is the absolute way to verify safparation. The launch and jettison
flight test procedures, purpose of the test, data requirements, test preparation, test
conditions and acceptance criteria of launch and jettison tests are explained in detail
in MIL-HDBK-1763[1]. MIL-HDBK-1763 states that minor stei@store or store
to-aircraft contact may be acceptable in emergency jettison cases. According to the
same reference, the acceptance criteriondandh is that no part of the missile /
rocket will strike the aircraft or adjacent storB8L -STD-1289documen{2] is also

taken as a guideline for store installation and testing procedures. The standard
provides physical clearances that are recommended to prevent any damage. Hence in
this study the reqrements specified in the standard are considered for safe
separation determinatiohe allowable external store to aircraft and store to store
minimum clearance is stated asinches 25.4 mn). For launched stores such as
missiles and rockets, the cleaca measured from the trajectory of the store to the
worstcase rotor plane is depicted as foegree These clearance limits shall be

taken into account while identifying safe separation conditions.

Although the flight testing is the most reliable metho determine safe separation

limits, the store may exhibit unexpected behavior in the helicopter flow field during
flight trials. The unstable characteristics of the store must be analyzed before flight
tests to reduce the risk of damage to helicoptdrcaew. Another drawback of flight

testing is the high cost of flight sorties. In a similar manner, test missiles and
launchers are quite expensive and they become useless once they are separated from
the helicopter. Regarding all these constraints, theben of test points is limited.

As an initial step of separation tests, analogy with similar shape launchers that have
been already certified can be used to predict store behavior. In most of the weapon
integration projects, predictive analyses specific tihe store is preferable to

estimations based on past experience.

Separation simulations are the appropriate way to manage the risk and cost of the
flight tests. Moreover an insight about the store behavior is gained prior to tests.
Wind tunnel testingcamputational fluid ¢gnamics analyses and flight mechanics



analyses are different methods used for separation simulations. Each method has
advantages over other method¥ind tunnel testing and CFD solutions are proper to
simulate the highly complex flowdid and aerodynamic interferences between rotor,
fuselage and external stoM/ind tunnel tests are performed using -to®ne or a

partial scale of the helicopter and the store. Main rotor and tail rotor induced flows
must be represented in wind tunnedttespecially at hover and low speeds. Wind
tunnels are more suitable for free drop jettison tests diiited space. Foraptive
trajectory wind tunnel testing, the models of helicopter and the store are supported
individually with strings which enablé DOF motion. Aerodynamic forces and
moments acting on the store are measured at each simulation time step. Equations of
motions are solvedumericallyand the trajectory of the store at the next step is
calculated. The store is placed to the new pos#imhthe procedure is repeated until

the whole trajectory of the store is obtained. It is apparentitbatind tunnel testing

is anexpensivanethodrequiring a special test setup.

Computational fluid dynamic€CFD) analysis is an alternatiweay to wind tunnel

tests. CFD provides solution for store motion inside the complicated rotor wake. The
aerodynamic interactions between fuselage and store can be also modeled in CFD
simulations. CFD studies provide separation simulations for limited test cases
becase of time required to generate meshes, simulate the separation and post
process the results. For this reason they are not practical for safe envelope generation
that necessitates sweep of numerous flight scenatith the exception of the
impractical siles, CFD and wind tunnel tests provides reliable data for generating
store aerodynamic databases which are the crucial elements in 6 DOF flight
dynamics simulations. Empirical data for including aerodynamic interference
between helicopter components (meotor, fuselageempennagand tail rotor)may

beobtained from CFD simulatiores well aswvind tunnel tests.



1.1.1 Flight Dynamics Simulations and Previous Studies

6DOF flight dynamics simulations offer best approach for predicting dtgre
providing fast and inexpensive solutions. Comprehensive flight dynamics
simulations compensate drawbacks of CFD and flight testing methods.
simulations, analytical methods are completed with aerodynamic data gathered from
wind tunnel tests and fluid dynamics solutiorStore separation ahany points in

the flight envelope of helicoptemaybe analyzed and an initial separation envelope
may be generatedlhis initial separation envelope is a starting point for actual flight
tests. Once the critical points on the fligetvelope are determined bye analysis

tool, thenumberof flight trials would be reduced and only validation tests at certain

pointswill be performed.

Concerning the advantages of flight dynamics simulations, all rotorcraft and weapon
manufacturers del@p their own simulation tools to estimate store trajectories after
separation durinthedevelopment phase.

The aerodynamic environment of rockets/missiles launched from helicopters and
jettison behavior of missile launchers and rocket pods have bedieatsof many
studies. These studies are generally conducted by military sources as the operator of
the armed helicopters or by companies under contract of weapon integration projects.
The study of Langrebe and Egf#] focuseson an analytical investigation to predict

the rotor wake induced flow velocities along the trajectory of -th¢b diameter
rockets fired from AHLG helicopter. The sensitivity of induced oeity to rotor

wake model, launch attitude and launch position were also investigated. The results
showed that determination of rotor wake boundary location has a strong effect on
rocket trajectory; hence rotor wake geometry should be specified usingisiicea
method. Wasserman an¢eller have a similar work as wellt]. Their study was
performed using a 6 degree of freedom trajectory program and discussednipe cha

in downwash due to varying blade azimuth angles. The effect of varying downwash
distribution resulted in a significant change in the rocket range and dispersion

especially at hover.



Technicallecture seriesonducted by NATQAGARD addresses thproblens of
integrating externally mounted weapons on helicopters and lessons learned from AH
64 Apache, RAF66 Comanche, EH01 and TGER helicopters One paper
discusses a twdimensional modelbuilt in Eurocopter Companyto gather
information about trajectorin longitudinal and vertical axis arttie pitch motion
[5]. Empirical induced velocity and aerodynamic data from full scale wind tunnel

tests were used for anaiys

As a part of integration of Hellfire Missile System into the-B6ihelicopter, jettison
analyses were performed in 6 DOF computer simulations prior to/&¢sBased on
analyses, the most critical configuration in terms of collision possibility was
determined as the launcher loaded with two missiles on the upper and lower inboard
stations. Result of the analyses showed that the most dominant parameterdtgat affe
the movement of the storewards tothe fuselage is sideslip. The separation
simulation results were utilized to define the safe jettison limits with minimum
number of tet points. The analyses results bring alboate conservative trajectory
comparedto actual flight jettisons in wbh the launcher demonstrated stable

characteristics.

Another research about jettison simulatiesh€onducted in Eurocopter by Ries and
Kiesewetter{7]. 6-DOF Flight Mechanical Simulation Tool is used in combination
with CFD calculations. Aerodynamic coefficients of both the helicopter and the store
are generated for different angle of attack and side slip angle combinations using
serialization methods instead of a manual CFD calculation process. The impractical
steps in CFD calculations such as coordinate transformations, interpolation between
the simulated angle combinations and suitable output formatting for the flight
mechanicatool are improved byhe automation of the process. Moreover, a routine

is developed to determine the collision energies of two bodies with the assumption of
an inelastic collision. The analyses results of the jettison of Alpha Jet Tank from

NH90 helicopte are validated and a good correlation is achieved.



1.2 UH-60A Helicopter and 2.75Inch Diameter Rockets

The UH60 Black Hawk is a mediuift utility helicopter developed by Sikorsky
Aircraft. It has been operational in the US Army since 1979 as replaceonBall
UH-1 transport helicopters. The U&0A helicopter is the baseline version used in
US Army. Modified versions and variants of Black Hawk helicopters have different
capabilities and are loaded with different equipment. For examplegQMHversion
hasimprovedrotor blades and engines andstupgraded with fhby-wire system.
UH-60Q is used for medical evacuation purpod#id-60M helicopter is known to

be designed with stealth technology ahes reduced noise signature. <30

Seahawk is a muHinisson maritime helicopter.

S-70 helicopters are military versions of Black Hawk that are developed for export
market and they have been in service in 25 nations, including Turkey for multi
mission support and military operations. By the year 2015 total nunfb@600
variants of $70, SH and UK60 helicopters are reported to be actively operated

worldwide, being the leader of the combat helicopter market with the share of %18.

In February 2014, 70 Utility Helicopter Program Contract was signed between
TAIl (as Prime Contractor) and Sikorsky (as Major Subcontractor) to manufacture
109 vari ant s70dlack Bawkhelicaptery id Burkey.-70 helicopters

will be manufactured in two different configurations for operation of Turkish Land
Forces, TurkistAir Forces, Gendarmerie, Special Forces, Directorate of Security and
General Directorate of Forestry.

Figurel A SeaHawk Helicopter in Maritime Mission



Black Hawk helicopters are also reconfigured to meet the demands for armed
reconnaissance and attack missions with weapons kit. Battle Hawk is the name of
the armed multi mission variant of U60OM. In addition to baseline configuration of
UH-60M, machine guns, 4,2 or 19 pod 2.7mch rocket launchers, missile systems
(SpikeER, HELLFIRE, etc.) and auxiliary fuel tanksaybe integrated.

Figure2 An Armed Variant ofS-70 Helicopterequippedwith STINGER and
HELLFIRE Missile Systems

2.75inch diametemunguided rockets have been used in both helicopters and fixed
wing platforms throughout the world. Those rockets can be fitted with various types
of warheads specialized depending on the operation-téakti air-to-air, antt

p er s on n.eThe sadyofhis thesis wde simulates the dynamics obckets

with 2.75inch (70 mm) diameter andK -40 rocké motor. Four folding fins of the
rocket are opened after launch and provide stabilizatimimg flight Effective range

of 2.75inch rocketis 8000 meterandthe rocketspeeds t@pproximately 700 m/s
velocity depending on the warhead. Guidance of rocket is provided through a

ballistic algorithm.

Pods are used to carry different numbers of rockets. There dnelbE) 12Tube and
7-Tube 2. 750 ms.oThdse pods Icanubae fettisened during mission to

reduce drag or to evacuate rockets in case of hang fire.



1.2.1 UH-60A Mathematical Modeling

Since Black Hawk helicopters aoperatedall over the world, many studies have
been conducteto generate a reliable mathematical moddie first flight dynamics
simulation model was developdy SikorskyAircraft Company[8]. This model

was based oisikorsky General HelicopteitGenHe) Flight Dynamics Simulation

and provided an engineering simulation for performance and handling quality
evaluation for U.S. Army The flight tests were performed by U.S. Army Aviation
Engineering Flight Activity (AEFA) at Edwards Air Force Base to gather
mathematical model verification datend asses the fidelity of théertical Motion
Simulator (VMS)developed in NASA Amedfter validation with flight test data for
steady trimmed flight and transient responses to cbimiputs, The Black Hawk
Engineering Simulation Model was updated with some modifications in the existing
simulationformulationsasexplained inReferencg9]. After several simulations, an
upgrade of the existing systeméth improved dynamic modebas requiredThus

Si k or s ky dnedel @asnirhpeolvedy Ballin for a reattime simulator[10]
Collectiveservo dynamics were modifigd enhance the collective response, engine
and gear box models were also improvBda | | i n6s study present
expansion of the model by N8 and comparison of retime simulation results
with existing test data and nonrgahe program on which it was base&everal
upgrades and modifications have been appliedreattime UH-60A model for
Vertical Motion Simulatoto increase the fidelity

Mathematical modeling obJH-60 helicopter in different simulation environments
has been a part of maflight dynamics, aeroelasticity, aerodynamics, vibration and
control designstudies because of the accessibility of modeling parameters and

availability of flight test data.



