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ABSTRACT

The desire ofachieving faster cruisepeedfor rotorcraft
vehicles has been around since the inception of the helicopter.
Many unconventional concepts have beeonsidered and
researched such as the advanced tilt rvith canardsthe tilt-
wing, the folding tiltrotor, the coaxial propfan/folding
tiltrotor, the variable diametertiltrotor, and the stopped
rotor/wing concept, inorder to fulfill this goal. Themost
notable program whichddressethe technology challenges of
accomplishing a high speed civil transport mission is the High
Speed Rotorcraft Concept (HSRC) program. Among the long
list of potentialconfigurations to fulfill theHSRC intended
mission, the stopped rotor/wing is the least investigated due to
the fact that the existingrotorcraft synthesiscodes cannot
handle this type of vehicle. lorder todevelopsuch a tool, a
designer must understandthe physicsbehind this unique
concept. The uniqueness of stopped rotor/wing vehicles that
use reactiordrive can be found irthe tight coupling that is
present between the rotor and the engine which in requires
these subsystems to lsized concurrently ratherthan in
isolation. A methodologyand simulation tool capable of
handling this coupling isinderdevelopment athe Aerospace
Systems DesigriLaboratory (ASDL) at Georgisnstitute of
Technology. Thalevelopment of a new desigool (TJCC)
andthe use of a statisticaéchnique calledkesponseSurface
Methodology linkedinto the V/STOL Aircraft Sizing and
Performance Computer Program (VASCOMJP hasprovided
the capability of sizingstoppedrotor/wings. The potential
success of a stopped rotor/wing configuratiwan only be
determined through direct performare@mparisons withother
high speedrotorcraft conceptausing analyticalmethods of
comparablesophistication. The authorfave previously
presentedlimited results from this studydetailing the
rotor/wing performance during hover. In this paper the forward
flight regime for both the helicoptend fixedwing modes are
discussed. Representativeresults  presented include
performance characteristicgich as thehorsepowerrequired
curves versugorward flight for both therotorcraft and fixed
wing modes of operation. Furthermore, the madew
requirementsandtransition performance associatedith this
aircraft are also examined in this paper.
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INTRODUCTION

In order torealize the ability of takingoff and landing
vertically at vertiportdocatedwithin major city limits while
maintaining a high speed cruise capability, an aircrafeesled
which marries together the low speed attributes bélacopter
andthe highspeedbehavior of dfixed wing aircraft. NASA
and U.S. helicopter industry have investigated a series of
candidate rotorcraft configurations in the High Speed Rotorcraft
Concept (HSRC) program. The findings of this investigation
are documented in References 1, 2ar®] 4. According to the
requirements imposed on such a vehicle, the potential candidate
aircraft must be able to cruise at high speeds (300 - 450 knots)
andpossess verticabke-off andlanding (VTOL) capabilities.
Furthermore, the HSRC must beliable and affordable and
possess the hovaefficiency, low downwash characteristics,
and low speed agility of a helicopter, as well as the bjugded
cruise, maneuverability, and handling qualities dixad wing
aircraft. This NASA fundedstudy producedseveralpotential
candidates concepts such asaamancediltrotor with canards,

a tilt wing, a folding tiltrotor, a coaxial propfan/folding
tiltrotor, a variable diameter tiltrotor, and a stopped rotor/wing
configuration. Of these seven concepix, of themcan be
readily modeledand analyzed bysizing/synthesisprograms
such as VASCOMP 9l and HESCOMP. The stopped
rotor/wing has been somewhabverlooked since the
appropriate analytical tools needed to assist in its design do not
exist. For the passeveral yearsthe AerospaceSystems
Design Laboratory (ASDL) aGeorgia Tech, in collaboration
with the System Analysi®ranch of NASA Ames Research
Center, hasbeen pursuing thedevelopment of adesign
methodology which willenablethe designers tosynthesize,
size, and routinely predict the performance of stopped
rotor/wing aircraft. Even though HSRC program waaceled

in 1992, ASDL hagontinued to developndimplementthis
methodology in an effort tauinderstandhe physics ofthis
complicatedproblem and advancehe state-of-the-art. The
step-by-step discussion of thisverall methodology (see
Figure 1)can be found in Reference 7.However, in this
paper, the focus will be on tHerward flight regime forboth

the helicopter and fixed-wing modes of operation as well as the
transition between these modes.
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Figure 3: GTM-85 Flight Regimes

There are two enabling technologies (reaction drive system

and Circulation Control) thadre incorporated inthe GTM-85
which make stoppetbtor/wings technically challenging. A
reaction drivenrotor acts as a poweunrbine which directly
converts theenergy ofthe gases from the engine intotary
power by using light weight ducting (see Figure 4).

