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SUMMARY

The application of an ejector nozzle integratedwatreaction drive rotor
configuration for a vertical takeoff and landingoocraft is considered in this research.
The ejector nozzle is a device that imparts endrggn a high speed airflow source to a
lower speed secondary airflow inside a duct. Tkierall nozzle exhaust mass flow rate
is increased through fluid entrainment, while thxhaust gas velocity is simultaneously
decreased. The exhaust gas velocity is strongtyetated to the jet noise produced by
the nozzle, making the ejector a good candidatefopulsion system noise reduction.
Ejector nozzles are mechanically simple in thatéh&e no moving parts. However,
coupled fluid dynamic processes are involved, caogping analysis and design.

Geometric definitions of the ejector nozzle areatetined through a reduced fidelity,
multi-disciplinary, representation of the rotaryngiejector. The resulting rotary wing
ejector geometric sizing procedure relates standahicle and rotor design parameters to
the ejector. Additionally, a rotary wing ejectoefiormance procedure is developed to
compare this rotor configuration to a conventior@br. Performance characteristics and
aerodynamic effects of the rotor and ejector nozzkeanalytically studied. Ejector
nozzle performance, in terms of exit velocitiesgc@npared to the primary reaction drive
nozzle; giving an indication of the potential fooise reduction.

Computational fluid dynamics are paramount in peéidg the aerodynamic effects of
the ejector nozzle located at the rotor blade fipvo-dimensional, steady-state,
Reynolds-averaged Navier-Stokes (RANS) modelsrapemented for sectional lift and
drag predictions required for the rotor aerodynammdel associated with both the rotary

wing ejector sizing and performance procedureshi&e-dimensional, unsteady, RANS

XVii



simulation of the rotary wing ejector is performexstudy the aerodynamic interactions
between the ejector nozzle and rotor. Overall perfance comparisons are made
between the two- and three-dimensional models efrtdtary wing ejector, and a similar

conventional rotor.

Xviil



CHAPTER 1

INTRODUCTION

Since the inception of the first practical rotoritria the early 28 century, there have
been many variations explored to fulfill evolvingquirements. The parallel
development of turbine engines has proven invakiédkhe evolution of rotorcraft. The
increase in power supplied from the engine to thi®rwhile maintaining a high power to
weight ratio has led to rotorcraft configuratiomst were previously impractical. While
the pure helicopter has proven to be a versatilelree in many respects, it still has
limitations. The most notable limitation is the riaum forward airspeed due to
compressibility effects and retreating blade stedlulting in high blade and control loads
and high vibration [Prouty, 1986; Leishman, 200@ne solution to expand the main
rotor limits is to compound the helicopter with ang and auxiliary propulsion. The
rotor can then be off-loaded and slowed, thus iasneg the forward airspeed capabilities.
Slowing the main rotor of a conventional transmigsdriven helicopter requires multiple
gear stages within the transmission, thereby irgirepthe vehicle empty weight. A
reaction drive rotor forgoes this problem by proohgcthe required rotor torque with
thrusters located at the blade tip. The rotor speay be controlled either by varying the
thrust generated by the tip thrusters or by allagvihe rotor to autorotate.

The reaction drive helicopter has roots dating btacthe first century A.D., when
Hero of Alexandria constructed the first steam posdeglobe [Nichols, 1970]. This
same concept has been built upon in the developaieathelicopter rotor system where

the torque to rotate the rotor blades is derivexhira thrust source at the blade tip. There



are two major types of reaction drive systems, jihee tip jet drive, where the engine is
mounted at the blade tip, and the pressure jetednivhere the engine is fixed to the
fuselage and the tip jet thrusters are a part efghopulsion exhaust [Stepan, 1958].
There have been many flight tested rotorcraft thete been powered by these systems
starting with Friedrich von Doblhoff's WN-342 in #% [Nichols, 1970]. Although there
have been many successful examples of this typetofcraft, there are currently none in
production. One of the main drawbacks of the reactrive rotor is the noise generated
by the blade tip thruster due to the high gas vities required to generate thrust. A
proposed solution for this issue is the additioranfejector nozzle to the reaction drive
nozzle [Porter and Squyers, 1979].

An ejector nozzle is a fluid pump where a high-spegas flow entrains a secondary
flow into a mixing duct. The energy from the higpeed flow is transferred to the lower
speed secondary flow. These devices are simplistice sense that there are no moving
parts required. However, they involve coupleddidiynamic processes that complicate
analysis and design.