1.3 Overview of FLIGHTLAB

FLIGHTLAB is a ocmprehensive rotorcraft analysend simulation program,
developed by Advanced Rotorcraft Technolog@RT). Although the prgram is
specialized in rotary wing modeling and simulation, fixed wing air vehioledeling

is supportedis well. FLIGHTLAB is a commercial tool which is used in many flight
mechanics studiesvorld-wide. Different tools of the program offer a complete
andysis of rotorcraft system. The major tools are; FLIGHTLAB Model Editor for
mathematical modeling, XANALYSIS for flight dynamics analyses, Control System
Graphical Editor for control system design and Pilot Station for simulations. Several
rotor configurabns (tandem, caxial, tilt rotors) with options of articulated,
hingeless and teetering rotor types can be modeled in FLIGHTLAB. It is capable of
performing trim, linearization, stability, performance, time and frequency response,

load andhandlingquality analyses.

FLIGHTLAB has its own language called SCOP#hich has a similar syntax
structure with MATLARB The scripts useith separation simulationsf this studyare
written in SCOPE language.

The details of model building arsblution methods are exjted in Appendix B.
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CHAPTER 2

MATHEMATICAL MODELING

This section describes the development and validation e6QA helicopter model

that is used as a baseline for flight dynamics analyses conducted as a part of store
separation simulationA special emphasiss placed on mathematical modeling
studies since it has an essential rolepmedicting the actual behavior of the
helicopter.

The nonlinear mathematical model of the helicopter is generated through
FLIGHTLAB Model Editor. The main features of tmathematical model and the
assumptions made are explained in this chapter. Data required for modeling the
helicopter is obtained froReferencd8] which is a baskne model developetly
Sikorsky Aircraft Company Since it is a baseline, many improvements caraet

during validation phasesas explained in Reference@®] and [10]. These
modifications are taken into consideration as well as addition of parameters required
for external stores modeling dues External Stores Support Structatéribution to

total fuselage drag, change in center of gravity when external stores are loaded, etc

In order to validate the model, the flight test data andtnee smulation of UH
60A based on Geé#el mathematal model developedby Sikorsky is used. The

comparison data is obtained from a very detailed study of Ba0in

11



2.1 Main Rotor

2.1.1 Blade Structure

UH-60 has an articulated rotor with four blades. It is modeled with Blade Element
approach. The blade element method models the blade by segments. Each blade
segments produces aerodynamic forces which are computed from local angle of
attack and dynamic pressu The total forces and moments on the rotor are
calculated by integrating the airloads from each segment over the blade span. Blade
element theory is widely used in helicopter aeromechanics analysis due to detailed

blade loading calculations.

The articlated blade model includes feathering, flapping and -lagdhinges.
Flapping and lagging dynamics are modeled by a hinge of one rotational degree of
freedom. Considering the possibility of sudden piep motion of the helicopter in
aggressive maneuvettapping of the blades is constrainéiche lagging motion is
limited by a lag damper modéerhe feathering motion is assumedlie controlled

via control input.

Spamwvise properties of blades such as chord distribution, twist, inertia and mass
distribution, tip sweep are input to the model in table format. Actual mass and inertia
distribution on the blade isstimated. Arealistic distribution is generated in the

mathematicamodel by keeping the total mass, mass moment about the hinge and

inertia of the kade about the hinge values same as those of actuéO4Hblades.

2.1.2 Airloads

The blades of UK60 Black Hawk helicopter have SC1095 and SC1094R8 airfoil
sectionsasshown inFigure3. A nonuniform airfoil table that includdit, drag and

pitch moment coefficients as functions of angle of attack and Mach number is input
to the model in order to calculate the airloads of blade segments. Hinge offset of

blades is 1.25 ft and tip sweep of blade located at %95 span is 20 degrees.

12
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It is known that tip loss decreases the rotor thrust about- @% for a given
collective pitch. Hence it has a significant role in estimating rotor performance. With
blade element theory, blade loading near tips cannot be calculated correctly. In the
mathematical model of Black Hawk helicopter, the tip loss factor of 0.97 is set with
the purpose of preventinipe overestimation ofthe rotor thrust and make a good

correlation with flight data.

2.1.3 Induced Flow

Modeling the inflow correctly is an important ankdatlenging part of mathematical
modeling since it has a dominating effect on helicopter behavior in all aspects.
Helicopter performace, flight dynamics, stabilityand vibration are strongly
influenced by rotor wakePredicting the rotor wake charactegsthas been a subject

of a numbeof studies over the yeaf®ynamic wake and vortex waleflow models

have been developed so far in order to improve the estimation of rotor downwash
effects on helicopter flight dynamic®ynamic inflow models areepresated by set

of first order equationsand corresponding inflow statesience they can be
extensively used in flight simulation due to their reliability and inexpensive
computational costs. However the structure of wake geometry is modeled based on
assumptias in dynamic wake models. Vortex wake method has advantage of
modeling wake geometry and structure more accurately but it does not include
effects of time variations in inflo he drawback of vortex wake model formulation

is the difficulty of integrationinto flight dynamics simulations that requires

numerical solutions with states.
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FLIGHTLAB has different solution options for induced flo&ach inflow model has
specific advantages and disadvantages over other methodsll models an
empirical inflowcorrection factor as a function of wake skew angle can be added in

order to account for the additional losses of the actual rotor.

These models amxplained briefly in following subsections
2.1.3.1 Uniform Inflow Model

Uniform model isthe simplest form of dynamic inflow model3his method
computes the inflow over the main rotor using momentum theory. It is a simple

model limited with assumption of linear distribution of inflaong thebladeradius

The structure of wake geometry &ssumed to be undistorted and skewed with
forward speed. With these simplifications,

results. Neverthelessniform model can be adequate for initial design studies.
2.1.3.2 Finite State Model

Finite state dynamic inflow nu® is developed by Peters and KEL2] and[13] ).
Finite state model computes the unsteady rotor induced flow in three dimensions.
Inflow distribution is modeled in terms of radial variation and harmonic variation of
inflow over azimuth.That mean radial and azimuth position of blade eletseare
taken into account in calculationslence, drawback of uniform inflow model is
improved by using higher order polynomiaisxd generating a more general
distributionof pressure along rotor dis€ip losses and skewed wake effects are also
included n the model. Another advantage of theite state model over uniform
model is that tip vortex distortion effect caused by hub rotation is includedaxidéf
response characteristics can be improved in this \WMag.finite state model has the
sophisticabn of the vortexwake method with more efficient computational
capability. Theeforefinite state model can be utilized in both steady and dynamic

maneuvers.
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The finite statedynamic wake modek formulated in statgspace form with finite
number of states. Describing the inflow in terms of explicit state variables makes the
mathematical model more djable for rotor aeroelasticity, aeromechanieald

control system design studies and candeun reatime simulations.

The details of the theory and formulation are explaine®eference14]. In this
section, only the summary of thermulation is given to comprehend the background

information of determining state numbers.

Formulation of theory isdeveloped from fluid mechanics equations for
incompressible potential flow witkkewed cylindrical wakeThe induced inflow
distribution at the rotor disk is expressed in terms o$et of harmonic and radial
shape functions with expansion coefficients as inflow statesand’ . The
formulation of generalized dynamic wake is represente8LIGHTLAB Theory

Manual[18] as;

1 Ghr % | OATIOr 1 oOEIlT (1)
Foo®
With radial shape functign

a-r
. o a . D= @G+gt
%o @ PO B hop® (@- NM(q+n)!(j- q- H! “

And factorial ratios,
Qi pp Qi po
MinpQiobo

wherewis radial coordinate, is the azimuttposition ando is time r is harmonic

O

)

number and j is polynomial number.

Using this representation induced flow can be truncated at desired harmonic number

in azimuth directionN and for each harmonic, specific number of radial shape

function, S, is chosen.
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Thetotal inflow states are determined accordind &ble1 depending on number of
harmonics and radial shape functiohsimbers of harmonics are related with the
blade numbersand same highest order of radial variation corresponding to each
harmonicis selectedFor m=0 only one inflow state is modeled, and fdrOmwo
inflow statesthat correspondsine and cosine terms are model&@dr example
according torablel, PetersHe 3 state model consists of uniform inflow component,

sine and cosine inflow components.

FLIGHTLAB has individual modeling options for 3 State, 6 State and Finite State
models. In Finite State option, the number of harmonicssiiape functions can be
determined.For four-blade UHG0A helicoptey Finite State (4x4) modeling is
selectedHence total number of states are calculated as 3+2(2+2+1+1)=15.

Vectorfield representationf dynamic wake around Black Hawk helicopter at love
is generated with 15tate (4x4) Induced Velocity method and is showfRigure4.

Tablel Choice for the Number of Inflow Radial Shape Functions

Highest m (harmonic value) Total

Power Inflow
of 6 516 |7]|8| 910|111 12 States
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Figure4 Representation dhduced Flow Field at HoveModeled withl5 State
Inflow Method

2.1.3.3 Vortex Wake Models

Vortex theory calculates the rotor wake gomddicts the induced velocity distribution
at the rotor disk using vortex elementfie geometry of the wake is modeled with
blade tip vortices and inboard vortex shédteinduced velocity is calculated as a
combination of these vorticed/ortex sheet awsists of two components; shed
vorticity which is oriented parallel to the blade span and trailed vorticity which is

perpendicular to the blade sp@digureb).

bound
circulation
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T\ tip vortex
o
inboard W
vortex N

sheet

‘\\

root
vortex
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Figure5 Rotor Wake Representatipfiom Referencgl1]
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Vortex wake methods require iterative computatiohhough in theory, vortex
wake method is more realistic than other inflow modéls,domplexity of the wake
geometry makes it time consurg and difficult to be solvedumerically Another
disadvantage is that thaflow is not repreented by first order equations; hence there
are no states linked with inflolConsequently, vortex wake models are not suitable
for flight dynamics analyses dh requirelinearizzd modés and dynamic maneuvers.
Generally vortex wake methods amaplementedfor nonreal time steadgtate

analyses.

In FLIGHTLAB, vortex modelingmethod has Prescribed Wakeand Free Wake
options. The knowledge of the wake structupeortex peak modelinboard wake
model,vortex element modelwake element strength variatipn e tiscrefgirel to
model the wake accuratelyPrescribed Wake models the geometry of vortex
elements and only the strength of the wake is updated as bladegl@ahdinges. On
the other handin free wake modetip vortex is allowed to distort due titight

condition and change in blade loadimgboard wake istill prescribed.