Flow from
Engine

Figure 4: Radial Outflow Turbine®

With this air-poweredtransfer system, the complexity and
excessweight of thegearbox(es)shafting, and tail rotor are
eliminated. This isdue to the fact that the reaction drive
concept does not imparttarque onthe fuselage ofthe rotary
wing, andtherefore there is nmeedfor a tail rotor’®. The
necessary torquinat createsthe rotor rotation is now being
generated bythe moment arm (i.e. rotaadius)and by the
force (F) created when mass flow is ejected throughtipiets

located atthe blade tips. The magnitude ofthis torque-
generatingforce is based orthe amount of mass flowr)
ejected and by the net velocitgtweenthe tipjet (\) and tip
speed (M) (See Equation 1).

Fj =y x (V- V) @)



In order tocalculate F; the mass flowand velocity of the
tipjet, mj and \f , respectively, must bealculatedfirst. Both

of theseparameterslepend orthe results of the engineycle
analysis'. Based on these facts, it is obvious thatehgine
and rotor form ahighly coupledsystem. In fact, thegan no
longer besized independentlffom eachother whendealing
with reaction driven vehicles.

The otherunique characteristic dhe GTM-85 is the use
of Circulation Control (CC)yevices. Therare two reasons
that this pneumatic technology Belected to enhance the
aerodynamic performance tfe airfoil. One is théncreased
airfoil thickness needed iorder to accommodat¢he necessary
airflow being ducted to the rotdips, andthe other is the use
of elliptical airfoils. Thereasonrelliptical airfoils are used is
to remedythe degradation of performance associateith the
operation of one of its rotor blades with its trailing edagng
the freestream after conversion. Also, the rounded trailing edge
of elliptical airfoils is ideal for the benefisssociatedvith the
Coanda effect. The Coanda principlescribeghe behavior of
a thin jet of air beingejectedthrough a small slot at the
trailing (and/or leading) edge.This higher velocity CCjet,
referred to as C(blowing, remainsattached tothe rounded
trailing edge due tothe balance betweenthe pressure
differential created bythe CC jet velocityand the centrifugal
force. This effect causesthe rear stagnation point tanove
below and towardthe center chord; thereforéncreasing the
airfoil's effective cambemhich in turn allows for highift
generation (se€igure 5). Figure 6 shows an example of an
elliptical airfoil with Circulation Control devices as is
envisioned to be used in the GTM-85.
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ANALYSIS TOOLS

One of the challenges fateveloping a desigrool for
sizing and synthesis ofstopped rotor/wing vehicles is the
selection of suitable physidsasedanalysiscodes. Since a
reaction drive concept is employatle engineandrotor must
be sized concurrentty therefore, the programssedfor sizing
andanalyzing these subsystemmust be linked. Thengine
cycle analysis progranused to generatiie necessary on and
off-design point performancebehaviors is aderivative of
QNEP* called ENGGEN. Both of these programare the
smaller (and quicker) versions NASA's EnginePerformance
Program (NEPPj. ENGGEN is an enginesimulation
computercode that performs a one dimensionateady state
thermodynamic analyses of engine cycles. ENGGEN is a
much smaller version of its parent, but it basicalgrforms
the same task with fewer feature$his enginecycle analysis
program is linked to CRUISEdnd CRUISES’ which are the
aerodynamic/thermodynamiprograms used to analyze the
rotor/wing during the helicopterand fixed wing modes of
operation, respectively. Both of these computer programs are
developed by the organization formerly known as David Taylor
Naval Research Center (DTNRC), and they are the only public
domain code availablehich can analyze reaction driven rotor
in conjunction with the wuse of CirculationControl.
CRUISE4 and CRUISES are both based on blade element strip
theory, and the aerodynamics arecomputed based on
experimental CC airfoildata gathered aDTNRC. The
resulting program after the integration of the engindrotor
analysis codes is referred to as TJCC.

Even though these programere functional, the logic
behind them was muddled, which is typicalcoflesdeveloped
over a long period of time by numerous developers. Therefore,
considerable efforthad to bespent tounderstandheir logic
andintegrate them together. Furthermaaéditionalanalysis
functions had to beadded inorder to adoptthem to handle
stopped rotor/wing configurations. For instance, a new
program had to be written specifically for the integration of the
engine to the rotocalled DUCTLOS to assess the losses as
the airflow is beingextractedfrom the turbofan engine mixer
and ducted up to the rotor hub. DUCTLOSpiegrammed to
calculatethe resultant pressure, temperatumad velocity of
the airflow as it goes through thuser-definedducting system.
Technically, the integratioletweenthe engineand rotor is
coupled through DUCTLOS. Two other major analysis
features, als@dded toboth CRUISE4and CRUISES, are the
mass flow matching iteratioand the ability to throttle the
engine duringhe forward flight conditions. Thesetwo “add-
on’s” to TIJCC are discussed in more detail next.