Ejector nozzles can be found for a wide varietyapplications, spanning medical,
industrial, and aerospace. There are three bgpistof ejector nozzles: Jet pumps,
blow-in door ejectors, and thrust augmenting ejextalet pumps are used in many
industrial processes, such as: refrigeration, evafor-condenser heat exchangers,
vacuum pumping, gas-vapor recovery, and transdatlids. The blow-in door ejector
nozzle has been primarily employed on aircraft gabine engines as a noise reduction

device. The thrust augmenting ejector has beeituskely developed for aerospace



propulsion systems, primarily to increase the sttrust for vertical takeoff and landing
(VTOL) and short takeoff and landing (STOL) applicas.

The focus of this research is a reaction drive retgh an integrated ejector nozzle.
This description is quite cumbersome, and therefbegterm “rotary wing ejector” is
adopted as the descriptor with the intent of impngpvthe readability of the document.
The basic premise of applying this device to a teacdrive rotor is to increase the mass
flow rate and decrease the exit velocity while ntaining the nozzle thrust. Therefore,
the focus of this study is on the aerodynamic iatgions between the reaction drive rotor
and the ejector nozzle with the intent of estabhgha basis for continued research

towards predicting the noise generated by the yotdng ejector system.

1.1 Motivation

A reaction drive, compound rotorcraft has been lgidiforward as a possible
configuration to meet the performance requiremémtshe combat search and rescue
(CSAR) mission. In addition to speed, range, aagllpad requirements, the acoustic
signature of the vehicle is desired to be at lesgiivalent to a similarly sized helicopter.
Historically, the noise generated by reaction drigtrcraft has been dominated by the
blade tip thruster exhaust. This characteristis hmade them unattractive VTOL
concepts, especially when operating in densely faipd areas.

In order to estimate the noise generated by thdétg thruster of the reaction drive
rotor, the nozzle geometry and flow conditions eequired. This mandates the
development of a coupled thermodynamic engine cgolgysis and rotor aerodynamic
analysis [Tai, 1998]. The ejector nozzle complesathis coupled analysis with more

intricate geometry and fluid dynamic interactioriBhe motivation for this research is to



develop an analytical method that predicts the dgnamic characteristics of the rotary
wing ejector operating in a hovering flight conditi. The performance implications of
this concept during hover are of interest. Adduadly, the effect of the rotor on the
ejector nozzle performance is also desired as it aféect the acoustic signature. While
this study does not specifically address the agowstects of this ejector nozzle
arrangement, the analytical methods developedigr#search provide a foundation for

further study, including an acoustic analysis of tlotary wing ejector.

1.1.1 Reaction Drive Compound Rotorcraft

A reaction drive rotorcraft is a class of VTOL aigdt that uses thrust generated at the
blade tip to provide the torque required for poweefigght. Compressed air is ducted
from a compressor, powered by a piston or turbingiee, to the tip of the rotor blade,
turned 90° and expanded through a nozzle to prothueest. The compressed air source
may be a shaft driven compressor, the fan dischaye a turbofan engine, or the
exhaust efflux from a turbojet engine. The choatdow the air is supplied to the rotor
is dependant on many factors, ranging from the efehinission to the type of material
used to construct the rotor blades.

The reaction drive rotor system has several unigghantages when compared with
conventional shaft driven rotors. There is no teegmparted on the airframe from the
rotor and thus, no anti-torque device is requirdthis results in a reduction of the
mechanical complexity and weight of the drive systeFurther advantages can be
achieved when the reaction drive rotor is incorpedson a compound rotorcratft.
Examples of compound reaction drive rotorcraft i@ McDonnell XV-1, shown in

Figure 1, and the Fairey Rotodyne, shown in FigRireDual use of the propulsion system



to power the rotor in hover and produce the thinstruise is another advantage to this
VTOL configuration. Additionally, in forward flighthe rotor can autorotate at a slower
RPM, allowing for higher cruise speeds. This whs tase for both the McDonnell XV-1

and the Fairey Rotodyne.