Vector field representation of vortex wake around Black Hawk helicopter at hover is
generated and shown iRigure 6. The formation of tip vortices ispparent and the

magnitude of induced velocity decreases as wadees away from thiotor disc.

10}

Helicopter Waterline [m|]
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Helicopter Fuselage Station [m]

Figure6 Representation of Induced Flow Field at Hover, Modeled with Vortex
Wake
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2.1.3.4 Inflow Model used in Model Validation

Neglecting rotor downwash causes under prediction of pitch attitude at hover and
low speeds asxpected Figure 7). Trim results of mathematical models with
different inflow models are compared during matla¢ical model validation study
Regardng its advantage$etersHe 15 state inflow model is considered quite
adequate formathematical model validationfhe mathematical model validation
study is explained iICHAPTER 3

e AEFA Test Data ----No Inflow Model o 3state a 6 State o 15 State
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Figure7 Effect of Main Rotor Induced Flowlodel on Helicopter Pitch Attitude
with Forward Speed

2.1.4 Main Rotor Interference

Another important concept in mathematioaddeling and flight dynamics analyses is

to predict aerodynamic interference between helicopter components because
aerodynamic interferences have significaffect on helicopter flight characteristics

and controlIn the separation simulatianodel mairrotor to tail rotor, main rotor to
fuselage and main rotor to @ennage influences arecludedthroughthe use of

empirical formulas.
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A main rotor induced velocity effe¢lQ , Q AQ as a function of the wake skew
angle,..., and thelongitudinal tip path plane angle, is obtained through lockip

table in the model. The total interference of main rotor is computed as;

0 Q
) _mY Q (4)
0 0

where_ m Y is uniform component of main rotor induced velocity.

The empirical data as functions of wake skew angle and longitudinal tip path plane

angle is obtained frorReferencd8].

Addition of main rotor interference on fuselage and lifting surfaces has a significant
outcome on helicopter pitch attitude at trim. Blgure8 pitch anglein level flight

are compared for mathematical models with and without aerodynamic interference of
main rotor.First, the main rotor interference on fuselage is added to the nmbdgl.
observed that helicopter nedewn behavior increases at all speeds. When the
impingement of main rotor downwash on empennage is added, the change in pitch
attitude trend is remarkable, particularly at lower speeds. Main rotor interference on

tail rotor has negligible effect on trim results.
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In order to determine which interference method gives more realistic results, the
main rotor dowwash at horizontal tail with different solution methods is compared
againstempirical data. It is seen iRigure 9 that dynamic interference methods

provides more consisht results with empirical data at all speeds.

¢ Dyn., 3 State ® Dyn., 15 State & Vortex Wake @ Empirical Interference Data

=
o>

o0
¢

Downwash at Horizontal Tail [m/s]

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Forward Speed [KTAS]

Figure9 Comparison of Interference Models, Main Rotor Downwash on
Horizontal Tail

2.1.4.1 Rotor Interference on External Stores

Armed versions of Black Hawk helicopters are capable of carrying external fuel
tanks, anti-tank guided missiles, air to air missiles and rockets. These stores are
directly subject to aerodynamic effect of main rotor wake due to their mounting
positions. Wile simulating the trajectory of a launched rocket or a jettisoned
launcher, rotor wake interference should be included in order to increase the level of

accuracy.

FLIGHTLAB is not capable of integrating induced flow on the external stores;
thereforea scipt is generated to model the inflow effects thie store.This script is
embedded to the main separation simulation cédst, the model is trimmed at
desired flight condition and induced velocity components over the flow field are
generatedSecond separation of the store is simulated without any interference on
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store and trajectory of the store is recordedthe third stepthe instantaneous
induced velocity components at each point along the path of jettisoned launcher /
launched rocket are calatédin the model using the geometric relationship between
the rotor and trajectory pointEinally, separation is simulated once again, but this

time induced velocity is added to the store equations of motiamvasl input.

An accurate inflow model slid be selectedor the simulationto predict the
trajectory of the storafter separation more preciselflence a set of studies are
conducted to determine the sensitivity of the separation behavior to flow field around
the rocket pod and launched rockEhe analyses are performed at hover to better
understandhe downwash effgs of 3 State, 6 State, 15 Stalgnamic inflow and
vortex wake inflow modelsThe results of this study argivenin Section5.1 It is
decided to usé5 State inflowmethodto compute thénterference on external stores

in safeseparation envelope generation.

2.2 Tail Rotor

UH-60A helicopter has a four bladeanted tail rotor mounted on thight side of the
vertical fin. Tail rotor hub has teetering configuration with 11 ft. diameter. With the
shatft tilt of 20 degrees upward, tail rotor provides approximately %2.5 of the total
lifting force as the clearance with the vertical fin increases.

Similar to main rotor blades, tail rotor blades has SC1095 airfoil sections. Blade twist

is linear and chord is constant along the span.

In this study,tail rotor modelis similar butsimpler than thenain rotor model. Talil
rotor of helicopter ismodeledusng Bailey Rotor methodThere is only collective
pitch input that means only thrust is calculated. Since there is no cyclic input,
flapping motion is ignored. Bailey rotor model calculates tail rotor torque and thrust
by integrating the airloads over tidade span and averaging them over azimuth

angle.
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The inflow over tail rotor disk is assumed uniform. Main rotor downwash and
fuselage sidewash effects are also considered to modify airflow through the tail rotor
disk.

At hover and low speeds, aerodynanmteractions due to proximity of the vertical
fin have impact on yaw characteristics of the helicopter as a result of reduction in the
tail rotor efficiency. This correction in overall thrust calculation is implemented in

the model by using empirically tlesmined blockage effect factor.

2.3 Fuselage

The UH60 fuselage is modeled as rigid fuselagth six degrees of freedom. The
total weight, center of gravity and corresponding moment of inertia values of the
analyzed configuration of helicopter are inputttee model excluding the mass
properties of external stores. The mass, cg and moment of inertia of the external
stores are defined separately at External Body subsystem and their effect on
helicopter trim and dynamic response are taken into consideratioig dumulation.

In mathematical modeling and model validation studieselage aerodynamic
characteristics have an important role on estimation of helicopter behavior at forward
flight. In FLIGHTLAB, fuselage is modeled using aerodynamic relations irchwhi
force and moment coefficients of fuselage vary with angle of attack and sideslip
angle. Aerodynamic characteristics used in the mathematical modeling study are
specific to Black Hawk helicopter which are directly derived from wind tunnel tests
as statedn Referenceg[8]. Drag, lift and side force and roll, pitch, yaw moment
coefficients of fuselagat varying angle of attack and sideslip arsgéee obtained

from the lookup table

The interaction of main rotor wake with fuselage is an important phenomenon that
influences helicopter attitude in an obvious manner. The effect of main rotor
interference around fuselage flow field is modeled using empirical data edbtain

Reference[8]. Rotor interference induced velocity components are expressed as

functions of rotor wake skew angle and tip path plane tilt angle arguments.
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2.3.1 Fuselage Interference

A similar formulation with main rotor interference computation (Sec#dn4) is
used for fuselage interaction&irst the dynamic pressure reduction effect is
calculated as a function @fselage sideslip angle and angle of attack.

Q Q Th ©)
Fuselage downwash and sidewash effects on Tail Rotor and Lifting Surfaces

are evaluated via empirical loalp tables.

The total interference velocity is computed as;

~

0 o) O p oom
C‘) _mY Q +7 p L G-V p ;Q - (6)
U Q O o Q

wherev is the velocity vector computed from the fuselage motion and wind vector.

2.4 Empennage

Total velocity on the aerodynamic surfaces bastributions from main rotor wash,
fuselage downwash and sidewash. The components of main rotor downwash acting
on horizontal and vertical tail are expressed as functions of rotor wake skew angle
and longitudinal tip path plane angle arguments. The sslewad downwash effects

of fuselage on these aerodynamic surfaces are computed based on dynamic pressure

correction usinghewind tunnel test data given Referencd8].

Horizontal tail of a helicopter has a role of improving longitudinal stability.
Horizontal stabilator of UH60 helicopter was designed with a variable incidence
angle mechanism. The purpose is to eliminate undesired highyptbehavior of

the telicopter at hover and low speeds produced by main rotor downwash on
horizontal stabilator. By Black Hawk Stabilator Control System, the incidence is
optimized to align the horizontal tail surface with the rotor flow. The control system
operates with feeditks from flight speed, collective stick position, pitch rate and

lateral acceleration. The incidence angle ranges from 39 degrees (at ho:gr) to
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degrees (at high speeds). The control system also allows for a fixed incidence angle
that can be specifidaly the pilot. The airfoil section of haontal stabilator is NACA
0014[8].

The vertical fin of UH60 improves the yaw stability and provides anti torque force at
forward flight, with NACA 0021 airfoil and cotent sweep angle of 41 degrd8k

Lift and drag force coefficients as well asmoment coefficients of aerodynamic
surfaces are tabulated witlaryingangle of attack and Mactumber values

2.5 Engine Model

UH-60A helicopter is powered by two T7@E-700 turbo shaft engines with a
maximum akeoff power rating of 3086 HPral continuous rating of 2800 hp.

In order to modekhe propulsion system, Ideal Engine model of FLIGHTLAB is
used. In Ideal Engine model, rpm is constant and drive train is not included. Engine
available power and fuel consumption data with varying altitude, temperature and
flight speed arguments is prod to the mathematical model. The sophistication
level of ideal engine model is regarded adequatthBseparation simulations.

2.6 Flight Control System

Black Hawk helicopter is equipped wiMechanical Catrol System and Automatic
Flight Control System (AFCS). AFCS consists Stfbility Augmentation System
(SAS), Stabilator, Pitch Bias Actuator (PBAhd FlightPath Stabilization (FPSp
ease the pilot workload and to enharstability andhandling qualies. Sensors,
mechanical contrgl such as actuators, mixing ynitim system are the basic

elements of flight control system of Black Hawk.