MASS FLOW  MATCHING
THROTTLING

AND ENGINE

One of themost importantfeaturesthat the stopped
rotor/wing simulationcode requires isthe ability to throttle
the engine inorder to match the flowrequirements of the
rotor/wing system and the available engine flow. Tiked for



this mass flow matching iteration stems from the use of the
reaction drive system and Circulation Control. The nftss
available from the enginenust be enough to satisfy the
rotor/wing system’srequirements aswell as enough to
generatethrust to balancedrag during forward flight or to
produce thrust for acceleration. The rotor/wing system’s mass
flow requirementsare much moresevere duringhe helicopter
mode than the fixed wing mode because ofrédwgiredairflow

to drive both the tipjets as well as the @eévice. Since the
“rotor blades” are fixed during cruise, the tipjets are closed, and
the only flow required is for Circulation Control. This process
of throttling the engineand matching the airflowbetween
these twocoupled subsystemsare depicted in aflowchart
presented inFigure 7,and a detailedharrative description is
presented next.

Prior to exercising this flow matching process, #mgine
sizing point must belecided. The two most criticalkengine
sizing points can béund duringhoverand atthe highspeed
cruise condition. The hover condition é®nsidered because
the rotor blades alone must generate enough lift to support the
entire vehicle weight. Also, all the engine mass flow is ducted
to the rotorduring hover since none igquired tocounteract
forward flight drag. Thereforethe mass flowrequirement to
drive both the tipjetsand Circulation Control is themost
demanding or most severe during this flight condition. On the
other hand, the airflow requirement during the high speed flight
condition is minimal because the lifuring high speed cruise
condition is generatedmostly by thecenterlifting disc and
only partly by the CC wings. Even though tfieed-wing
airflow requirments are small compared tothat of the
helicopter mode, the thrusequirements athe high speed
cruise condition is critical to overcomthe profile/parasite
drag. So, with the engine sizing point fixed, the engine design
parameters (fan pressurio - FPR, overall pressureatio -
OPR, bypass ratio - BPR, and turbine irternperature TIT)
areset to make sure that the engiyele provides sufficient
mass flowand/orthrust. Next, a mass flowchedule(i.e.
engine throttling) is developed as the rotor/wing lift system is
put into forwardflight. This flow schedule isneededhecause
the airflow requirements change &se convertiplangroceeds
through its forward flight regime in both helicoptand fixed-
wing modes.

This mass flow matchingand engine throttling loop
begins by supplying CRUISE4nd CRUISE5 with the
pressure, temperaturand mass flowrate coming out of the
engine mixer at full throttle via theiser-definedmixer-hub
ducting system. Using this informatioand performing a
radial andazimuthal integration, both programsalculate the
flow requirement othe rotor/wing system for a givespeed.
CRUISEA4 calculates theequiredamount of flow for both the
tipjets and CCdevices, wherea€RUISES onlyperforms the
same calculations for the C@evices. The CRUISE4 tipjet
calculations assume that the fl@xpanddsentropicallyfrom
the rotor hub out through the tipjets. The mass flow needed to

the hub to calculate the amount of blowing thateguired by

the CCdevice. Based onthe pressurdifference between the
rotor blade interior and exterior as well as the CGlot
opening, a blowing level izalculated. Lift based onthis
blowing level is calculated next, and if this rotor kifbmbined
with that from the center liftinglisc is insufficient to support
the aircraft,the CC slot height isdjustedandthe CC mass
flow and lift calculations are repeated. This iteration continues
until the rotor/wing along with the lifting disgrovide enough

lift to support thedesiredgross weight. Then, the totfbw
requirement is compared the amount of airflowavailable
from the engine. Since the engine is sized for the mritsal
sizing point, the available mass flow should alwaygteater
than the required amount. The excassunt of airflowfrom

the engine is ducted to the aircraft nozzle viadiverter valve

to produce the necessary thrust to counteract the vehicle drag in
forward flight.

Since the flow has beindivertedfrom the engine mixer,
the throatarea of avariable-geometryconvergent-divergent
nozzlemust bereduced inorder to maintain the samenixer
pressure befor¢he flow extraction. Thisnozzle airflow is
then expanded to atmospheric conditionprmducethrust. In
order to balancdragwith this calculatedthrust (as a function
of the remaining mass flow) the nozzle exit area must either be
increased or decreased withidiraited range. |If thrust is less
than the vehiclarag,then the engin@ozzlearea isdecreased
to compensateand if the thrust isgreaterthan drag,the exit
area isincreased. Thrust is recalculated based othe new
nozzleexit area (andhe availablenozzle flow). If the new
calculated area doemt violate thenozzle geometryimits, a
convergedsolution is reached. However, if the geometry
limits are violated, then the engine must be throttl&gkcall
that the engine at this point is at full throtttegrefore, it can
only throttle back. If thrust is less thainag and ifthe nozzle
exit areareductioncannot compensate enough for thera
thrust needed, the engine sizing point haen violated which
means the engineeeds to be resized.Similarly, if the
available mass flow is less than that required by the rotor/wing
for any forward flight speed,the engine sizing point is
violated.