The detailed architecture of control systemdemms ofblock diagrams with gains
and transfer functions are peeged inReferencg8]. The control system modelsf

UH-60A are incorporated teimulation model
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2.6.1 Stability Augmentation System

UH-60A helicopter has a Stabilidkugmentation System designed to provatert
term rate damping ipitch, roll and yawaxes. SAS is a dual system wdlgital and
analogSAS channes at threeaxes The control authority of eadh 5% torestrictthe
total control travel. Hence total 10% authority is providednechanical limits of
SAS actuatorslif digital or analogSAS fails, the total control authority fothat
channel is reduced to %5 but gain on the on channel is daigbbednpensatéor the

failed SAS Signalsfrom thesensors are filtered before being shaped by.SAS

2.6.2 Stabilator Control System

Stabilator incidence angle is controlled by Stabilator Control Systesnitance the
longitudinal control.The logic of $abilator uses velocity, ca@ttive stick position,
lateral acceleration and pitch rate feedback and outputs the signal through horizontal
tail servo to adjust the incidence angli¢ithout gabilator control system, helicopter
may experience high nosg behavior due to main rotor @rference on horizontal
stabilator. Stabilator aligns the main rotor downwash by adjusting the incidence
angle so pitchup attitude is minimizedAt hover and low speedacidence is in its
maximum value, 39 degrees. As the speed increasesjntidencedecreases
gradually to be aligned with air stream. Therefore, the static stability of the helicopter
is improved. Another function of Stabilator is to provide pitch rate feedback to
improve dynamic stabilityStabilator control can be disabled and incigeangle can

be fixed to a certain value by the pi[8{.
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Figure10 Stabilator Incidencéngle Demonstration at Hover and Forward
Flight (Ref www.usarmyaviation.com

2.7 External Stores

FLIGHTLAB External Stores model hasvo options: Simple Body and Jettison
Body. For launch analyses rockets are modeigidg Simple Body model which
accounts for propulsional thst level, fuel burning ratepass and inertia change
during flight. Target position and controller gain modelimgtions are also available
but performance of a rocket or missile after it clears the helicopter is tio¢ gtope
of separation simulatiaconsidered in this studyettison Body modelthe gravity

dropped storeand deals with their behavior after being jettisoned.

Both models necessitate store location and its orientation with respect to helicopter in
order to calculate the air loads and moments acting on the Smreseparation
simulations, fullaerodynant database of the rocket ajettisoned launcheare

required to calculate the trajectory after the store begins its free flight.

2.7.1 2.75Inch Diameter Rocket

In separation simulations 2.4Bch Mk-40 rockets are modeledlhe parameters

requiredto simulate the rocket motion after separation and geometric parameters to
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investigate collision possibility are tabulatedTiable2. The thusttime curve of the
rocketis provided inReferencd16] for temperatures of65 F and 165 F;dnce the
data is interpolated in the code to the temperaifitke simulatedlight conditionas

shown inFigurell.
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Figurel1 Thrust Curve for 2.75 inch Diameter RockEt6]

Table2 Mass and Geometric Parameters of 2i7éh Diameter Rocket

Initial Mass[kg] 9.3

Initial Inertia[kgm? (Ixx,lyy,1zz) (0.006, 1.3531.353)
Initial CG from nose [mm] 550

Mass at propellant burout [kg] 8.85

Inertia at propellanburn-out [kgnt] (Ixx,lyy,1zz) (0.0057 1.285 1.285)
CG from nose at propellant buaut [mm] 450

Length [mm] 1150
Diameter [mm] 70

Wing Span (with open fins) [mm] 400
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2.7.2 Rocket Launcher

Launchers carry multiple rockets and provide a platform to fire the rockets. In this
study, jettison oLAU-61C/A is analyzed. LALB1C/A is a launcher that can carry
19 unguided 2.7inch diameter rockets

The parameters required for simulatirtge launcler motion after jettison and
geometric parameters to investigate collision possibilityistedin Table3.

Table3 Mass and Geometric Parameters oftiBe Rocket Launcher

Fully Loaded
Empty Launcher
Launcher
Weight [kg] 57 234
CG from nose [mm] 836 667

Moment oflnertia

(Ixx, lyy, 1zz) [kg.m?]

(1.32, 12.45, 12.45)

(4.68, 41.96, 41.96)

Length [mm] 15875 16205
Width [mm] 430 430
Height [mm] 430 430

The aerodynamic database ofigher used in the analyses includes force and
moment coefficients angle of attack and sideslip angle values varying fréto

90 degrees and 80 to 180 degrees respectively.

2.7.3 External Fuel Tanks

External ExtendedRange Fuel systemkit configuration of UH60 helicoptersis
utilized with 230 gallon fuel tanks.According to the Operators Manugl7] the
external fuel tanks can be installed ountboard storepylons and he jettison of
external tanks is allowed only at emergency conditidine external fuel tanks are
modeledin scope of this studto generate jettison envelopes. These empedoare
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verified with recommended emergency jettison envelope of external fuel tanks given
in Referencd17].

The aerodynamic database of the external tank is genersitegl Missile atcom
method. The USAF Missile Datcom is a design tool usdor the predicion of
aerodynamic parameteo$ variety of missile configurationd9]. Since external fuel

tank has an elliptical shaped body similar to missiles, this tool is considered to be
adequate to estimate force and moment coefficients of the fuel tanlprddgmeam
computes th aerodynamic coefficientssaa function of angle of attack and sideslip
angles.The aerodynamic database of external fuel tank used in the analyses includes
body axisforce and moment coefficientt angle of attack and sideslip angle values
varying from -90 to 90 degrees anell80 to 180 degrees respectivelyhe

aerodynamic coefficients of fuel tanks are given in Appendix C.

The physical parameters of the tank lis&edin Table4 . Fuel tank is approximated

by cylindrical body shapefor the calculation of moment of inertia valutn
Reference20] it is stated that the external fuel tanks are mounted on the ejector
racks of the external support system pylons wimdseup angle with reference to

the helicopter waterline level. Therefore, the tanks are modeled Aditieditation.

Table4 Mass and Geometric Parameters of Z38llon Fuel TankEmpty
Configuration

Weight [kg] 70

CG from nose [mm] 1800
Moment oflnertia

(Ixx, lyy, 1zz) [kg.nf] (712,91, 9
Length [mm] 3874
Width [mm] 663
Height [mm] 628
Reference Arefm?] 0.159
Reference Length [m] 0.225
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CHAPTER 3

VALIDATION OF THE SIMULATION MODEL

The object of this section is geehow well the mathematical model generated for
separation analysesmulatesghe actual helicopter behavior during steady flights and
whendisturbed bypilot inputs. First, static conditios such as level flight, descent
and climbare investigated. Store separation is simulaedhe instanhelicopter
reaches trim flight condition for therescribed maneuverherefore,verification of
static trim results, particularly helicopter attitudstodd demonstrate a good

agreement with test data.

In the ®cond parttransient responses to stgmulsearnd doublet inputs at each
control axis is tested Hover and forward flight conditions are aymdd with

disabled Stability Augmentation System.

Sikorsky Aircraft Companyused flight test datdéor the validation of the UFS0
helicoptersimulabr as explained irReferencg9]. These tests were conducted by
Army Aviation Engineering Flight Activity (AEFA)Nnd data is available in open
literature(Reference$9] and[10] ). For the validation of the simulation model used
in this study, light test data is ohined from Referend®]. The simulation results of
GenHelmodel developed at AMES10] is also given in the comparison gah

order to gain a better insight for taecuracy level oGenHelandsimulationmodels.

Trim analyses are performed at the sagress weight of the test helicopter,
longitudinal andlateral center of gravity locations and density altitud@he
horizontal stabilizer incidence angle is allowtedbe determined by the Stabilator

Control System.
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3.1 Steady Level Flight Results

Steady trimmed flight results sfmulationmodelarecomparedo the flight test data

and SikorskyGenHelsimulation resultsin the simulation model, PeteHe 3 state

and 15 state inflow models are applied. The results of two diffenefiidw models

are also plotted to decide which methoepresents the actual helpter better.
Validation parameters are cockpit control positions, helicopter attifusiakilator
incidence angl and main rotor power. Validation parametars obtainedat trim
conditions of airspeeds from hover to6Q knots with 10 knots increments
Comparison of test data, GenHel and simulation results for the steady flight at
various forward speedse presented iRigure12-Figure19. In these figures a pretty

good agreement of the simulation results with the test results is observed.

Among all these parameters, collective stick position accuraoyos significant
because it is linked with othremechanical control systentStabilator Control System

is dso a function of collective position. Hence a difference in collective stick
position may degrade the simulation validation fidelity diredfigure12 shows that
collective stick positions are estimateal!l in both simulations butore accurate

results are obtained wittb state inflow model.

The second important parameter to beaked is the stabilator incidence angle since

it directly affects the helicopter pitch attitudie.is seen thastabilator incidence

angle results of simulationand GenHel resultslightly differ from test data.
Although at low speedestsincidence is Bnost 45 degrees, iReferencd9] it is

declared that stabilator angle never exceeded 40 degrees at the tests conducted at
Sikorsky. It was conclugtl in Reference[9] that flight test data is in error. As
explained at earlier sections the main purpose of the adjustable stabilator angle is to

balance the pitchttitude of the helicopter.
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Figure12 Comparison of test data, GenHel and simulation results for Collective
Stick
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Figure13 Comparison of test data, GenHel and simulation results for Stabilator
Incidence Angle
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When pitch attitude results are comparEdygre 14), good agreement with thest

data is obtained particularly at speeds below 120 knots. At higher speeds it is
observed that 3 State model predicts pitch attitudes better than 15 state model.
However at 160 knots the difference of pitch angle between flight test data and 15
statemodel is 3 degrees which is considered as satisfac®ange the pitch attitude
results areconsistentwith the test data, the difference #abilator anglecan be

neglected

® Flight Test © GenHel - - Simulation (3 State Inflow) —— Simulation (15 State Inflow)
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Figure 14 Comparison of test data, GenHel and siatign results for Pitch
Attitude

As seen inFigure 15, the trim roll attitudes obtained from simulation model agrees
very well with the test data and GenHel simulation at varying forward speeds.
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Figure15 Comparisorof test data, GenHel and simulation results for Roll
Attitude
The longitudinal and lateral cyclic positions are showiigure 16 and Figure 17.
At most of test points;yclic stick position estimations are realistic in simulations. At
higher speeddpngitudinal cyclic positionsare improved byfinite state model At

160 knots %o difference from test data is observed.
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Figure16 Comparison of test data, GenHel and simulation results for
Longitudinal Cyclic
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The lateral cyclic position results are almost overlapped with test Bigtaré 17)

and better agreement is obtained when compared to GenHel simulation results are

low speeds.
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Figure1l7 Comparison of test data, GenHel and simulaticuhts forLateral
Cyclic

Pedal positions at trim flight are shown Figure 18 Simulation results are
consistent with test daespeciallyabove flight speed of 50nbts.
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Figure18 Comparison of test data, GenHel and simulation result® éofal
Position
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Required main rotor power results are givenFigure 19. Although smulation
modeled with 3 State inflow methader predics the main rotor required powers
state inflow model results are consistent with test dati collective stick positio

results.
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Figure19 Comparison of test data, GenHel and simulation result®&in
Rotor Required Power
As a conclusion, good agreement with test data is obtained in trim results of level
flight. 15 state inflow model predictsollective stick and longitudinal cyclic
positions more accurate than 3 state inflow model. The effect of aerodynamic
interference of main rotor on fuselage and stabilator are calculated extensitBly in

state method.

3.2 Steady Descent and Climb Results

Another important aspect in model validation is to investigate the climb and descent
maneuvers.Safe jettison of launchers iseededduring emergency descent and
autorotation conditions hence consistency with test idateecessarySteady climb

and descent comparisoas 100 knotsforward speedare performed It should be
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noted that irflight test andGenHelsimulation resultsthe stabilator angles fixed at
the corresponding trim valug 100 knots.

Collective stick positions ar@imost same with test data except at zero rate of climb
flight (Figure 20). 10 % difference is similar that of observed in collective stick

comparison in low speed leMflight in Figure12.
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Figure20 Comparison of test data, GenHel and simulation results at Descent
and Climb, Collective Stick
When longitudinal cyclic positions are investigated, simulation results are very
reliable in descents. However in climbith 2300 ft/min climb ratesimulation
estimates the forward cyclic positio®6 smaller than test datavhich can be
regarded as an accepialerror Although longitudinal cyclic values differ from test

data at climb, good consistency is observegitich attitudesKigure22).
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Figure21 Comparison of test data, GenHel and simulation results at Descent
and Climb, Longitudinal Cyclic
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Figure22 Comparison of test data, GenHel and simulation results at Descent
and Climb, Pitch Attitude
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Figure23 Comparison of test data, GenHel and simulation results at Descent
and Climb, Lateral Cyclic

Although agood agreement is achievedsimulation modetesultsof lateral cyclic
positions(Figure23), there is aliscrepancy in pedal positisrAs seen irFigure24,
the deviation from test data atsdent is higher thah0% Although descent results
are not satisfactory, pedal positions at clirabes adequate
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Figure24 Comparison of test data, GenHel and simulation results at Descent
and Climb, Pedal Position
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Main rotor reqired power curve obtained by simulations are consistent with test data
as expectedrigure25).

Results for steady descent and climb maneuverg regarded acceptablfor
separation simulation where helicopter trim attitudes have more powerful influence
in trajectory of the store as an initial poiiihe effect of induced velocity models are
not dominant in flight with climb rates, thus both models are adequateusebein

separation simulations
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Figure25 Comparison of test data, GenHel and simulation results at Descent
and Climb, Main Rotor Required Power
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3.3 Transient Response Results

Mathematical model responses to control inputsaggse comparedvith flight test
data andsenHelsimulation results. The analyses are performed in the test conditions
stated inReferencdg10] and wth SAS Off. The validation cases are listed below and

their results are given in Appendix

1 Response to longitudinal stick input
o 0.5inch forward cyclic input at hover
0 1linch aft cyclic input at 100 KTAS
1 Response to lateral stick input
o 1inch right cytic input at hover
1 Response to collective input
o 1inch up collective input at hover
o 0.5inch up collective input at 100 KTAS
1 Response to pedal input
o 1inch left pedal input at hover
o 1inch right pedal input at 100 KTAS
In order toperform transientresponseanalysesof the helicopter, initially3 State
Inflow model is used.On axis responss are consistent with test am&enHel
simulation results; however adverse responses are observeeanisofésults. Cross
coupling effects should be modeled time model to improve offixis responses;
hencel5 State model is implemented to the mathematical model instead of 3 State
model which neglect8p vortex distortionsin Figure26, an example case @&finch
right cyclic step inputresults are given to show the improvement in pitch response to
lateral cyclic input at hoveAfter selecting the induced flow model &S State, the
next step is to decide witner to use empirical data or Finite State Interference model
to take account of main rotor interference on fuselage, empennage and tail rotor.
According toFigure 26, Finite State interference modeling fits better with test data

and more accuracy is achieved in-afiis responses.
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Figure26 Longitudinal Axis Response to Lateral Cyclic InpatHover
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The results of altransien validation cases listed apgesented in Appendix A. The
results show that general characteristics of responses are satisfactory. At some cases
higher roll and yaw angseare observed which propagate from sudden increases in
angularrates.Thes large responses the simulatiorare attributed tdlight control

system dynamics modeled asnplified second order systerSince comparative
casesare performedat SASOff conditions these differences in angular rates are
considered as aeptable. Hwever improvement is requiregbarticularly in
directional characteristics. Another remarkable result is adverse response in pitching
motionwhen pedal input is applied at hovat 100 knotscompensating coupling of

pitch response in the model is evidembe stronger than the actual helicopter. Hence

nosedown pitching is smaller in the simulation.

The transient response comparisonsth SAS disengageddemonstrate that
simulation modelis adequate to be used in separation simulatidsreover,
separationsimulations are performed with SAS engageshd t hey donodt

control inputs. Thereformodel fidelity would béhigher in separation simulations.
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CHAPTER 4

DEVELOPMENT OF STORE SEPARATION SIMULATION
TOOL

Separation simulation is performed in FLIGHTLA®wironment. The procedure
after developing a reliable mathematical model is explained in this chapter. In order
to generate an envelope, wide rangenaneuvershould be swept. Hencerautine

for successive analyses is developed to ease the workload.

4.1 Separation SimulationProcedure

First, the maneuvers to be analyzed are determifidte test points are selected
consideringthe operational flight envelope of the helicopter and launch envelope of
the storeThe total flight speed, horizontal and vertifladht path anglejn / out of
ground effect flagSAS on/off flag,trim variables and targets suitable for each test
condition are written in separate input filéBhose identificationfiles are called
successivelyand fed to the next simulatiohe prasure altitude and temperature

conditions are alsmputsto the code.

Store geometric parameters are defined for collision detection. CG location with
respect to geometric center of the store, the length, width and height of the launcher,
length and wingspan of the rocket are required to calculate the clearance to the

helicopter.
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Table5 Maneuvers Analyzed in Separation Simulation

Rocket Separation Launcher Jettison

Forward Flight
Flight with Sideslip Forward Flight
Descent Flight with Sideslip

Autorotation Descent

= =4 =4 4

Coordinated Turn Autorotation
Pull-up, Puskover

Flight with Roll Rate

=A =4 =4 =4 4 -4 4

After defining input parametsrthe main simulation code is execut&tie steps

of the simulation procedure are as follows;

T

T
T
T

=

Load testtonditions and maneuver identification file.

Trim the mathematical motlat specified flight condition

Trigger the separation signal ast@rtsimulation

Calculate and record the trajectory of helicopter and store separately,
neglecting the main rotor inference on the store.

Calculate the main rotor induced flow field through tbeordedstore path.
Repeat thesimulation and @d calculated induced velocities to the store
velocity at each timenterval

Record the updated store trajectory

Runcollision detectionroutine todetect whether the separatiorsafeor not.
Details of thecollision detectiomroutine are explained in Sectidr2

Repeathe procedure for the next test point.

Write the summary of the analysessultsto an output file The output file
includes list of unsuccessful trim points, unsaéést conditions and the
helicopter component that store collides

Generatethe safe separation envelope by combining thesults ofall test

conditions

46



Helicopter Mathematical kModel
External Store Model

Analyses Maneuvers k4
and Test Canditions Trim the Model

!

Launch / Jettison Simulation

'

Record Store Trajectory

v

Calculate Inflow on Store

Trajectory

v

Add Inflow on Store Dynamics

v

Launch / Jettisan Simulation

!

Helicopter and Store Trajectory

'

Collizion Detection

v

Safe Separation / Jettison Infa

¥

Launch / lettison Envelope

Figure27 The Flow Chart ¢ Separation Analyis

4.2 Collision Detection

Since Black Hawk is a utility helicopter, there are several extremities in the fuselage.
The collision detectiorscriptis based on introducing the helicopextremities and
parts as rectangular volumes which covére whole volume of that component
(Figure 28). The compoents of the helicopter thadre defined as rectangular

volumes are:

Landing gear struts
Front wheels

Rear wheels

R

Fuel tanks load®at theoutboardstationsof the stub wing

a7



Cockpit steps
Cabin door
Counter measure dispensers

Horizontal tail

© ©o N o O

Talil rotor

Figure28 Demonstration of Critical Helicopter Components

Apart from rectangular components, fuselageits and struts of External Store
Support Structure are described in the collision detection routine. The points on the
fuselage coordinates are given in the routine in a tabulated format. The fuselage is

divided into 4 regions as uppkeft, upperright, lower-left and lowesright.
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Figure29 Helicopter Fuselage Coordinatdxp View andSide View

Uppemostand lowemostlimits of the stub wing struts ammbedded in the routine.
The routine checks if the store position is stub wing strutlimits in vertical
direction if so, lateral limit of thestrut at correspondingvertical position is
calculated using linear interpolation methdadteraction isinvestigated while store
passes near the struts.

The separationsimulation owputs helicopter and store trajectory only the
prescribed center of gravity locations. Hence a routine is devetopesiculate the
trajectory atmany poins on the helicopter and the storéhe maximum and
minimum coordinates of boxeshen helicopters in neutral positiorare embedded
to the codeAccording to store coordinates which regiointhe fuselageshould be
considered during separation simulation is determirfsl. helicopter attitudes
change during simulationthe coordinates of the boxes amepositioned using
direction cosine matrix of helicopter body attitudes and helicép@distance to the
box points.Hence thenstantaneouselicopter orientation i®btained at each time
step of simulation.

In the simulationthe stare motion is calclated as a point ahe center of gravity.
However, storeolume is required for collision investigation. Hence the geometry of
external stores analyzed in the separation simulation tool is modeled using points.

describe the jettisoned store, a rectamguolume is constructed with2 points,8
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points at the corners of the rectangular volume and 4 points aligned to the center of
gravity. At each timeinterval of the simulation, position of those pointss re-

calculated with the changing store attitudes

Similarly, therocketmotion ischaracterized witthe pointsat center ofyravity, nose
and tip of the rockeposition Moreover, modeling fins of the rockets are more
crucial for separation analyséherefore, the wing span @D cmis included in the
rocket diameter.

Figure30 Representation of Rocket Launcher and 2iriéh Diameter Rocket

A similar approach igarried outto calculate store orientation with respect to the
helicopter frame. First theriented storgoints with respect to the store center of
gravity arecomputedand therstore position according to helicopter body motion is
determined.

Whenthe box coordinates and store points are upd#tedext step is determination
of collision. All points on the store aanalyzed individually whether to coincitlee

boundary ofach helicopter component volume.

As a penalty of this bounding box approactcatlision detectiorstep in separation
simulation, dummy gaps may be included in componahimes hence volumes
checked for interactions are larger than the actual geometry. A test condition is
treated as unsaféa point on the store interferes with even a small gap. That method
results in a more conservative envelope and dummy gepsbe nterpreted as
safety margins. However applying different safety distance margins for different
helicopter components is not an objective approach. For this reason, after running 6
DOF flight mechanics simulation on FLIGHTLAB, another collision detection

method is applied using the actual geometry of the helicopter and jettisonedhstore
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Blender softwareThe purpose is to +@nalyze the unsafe cases and to check whether
the actual bodies are in contact with each other.

Blender is a free software productedsfor creating & computer graphics for
animated films, video games and simulationf® §eometries of both helicopter and
store are used in collision detection in Blendeiscript is generated that visualizes
the trajectory of the helicopter and starging separationsimulation data. As the
actual geometries are taken into account, the ratyabil the analysis is improved

4.2.1 Main Rotor Clearance

As noted in military standards, in rocket laurtbl main rotor clearance is the most
important parameter to be checkédcording toMIL -STD-1289D [2], propeller and

rotor disk cleaance shall be fivelegree whichs measured from the trajectory of the
outermost surface of the weapon to the woeste rotor plane or aircraft structure

Figure31.