As the engine is throttled back for the case thamntiezle
exit area cannot expanded large enoughetadliethe remainder
of the flow, the mixer flow properties of the next throttle
setting is used, and the DUCTLOS program is called again and
the processlescribedabove isrepeated. This throttling loop
continues until a converged solution of thregualsdragthat
satisfy the nozzle geometry constraints is reached.

RESULTS

After integrating the throttling algorithrdescribed above
and depicted inFigure 7 into TJCC, theperformance
characteristics ofthe coupledengine/rotor subsysterman be
calculatedandthey are presentedext. The results show the

generate enough force to create the torque necessary to drive the behavior of the rotor/wing system, thenterlifting disc, and

rotor/wing system at apecifiedtip speed iscalculated. Both
CRUISE4 and CRUISES also use this same flow condition at
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the mass flow requirements as the stopped rotor/yiogeeds
through its flight regimes.
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Figure 10: Mass Flow Requirements for the
Rotor/Wing System

As discussed irthe previous sections, therque needed to
drive the rotor isproduced bythe tipjet force andthe rotor
radius agshe moment arm.Whenthe engine throttledack,

the conditions at the rotor hub change (along with mass flow).
Specifically, the totatemperatureand pressurehas decreased.
Since the tipjet velocity, VV is a function of these two

parameters, it isalso decreasedsee Equatior?). Since the



Figure 13: Fixed-Wing Horsepower Required Due
to Lifting Disc Size Variation at 10,000 Feet

These figureshow thatdifferent discsizes become an issue
(with regards to horsepower required)négh speeds (excess of
300 knots) or at higher altitudggxcess 0f10,000 feet).
Obviously, the best solutiofor high speedcruise is tohave
the smallestdisc size possiblehoweverone mustsee how
well the smallestisc performs duringransition, and Figure
15 is generateflist for that purpose. Thifigure shows the
lift characteristics fodifferent lifting disc sizes at various
angles of attack.



Figure 15: Center Lifting Disc Performance
Examining Figure 15 obviously show that the smallest
disc cannot provide sufficient lift for a practicaltransition
speed. Thereforethe disc size must beincreased. The
compromise to be made next is the angle of attaldkere are
two possible scenarios. One is to select kger disc
(Ri/Ro=0.45) and have a lowertransition speed andower
angle of attack busacrificethe highspeedperformance. The
other is to have the smaller disc (Ri/Ro=0.35) andédlay the
transition to a higher speed and limit the higher angkgtatk
to the shortest possible time (i.e. just long enoughktdpped
the rotor system’s rotation). Thisecondscenariosignifi-
cantly decreases the required horsepowettitide (sed-igure
14). Also, the smaller disc aldorcesthe stopped rotor/wing
to stay in the helicoptemode longer, but since thexcess
power isalreadypresent (se&igure 11)due tothe oversized
engine for the cruise conditiorthis will not pose any
problems. In other words, to minimize the size of the lifting
disc for more efficient cruise, the GTM-85 must perform a pull
up maneuver inorder to transition from helicopter tdixed-
wing mode.

CONCLUSIONS

The figurespresented inthe Results section show the
unique performance characteristics the rotor/wing system
coupledwith the propulsion unit. Furthermore, the logic or
methodology which enables the engine to throttiging
forward flight has alsobeendiscussedand implemented. In
fact, it is this new capability added to the coupled
engine/rotor/wing system thatlowed the simulation code,
TJCC, topredictrealistically theforward flight performance.
These resultsindicate that TJCC can indeed predict the
behavior ofthis coupledsystem thatrerepresentative of the
physics behind this unique rotarywing concept. More
importantly, a tool exists now so thperformancetrade-offs
can be made to further understandthe physics which is
essential to the sizingnd synthesisprocess for thestopped
rotor/wing concept.

The nextdevelopment phase is &xercisethe Response
SurfaceMethodology (RSM¥ using TJCCfor the forward
flight caseand toincorporatethe resulting Responsgurface
Equations (RSEs)nto VASCOMP Il. TheseRSEs (along
with those generated in Reference 11) will provide VASCOMP
Il with the ability to sizereaction driven stoppetbtor/wing
vehicles that utilizes Circulation Controlfor airfoil
performance enhancements.
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