Regarding lte clearance requimeent, a five degreeone is drawn between rocket
launcherand theworst caseip path plangosition of theUJH-60 helicopteras shown

in Figure32. The distanceo the most deflected rotor plamemeasured as 586 mm

and that value is embedded to the collision detection routine as main rotor safety

margin

rotor blade
(worst case)

axis —__ ~

Launcher —— \\"/aircraﬂ

Figure31 Definition of a fivedegree haHangle cone in MIESTD-1289D|2]
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Figure32 Demonstration of UF60A Main Rotor Clearancir Maximum
Tilted Tip Path Plane

52



CHAPTER 5

STORE SEPARATION ANALYSI S RESULTS

The parameters that may affect the store behavior after being released from the
parent helicopter are investigated in this chapter. Main rotorfenégice on the
external stores anthe impulse applied by lanyard released connector at jettison
instantare themajor parameters that must be included in the simulations. Jettison of
the launchers loaded with different number of rockets is also analyzed to determine

the most critical configuration.

5.1 Effect of Main Rotor Downwash

The most dominant parameter affectinghavior of stores after separation is main
rotor induced flow. Consequently it must be introduced dusimgulation studies
accurately and worst case scenarios must be simulated to prevent any collision
during actual flights. With this purpose, differenflow models aremplemented in

sequence and thieénfluenceon store behavicarecompared

The normal induced flow distribution toH-60A longitudinal axis at rocket pod
waterline level is generated for different solution meth@€igure 33). As it is
explained at SectioB.1 3, asthe number ofstates used in thelynamic wake method
increasesthe distributionbecomesmore accurateand the effect of tip losses is
observed.It is clearly seen thavortex wake method results idifferent radial
distribution due toincorporation ofwake contradiction The drastic increase is
observed at pointaligned withblade tip region where rolledp vortex isformed.A

suddenchangefrom dowrwashto upvashat rotorwake boundaries is observed for

53



all methodsdue to blade tip wex distortions This can be explained asside rotor
wake contributions of tip vortex and inboard wake are added while beegme

contradictory outside the wake.

-~ Dyn., 3 State ---Dyn., 6 State ——Dyn., 15 State --- Vortex Wake

Downwash Velocity [m/s]

5]
o

-6 -4 -2 0 2 4 6 8 10 12 14 16 18 20
Helicopter Longitudinal Axis [m]

Figure33 Comparison of Induced Flow Distributions at RocRetd Waterline
Level

5.1.1 2.75Inch Diameter Rocket Launch a Hover

PetersHe 3 State, 6 State, 1State (4x4) and Prescribed Vortex inflow models are
tested at hoveand theirinfluences on rocket trajectory atempared.

The distribution of induced floveomponents along rocket trajectory is plotiad
Figure34. It is clearly seen that rocket passes the rotor wake bouimdém first0.1
seconds of the simulationt should be noted that simulation starts at the instant
rocket leaves the launcher and begins its free flight. Simulation ends when rocket

travels approximately 20 meters away from the helicopter.

As an anticipatedesult,the downwash velocity leads tm angle of attack in the

store and consequently the storeamers a nosap pitch motion Figure35). After
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rocket escapes from the rotor wake, pitch attitudeeslspgeversed due to wpash

occurred outside the wake.

--------- Dyn., 3 State ---Dyn., 6 State ——Dyn., 15 State -~ Vortex Wake
15

'
i
i
1
i
i
Fr
fr!
1
'
i
1

S !
’ 1
1

Downwash Velocity [m/s|

0 2 4 6 8 10 12 14 16 18 20

Range [m]

Figure34 DownwashVelocity alongthe Flight Path of the Rocket
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Figure35 Main Rotorinterference Effect on Rocké&ttch Attitudealongthe
Flight Path

55



——No Downwash - Dyn., 3 State ---Dyn., 6 State ——Dyn., 15 State --- Vortex Wake
60

Height above Launch Point [cm]
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Figure36 Main Rota Interference Effect on Rocketeightabove Launch Point

The most important phenomenon in rocket launch is to maintain the permissible
distance with main rotor tip path plane. The distance to main rotor tip path plane is
plotted inFigure37.

——No Downwash - Dyn., 3 State ---Dyn., 6 State —Dyn., 15 State --- Vortex Wake

Distance to Rotor Disc [m]

0 1 2 3 4 5 6
Range [m]

Figure37 Main Rota Interference Effect on Rock€&learance to Main Rotor
Disc
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The change in roll and yaw attitudes of rocket are negligible in all simulattass.
concluded that downwas h oe flatemlc dypamt fot h a

2.75inch diameter of rocket at hover.

Although, the safe separation behavior is not severely affected by the method used to
model main rotor interference on rockets, tferformance of unguided rockets
depends on the downwash distribution. As an example, the trajectory of a 2.75 inch
diameter unguided rocket is plotted Fingure 38. In this simulation, the elevation
angle of the rocket is considered to be 1 degree with respketitopterbody axis

at launch point. Modeling of main rotor interference with finite state models extends
the rocket range 388 meters dudrtoreasing angle of attack caused by downwash
velocity. When vortex wake model is used for main rotor interference the increase in
range is only 146 meters. It is seen that validation of the unguided rocket trajectory
with flight testing is essential toedide which method should be used to calculate

rocket performance accurately.

——No Downwash ===Finite State Interference = + Vortex Wake Interference
350

(o]
(=
(=]
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Figure 38 Effect of Main Rotor Interferencen Rocket Trajectory, at Hover
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5.1.2 Rocket Launcher Jettison at Hover

The effect of main rotor inflow on be rocketlauncherduring jettison isalso
analyzed. Different inflow solutions are compared to determine the sensitivity of the
jettison behavior to flow field around the rocket pod. The rodkencheris
jettisona from inner store station of right pylon of the Black Hawk helicopter.
Empty configuration of the launcher is selected regardmag it would be more
sensitive to aerodynamic interferenagige to its low weight and inertia values.
Since launchersaare na ejected, the gravitational anderodynamicforces are
dominanton the store attitudes.

The vertical component of induced velocity impinged on the laundbeng its
downward motion after jettison mompared for different solution metho¢Sgure

39). The results are compatible wiligure 4, Figure6 and Figure33 . PetersHe 3
State predicts larger downwash magnitid@nother expected result is increasing
downwash velocity under the main rotor plane due to accelerated flonaapprsed

in dynamic wake modeldn vortexwake solutionjnduced velocity is reduced at far
wake region.The comparative plots show the effect of downwash on translational

motion and attitudes of jettisoned rocket pod.

--------- Dyn., 3 State ---Dyn., 6 Statet ——Dyn., |5 State --- Vortex Wake
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Figure39 Downwash Velocity Distributioralong theFlight Path of the
Launcher
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Figure40 Main Rotor Interference Effect doauncherTrajectory

The difference in magnitudef inflow velocity at PeterdHe 3 State solution results

in larger pitch up behavior in the launcl{Ergure41). Hence launcher is considered

to be most sensitive to the inflow modeling with Petées3 State dynamic wake
approachAlthough comparative results for fiston at hover show that store attitudes
are more sensitive to-State inflow modeling, the difference among inflow models
are around 1 degree at the instant store clears the helicopter viEigitye 42 and
Figure 43 show the distance of launcher to helicopter landing wheels and fuselage
respectively. Approximately 5 cm differem is observed between trajectories

obtained by vortex wake and finite state interference methods.
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Figure41 Main Rotor Interference Effect doauncherPitch Attitudealong the
Flight Path
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Figure42 Main RotorInterference Effect on LaunchBistanceto Landing
Gear
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Figure43 Main RotorInterference Hect on LaunchebDistanceto Fuselage

In the envelope generation simulations, State inflow model is selected since it
provides more reliable results in as mathematical model validation at level flight and
dynamic response analyseBigure 7 and Figure 26). The reasonof choosing
dynamic wake model to the vortex wake modethatthe launcker movescloser to

helicopter landing gear and fuselagieen finite state interference method is applied.

5.2 Effect of Lanyard Release Connector

The electricalcommunication between the helicopter and the launchers are provided
through umbilicalcables and amectors. They are also used as mechanical safety
devices to prevent aesireddisconnection of the launcher during flight.case of a
jettison necessity, connector allows disconnection of the connector plug and
receptacle with an axial pull force on tla@yard.Connector simplylisengagefrom

the receptacle on the launcher tag requiredaxial pull force is applied on the
lanyard. Hence launcher would be free to separate from the wing pylon. Connectors
are designed with different sizes, lanyard lesgihd disengagement fordessed on
requirements stated in MAETD-1760 Interface Standard for Aircraft/ Store
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Electrical Interconnection Systerklence, the effects of lanyard length and pull up
forces on the launcher behavaiter jettisonmust be inveggated inorder to select

an appropriate connector type

In the jettison simulation tool, connector location on the launcher, maximum
disconnection force of the connector and lanyard length are inputs. After jettison
signal is triggered, the launcher ssaits free fall angbre-determinedoull up force is
appliedwhen launcher drops to the point that the lanyard cable is fully stretched.
Hence connectatletaching instant is simulatéd/hen selecting lanyard lengtit is
crucial that the launcher is acceleratedwagh to overcome thdisconnection force

at the instant lanyard reaches its maximum stré@therwisealthough launcher is
released from the suspension lugse connectowill not be disengagedsuch a
situation may cause launcher to sling and crash to the helicopter fusetadeeck
theforce exerted on the connector focertain lanyard lengtlgoverning equation of

the free body when éhlanyard is fully stretchechn be written as

¢Qa
Y oa Q —; (7)

where,"Yis the force exerted on the connector
a is the mass of the store
“Qis the gravitational acceleration

ais the free fall distance of the store before the lanyard is fully stretched (i.e. lanyard

length)

0 is the detach time elapsed from the instant the lanyard is fully stretched to the

instant the conector detaches from the store.

The jettison analyses are conducted for 10 2Bi@¢m lanyard length and 100N and
200N lanyard pull forceto observe theftect of an axial release forc&he results
arecomparedn Figure44 for empty rocket pod configuraticat the hover condition

As expected, the plulorce generatea noseup pitch moment on the launcher

In thejettison envelope generati@mulations 10 cm lanyard length and 100N (22

Ibf) disconnection forces applied on the launcher dynamics.
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—— Without Connector Model -=--100 N Pull Force, 25 cm Lanyard
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Figure44 Effect of Lanyard Release Connector Bmpty Launched fitch
Attitude

5.3 Effect of Launcher Loading On Jettison

As noted previously, there are tyaitisontypes; selective and emergency jettison.
selective jettison, the main intention is to reduce wwtght and drag of the aircraft.
Mostly the launchers are released after all rockets / missiles are fired since they are
not any longer required for the missiddther situations that necessitate jettison are
emergency conditions like engine failures dwachg fire of a missile in the launcher.

In emergency the launcher must be dropped immediately without spending time to
launch the remaining rockets. Hencehe launcher may be in any loading
configuration at the instant of jettison. That is why all launébading possibilities

must be covered for determination of the flight cowdisi that allows a safe jettison.
The most critical launcher loading configurationgerms of collision possibilitare
selected based on weigfempty and fully loaded launctgrand center of gravity
offset from the centerlingasymmetric configurations)rhe launcher with lightest

weight and inertiahas the tendency tbe influencel more by the aerodynamic
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interferencesSimilarly, the fully loaded launcheemains in the helicopter vicinity

for the longest time due to its lower veloaityring jettison

Center of gravity locatiomas a major role in roll and pitch motion of the launcher.
The possible asymmetrical loadings are determined regarding trge Sequence of
the rockets. The firing sequence of the 2 rockets loaded on 48be launcher

is demonstrated ifigure4b5. It is seen that fing order is settled in such a way that
the center of gravity isalmost alwayskept balanced.In order to find the
configuration with largest offset from the centegnter of gravity of the launches
updated regarding the fire ordeFhe configurationsafter 7" rocketis fired (12
rockets remaining) and T'8ocketis fired (1 rocket remaining) aréetermined to be

themost criticalrocketloadings.

NN

\ ) )./ . L ] /
e Sl W :/'j'

c. Asymmetrical Configuratio#?2 d. Empty Configuration

Figure45 Firing Sequence of 2.7mch rockets and Loading Configurations,
From Rear View
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Table6 Weight and CG of Critical Launcher Loading Configurations

Launcher - . CG offset from launcher geometrical center
. Remaining | Weight
Loading rockets [ka] Xeg[mm] Y cg[Mmm] Zcg[mm]
Configurations g (+ forward) | (+toright) | (+downward)
Full 19 234 113 0 0
Asymmetrical#l 12 169 91 -10 24
Asymmetrical#2 1 66 -27 12 0
Empty 0 57 -42 0 0

Separation simulations are performed for four configuratjettssoned fromboth
starboard (right side with respect pdot) and port (left side #h respect tqpilot)
inboard stationswith the purpose to include all possible werase scenas in
terms of collision possibility. The representative flight conditiamne selected as
hover, 100 knots forward flight and autorotative dese¢m0 knotsThe simulation
results of the four different launcher configuratioreme visualizedtogether to

establish a better understanding about the behavior after jettison.
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Table7 Legend for Different Launcher Loadings

Full configuration

Asymmetrical #1 configuration

Asymmetrical #2 configuration

Empty configuration

a. 0.5 secondrom jettisonat Hover

b. 1 secondrom jettisonat Hover

Figure46 Behavior of Different Launcher Configurations Jettisom¢dHover
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At hover, rocketlaunchers with lower weight, namely empty and asymmetrical #2
configurations reach higher jettison velocities compared to heavier launchers because
of perceivable effect of main rotor downwastherefore the heavy launcher spend
more time in the proxinyt of the helicopterwhich m&es it critical from safe
separation point of viewfrigure 46 shows that theattitudes of all configurations

remainsamefor a certain time which is enough to clear the main wheel.

As the forward velocity increasethe effect of paasite drag around the launcher
rises. Drag force acts dominantly in the lightest launcher due to lower inertia values
(Figure 47). The asymmetricalljoaded launcher also encountgaw and roll

momentsdue to center of gravity offset in lateral direction.

a. 0.5 second from jettison &00 knots Forward Flight

—t L

b. 1 second from jettison 400 knots Forward Flight

Figure47 Behavior of Different Launcher Configurations Jettisomd 00
knots Forward Flight
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As noted previously, ost of the jettison cases occur with the purposprevent a
hazardous landing by removing weapons away from thedpeéic. Hence jettison at
autorotative descent is one of the most critical flight conditions that should be
examined well before flight test&igure 48 represents the jettisoned store oot
when exposed to highangle of attackduring descent phase of autorotation. As
expected the empty launcher is influenced tgdsg the upward flow and eounters

an obvious nosap pitch motion compared to heavier launchers.

a. 0.5 second from jettison & knotsAutorotation

b. 1 second from jettison @0 knots Autorotation

Figure48 Behavior of Different Launcher Configurations Jettisomed 0 knots
Autorotation
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a. 0.5 second from jettison 2b knots Pure Lateral Flight (to left)

Figure49 Behavior of Different Launcher Configurations Jettisom¢@5 knots
Lateral Flight

The results of jettison at lateral flight are showifrigure49. In this flight maneuver,

the launchertave an initial lateral speed ambve towards to the helicopt&nding

gear.Consequently, the contact to landing gear is encountered for all configurations.

Another outcome is that fully loaded launcher accelerates more than lighter

launchers.

Comparative analysis results pointt that weight has a significant effect on
launcher behavior all flight maneuversParticularlythe motion of thelaunchers
with low weight and moment of inertiare affected more by large aerodynamic
loads A small disturbance during free flight geates large deviations in the store
attitudes. Morewer loaded launchers may lgetical as well since they fly in the
neighborhood of the helicopter fatonger time and they fall without changetheir
attitudes.The roll and yaw tendency of the asynin@ally loaded launcheralso

require to be analyzed in scope of safe separation studies.

Regarding these outcomes of the comparative sfattison simulations oéll four
configurations listed imable 6 are performed individually to obtain a safe jettison
envelope that covers all possimerstcase conditions.
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CHAPTER 6

SAFE SEPARATION ENVELOPES

In the simulations, the separation throughout the helicopter flight envelope is
investigated and flight maneuvers at which separation is regarded as unsafe are
detected. The critical and unsafeunch and jettison points areecorded This
combined envelap is called as safe separation or safe jettison envdlopensists

of;

1 safe region for store separation
1 unsafe region wherstoredistanceto helicopterexceeds the limitsr

the collision is expected

The flight speed and maneuver limitations stated in the60& Operators Manual

[17], are taken into account in definition of anagysonditions.

Table8 Maneuver Limitations of UHB0Q Helicopter

Maximum airspeed for autorotation 130 KIAS
Sideward/rearward flight limivith fuel

35 knots
tanks
Descent at level flight > 40 KIAS
Hovering turn 30A /sec
High Speed YaviManeuver limitation 80 KIAS
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The analyses are conducted at gross weight of 16000 Ibs. and center of gravity in
which the mathematical model is validatetihe connector detach force is assumed

as 100 N and lanyard cable length is 10 cm.

In the analysed5 State Inflow model is used to include the maitor interference

on the store as it predidise inflow better than 3 and 6 State models. In addition it is
more convenient to analyze set of dynamic maneuvers successively with more
efficient computational capability afynamic wakenodel compared to vortex wake

methods.

In the envelopesthe safe ad unsafe flight conditions ardistinguished with

different markers. The cross markers are usedhow the conditions at which
mathematical model is not capable to be trimmEde results of simulation at
untrimmed points are excluded in the envelopesesithey may not give reliable

information about store motion after separation.

In the forward and lateral flight envelopes, positive lateral speeds represent the
sideward motion of the helicopter with positive sideslip amgkideslip angle is

defined tatheright of the helicopter nose direction.

6.1 SafeSeparationEnvelopeof 2.75Inch Diameter Unguided

Rockets

Separatiorsimulation of rockets iperformed to determine the maneuvatsvhich

the rocket trajectory is critically close to the helicopter lage or main rotor tip path
plane.Trajectory of the rocketsalincled from the innermost station and from the
uppermost stations of the launcheve the smallest clearance to the fuselage and
main rotor blades respectivelyhe safe separatiosimulationinvestigatesnost of

the firing scenariosRocket launch from launchers located at right anditdfoard
stations are analyzed and safe separation results are combined to generate a

envelope.
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The results of the analyses show that launch at forWigid, lateral flight(Figure
50) and descent maneuveffSigure51) d o n 6 t

part of the helicopter

At military operationsunguided 2.75 inch diameter MIO rockets are fired at hover
and level flight conditions to provide better accuracy to hit the targ€husFigure

50 constitutes a basis for safe separation envelope of this weapon system.
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The flight maneuvers with constant angular rate are also investigated in this study to
determine the safe limits at dynamnm@aneuversOn the contraryo level flight and
descent maneuversocket separation atoordnated turnmaneuver igestrictedto

NP0 deg/syaw rate as seen fFigure53. At turn maneuversocket trajectory passes
througha distance that exceeds allowabédety margirof fuselage which is 9 cm

This margin ismeasurd from the outermost points on thiiselag regarding the
clearancedefinition stated in MIESTD-1289D [2]. Oneof the maneuvers at which
rocket launch must be avoided is demonstrateldigare 52. At this instant, rocket

fins are closest to the fuselagaceethg 9 cm safety margin.

Figure52 Demonstration of Rocket Exceeding Fusel&gdety Margin at Turn
with 30dsecand 14 Bank Angle
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Figure53 Launch Envelope of Rockets at Turn Maneuvers
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Similarly at puskover maneuver pilot reduces the helicopter angle of attack with
constant negative pitch ratterefae the rocket pathmay coincidewith five-angle
cone determined for the most deflected main rotor plaigeife 31). The conditions
that must be avoided are shownHFigure 54. At pull-up maneuvers launch is safe
becaisethe main rotor disc moves away from the rocket trajeciatly increasing
pitch-up motion
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Figure54 Launch Envelope of RocketsRull-up and Puslover Maneuvers
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At maneuvers with roll rate, separation is safe until roll rate is increasdB0to
deg/sedqFigure55). At this rate,helicopter rolls very rapidly so the rocketjéetory

may pass through fivangle conenarginof main rotor.
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Figure55 Launch Envelope of Rockets at Flight with Roll Rate

6.2 Safe Jettison Envelop®f Rocket Launcher

The jettison analyses of 4@be rocket pod are performed. All possible launcher
loadings are covered in the analyses by investigating the jettison characteristics of
fully loaded (19 rockets), 12 rockets loaded, 1 rocket loaded and empty launchers.
Jettioon analyses are conducted from both right and left wings and inboard stations
which areconsidered to be more critical due twd distance to fuselage and landing
gear. Jettison is simulated considering the fuel tanks are loaded at the outboard
stationsto investigate store to store collision possibilfgrward flight, lateral flight,

flight with constant sideslip angles, descent and autorotation conditions are analyzed

for jettison.

The unsafe conditions obtained based on collision detection routiseparation

simulation are revisebtly visualizing the simulatiomsing actual geometries of the
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helicopter and the launcher. It is seen that at some points the launcher does not have
any contact although it passes by the landing gear with a small clealettis®ns at

these points ardetermined as safe

The safe separation information obtained from the simulation of each launcher
configuration is combined aralunified jettison envelopis given inFigure56. The

safe jettison envelope is limited 20 knots lateral speed at all forward speeds.
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Figure56 Jettison Envelope of Rocket Launchetavel Flight

According tothe jettison simulations, empty launchers jettisoned from both left and
right inboard stations athe most critical configuratiomsince they contact with the
landing gear at high air speeds when lateral speed is more than 20 knots. As seen in
Figure56 , lateral flight to the left (negative sideslip angles) is more critical in terms

of collision to landing gear. This asymmetrichstribution of the unsafe points on

the envelope is due to higher negative roll attitude of the helicopter when it slides to
the left side As helicopterrolls towards left,the right landing gear approaches to the
store which is jettisoned from right winglettisons at same lateral spdmat to
different sides ardllustrated in Figure 57. Although sideslip to right side is

performed with 10 degrees roll anglé7 degrees roll attitude is requiredsiale to
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the left side with the same lateral spe€dntact with landing gear is observed for

jettison at right inboard station.

a. Sideslip to Left witl30 knots b. Sideslip to Right with 3Rnots
Unsafe Case Safe Case
Helicopter Roll agle is-17degrees Helicopter Roll agle is 10 degrees

Figure57 Demonstratia of Empty Launcher Jettisoat Pure Lateral Flight

On the contrary to pure or low speed lateral flightshigher speeds lauhers
jettisoned from right (leftwings have contact with landing gear when helicopter
flies with positive (negative) sideslip angle, which means to right (left) Bidere

58 shows the collisiomistant when store is jettisoned from left wing while helicopter
sideslips to the left. Thauncher moves towards the landing gear under the influence

of sidewad airflow.

Figure58 Collision Instantof Empty Launcher, at 95 kts Airspeed wittB8c
Side Slip Angle
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The most important flight maneuver for emergency jettisoaut®rotation. When
single or dual engine failure is encountered, the weapons should be released to
maintain helicopter safety &nding. Thus descent and autorotation conditions are
investigated from safe jettinopoint of view. The simulatiomesults show that
launchers can be jettisoned safely at all points in helicopter descent envelope in

emergency situations.
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Figure59 Jettison Envelope of Rocket Launchebatscent and Autorotation
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6.3 Safe Jettison Envelop@®f External Fuel Tank

The 230gallon jettisonablduel tanksare carried on the outboard pylonslfi-60
helicopter.The recommended jettison envelope of the auxiliary tanks which is given
I n Oper at ¢17] & shovia Rigurado.,

RECOMMENDED EMERGENCY JETTISON ENVELOPE

AIRSPEED KIAS

0 TO 120 120 TO Vh
LEVEL FLIGHT NO
SLIP INDICATOR DISPLACED NO MORE THAN SIDESLIP
ONE BALL WIDTH LEFT OR RIGHT BALL
CENTERED
AIRSPEED KIAS
*JETTISON ” ” - - o *JETTISON
DESCENT BELOW - ABOVE
80 KIAS 1000 875 750 625 500 120 KIAS
NOT NOT
RECOMMENDED MAX RATE OF DESCENT RECOMMENDED
FT/MIN

*Not recommended because safe jettison at these conditions has not been verified by tests.

Figure60 Recommended EmergenExternal Fuel TanKettison Envelope

The jettison simulations of empty tank and tank loaded withg2®@n of JP4 fuel

are performed using the sepiion simulation code. Analyses are conducted for
tanks jettisoned from both right and left outboard pylons of the helicopker.
simulation results of all configurations are combined and the unified jettison
envelopes are generatddhe jettison simulabns at level flight conditions show that
there is no contact to any of the helicopter parts. The jettison envelope at level flight

is given inFigure61.

80



‘s Safe Case

x Cannot be trimmed
40: ) i |
. . . x x x x L) . . L) X . .
10" S S S— SN SRS SN SR Fe S NS SO S SRS S S S S
. . . X . . . . . . . . . .
o 20e . . . . . . . " . . . . . —
-
g . . . . . . . . . . . . . .
= [ 1o S S S SO USSR SN S SRS S S S SRS SU S S —
. . . . . [} [} . . [} [} . .
?
b O - D S .- e .- . D S 3 . .- —
C?J- . . . . . . . . . . . . . .
(-U -108-—w * . . ¥ - Y Y r - . .- »* Y —
3 . . . . . . L) L) . . L) L) . x
-
T 208 A FA— A A - A— A R S — FA— A O I % -
-
. . . . . . . . . . . . x
-30e O * . * x . . . . . * 3
. . . x x x x L) L) x x

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Forward Speed [knots]

Figure61 Jettison Envelope dExternal Tanks at Level Flight

The simulation results of jettison at descent maneuversirdfeed and shownin
Figure62. The recommended jettison maneuver linfkgure60) given in Operators
Flight Manual of UH60Q Helicopters[17], are also plotted. When tanks are
jettisoned at t he Contactwith Stere Byloasia rikte di svi d ths
thatthe empty tanlencounters noseup pitch motionmmediately after jettisoand

hits to the store pyloras demonstrated figure63. Thereforgettison at these cases

is determined as unsafe amitey should beexcluded from the jettison envelope.
When the safe jettison envelogeobtained by simulation and flight tests are
compared, it is seen that simulation results are agreeathi¢he test data. During

the maneuvers at the boundary of the simulated jettiswalopealthoughthe empty

tank approaches to the pylons critically,dto e s n 6 thy cbngaet.eHenaethe
recommended jettison envelope limits are specified considering a safety margin to

prevent any collision during jettison tests of external fugtsa
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Descent Rate [ft/min]

Figure63 Collision Instant of Empty Fuel Tank, at 100 kts Airspeed wizbQl
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Figure62 Jettison Envelpe of External Tanks at Descent
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CHAPTER 7

CONCLUSIONS

Store separation from an aircraft is a vital problem that should be analyzed and tested
to ensure that separated store clears the aircraft safely without endangering the
aircraft or crew. Flight tests provide most reliable data for determination of store
behavior after separation. However, high costs and risk factors limit the number of
test points. Hence a methodology is developed to predict the store characteristics and
to determine the unsafe flight conditions for store separation issues. This theésis wo
handles the store separation problem from flight dynamics point of view. A store
separation simulation tool is developed to study characteristics of launch -@hé&75
diameter rockets and jettison of the-tli®e rocket launche@nd external fuel tanks

from armed Black Hawk helicopter.

The mathematical model of the UBDA helicopter and external stores is developed
to simulate the separation. The modeling of main rotor inflow and its interference on
the fuselage, horizontal taknd external stores is a challenging part of the
mathematical modeling study. Hence, Petdes3 State and 15 State inflow methods
are applied in the model and they are compared with the flight test data. The
mathematical model validation analyses areiedrout atsteadylevel flight, descent,
climb conditionsand transient responsases. It is seen that 15 State inflow solution

method simulates the actual helicopter behavior better than 3 State inflow approach.

The parameters that may have influenoethe store trajectory asdsoinvestigated
in scope of thesis. Main rotor induced flow contribution has one of the most
dominant effect on the store behavior after separabgnamic wake(PetersHe 3

State, 6 Statel5 State) and vortex wake inflow alculation approaches are
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implemented on separation simulation to distinguish to which mestooe motion is

more sensitive. Comparative results of store trajectory and attitudes indicate that
inflow distribution computed bPetersHe 3 State has the mostgnificant effect on
longitudinal dynamics of storelue to higher magnitude downwash velocity
However the attitudes and trajectory of the store hswall differences when
different methods aremplemented to the mathematical mad&egarding the
reliablity of the PdersHe 15 State method in model validation study and its
advantages over other methods, thain rotor interference on external stoiss

modeled with PersHe 15 Stateapproach

The comparison of different launcher loading configuratishew that special
consideration must be given to decide the most critical loading. Generally empty
launchersandfuel tanksare aerodynamically unstable due low weight and moment
of inertia values. As expected, theemtation of lighter launchas moresensitive to
airflow around it.At hover and low speed flight with addition of downwash empty
launchers fall more rapidly than heavier launchafthough fully loaded launchers
demonstrate more stable motion after jettison, they leave the helicoptebardigod

later than lower weight launcheas hover This situation makes full launcher even
critical since the collision possibility is evident for longer period of tiPartially
loaded launchers also demonstrate critical roll and yaw motions sintdheenter

of gravity is locatedat a certain offsetYaw tendency of asymmetrically loaded
launchers towards the helicopter fuselage is encountered during flights with sideslip

angle.

Safe separabin and safe jettison envelopes gemerated as an outcome of separation
simulations at wide range ofmaneuvers These envelopes represent the flight
conditions and maneuvers that store separate safaly.launch and jettison limits

obtained based on simulations are summariz@elale9 andTable10respectively
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Table9 Safe Separation Limits of Rockets Launched from-&HHelicopter

Maneuver Safe Separation Limit

Flight with Sideslip No limit

Descent and Autorotation No limit

Coordinated Turn Yaw RateO10Asec and Speed < 80 knots
Pushover Pitch RateD5Asec and Speed < 80 knots
Flight with Roll Rate Yaw Rate< 30Asec

Table10 Safe Jettison Limits of Rocket Launcher Jettisoned from&0H

Helicopter
Maneuver SafeJettison Limit
Flight with Sideslip Lateral Spee®20 knots

Descent and Autorotation No limit

The allowable jettison limits of the230-gallon external fuel tank are given in
Oper at or 6 s -60Q Haliampte[1d]f Thedétommended jettison envelope
given in the ©psedtaveridyrtheé accukdeyrofube Isimulation code
developed in this thesis work. The simulation results show that tages@gon limits
determined based on analysis are consistent wittenkelopeverified with flight
tests. Hence it is concluded that the simulation cpaw/ides fast and reliable results

for the definition of safe separation envelopes of helicopterreadtstores.

Envelopes obtained by separation analg®nstitute the initial step for flight tesis
weapon integration projectStore trajectory information at safe conditions according
to the analyis will be used to determine the first flight test points. Once the
simulation is validated at these pointise number of flight tests il be reduced to

test only corner points of the envelopes.
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APPENDIX A

NONLINEAR RESPONSE ANALYSIS

The results of response anatygerbrmed for mathematical model validatiarnth
flight test dataare providedThe tests are conducted when SAS is disabled and to be

consistent with test data analyses are performed with@fASondition as well.

A.1 Response t®.5 inch Forward Cyclic Input at Hover

Forward longitudinal cyclic input results are given in this section. Higher and
positive pitch rate values generated in the simulation model results in difference in
pitch angle. Ofaxis responses as roll angle aodl rates are overlapped with test

data. However, yaw axis response needs improvement.
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A.2 Response tdl inch Right Cyclic Input At Hover

When simulation model is disturbed by lateral cyclic input at hover, very good
agreement is achieved with test data ire@is and offaxis responses.
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A.3 Response tdl inch Up Collective Input At Hover

The responses to collective stick increase at hovealacequite adequate in pitch
and roll axis. However difference in the yaw rate tendency results in higher yaw

angles compared to test data.
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A.4 Response tdl inch Left Pedal Input At Hover

Yaw and roll attitudes have quite good consistency with test data when left pedal
input is applied to the simulation model. However the responagige$ pitch axis is

not satisfactory since pitch angfereases in opposite directions.
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