Figure 2: Fairey Rotodyne



Typically the reaction drive rotor system requigekrger hub than a conventional
shaft driven rotor with increased complexity to aoumodate the gas flow. The size of
the hub depends on the cross sectional area raefjftar¢he gas flow path. The gas flow
path cross sectional area is subsequently linkebdegressure and flow speed of the gas,
which are critical design variables. The increase of the hub may result in drag
penalties at the higher airspeeds, compared towaattional hub. The solidity of the
rotor will also have a direct impact on the opeoatiof the reaction drive. In order to
minimize pressure losses through the ducting, #eaity of the gas must be low. The
consequence of low gas velocity is a larger duetdor the given mass flow rate. Since
the gas is ducted through the blade, the chordb@scommodate both the blade
structure and the duct; thereby driving the rotolidity. The hovering Figure of Merit
will begin to decrease as the solidity is increadee to the blade profile drag. Therefore,
when the rotor is sized on a similar scale to awentional shaft driven rotor, there is
little volume available for the ducting in the rotblades. The McDonnell XV-1 and the
Fairey Rotodyne included a combustion chamber atithof each blade in an effort to
maintain reasonable rotor solidity. Thermal eneigggdded to the airflow by burning
fuel, thus reducing the mass flow requirements tigtothe rotor blade. Using a
combustion chamber at the blade tip loosens thelkog between the rotor and engine,
allowing for more flexibility in the design.

Reaction drive rotors do not require anti-torqueides for power rotor flight
conditions. However, additional means are requtcedchieve yaw control in hover and
low speed flight when a vertical stabilizer is ifedtive. When two engines are present,

differential thrust or thrust vectoring may provitlee necessary yaw control. If only one



engine is available, additional yaw thrusters aguired; thereby increasing the
complexity of the vehicle system. The McDonnell XMFigure 1) had two yaw
thrusters located at the trailing end of the taobims. The Fairey Rotodyne had two
turboprop engines, allowing each propeller to betiered separately to produce
differential thrust.

The thrust produced at the reaction drive nozzle fisnction of the gas mass flow
rate, the temperature of the gas, and the pressiieacross the nozzle. Constraining the
mass flow rate leads to the need for an increagskemozzle pressure ratio or the
inclusion of a tip combustion chamber to generatethrust required by the reaction
drive nozzle. The resultis high velocity gas exkting from the reaction drive nozzle.
Since the sound power per unit volume is approxehgaproportional to the gas velocity
to the eighth power [Lighthill, 1952], large gaslweeities are very undesirable from an
acoustic standpoint. The modification of the réawctdrive nozzle to include an ejector
nozzle has the potential to reduce the acousticaigre of the reaction drive rotor system
by entraining free stream air with high speed exdtaas, resulting in an increase in mass

flow rate and a decrease in exhaust gas velocityafgiven nozzle thrust.

1.2 Objective

The objective of this research is to determinedleeodynamic effects on an ejector
nozzle integrated with a reaction drive rotor ih@avering flight condition. Therefore, to
meet this objective the scope of this research @aiter the following four areas:

1. The development of an analytical method to detesmgjector geometry and

predict flow conditions for a given sizing conditio



2. The development of an analytical method to pregmtformance characteristics
for the sized rotary wing ejector over a range of/aring rotor thrust conditions.

3. The development of an ejector nozzle thrust balag@rocedure to match the
nozzle thrust required to the nozzle thrust avdéddbr a three-dimensional model
of the rotary wing ejector.

4. Study the three-dimensional aerodynamic effectseduy the presence of the
ejector nozzle on the rotor performance in hover.

The unique application of an ejector nozzle intégdawith a reaction drive rotor has
not been studied to date, and the basic aerodyneamdications are not well understood.
Therefore, the focus of this research concerns tdmyaerodynamic interactions between
the reaction drive rotor and the ejector nozzlewtkermore, the test case for this
proposed research is a rigid hovering rotor, thgnedglecting any dynamic and

aeroelastic effects the ejector nozzle impartsherotor blade.



CHAPTER 2

LITERATURE REVIEW

Reaction drive rotors and ejector nozzles haverbeidely studied independently
over the last half century. To date there is noég@roduction rotorcraft employing a
reaction drive rotor, primarily due to their lowefficiency and higher noise signature
compared to a shaft driven rotor. Many of the teiclal challenges faced by these
rotorcraft concepts were overcome through a vardgyrototype development programs,
the most successful being the Fairey Rotodyne, shioviFigure 2. Ejector nozzles
developed for flight vehicles have followed a siaripath, leading to their integration

with propulsion systems and several prototype V/&T€chnology demonstrators.

2.1 Reaction Drive Rotors

There have been several configurations of readafiove rotors investigated to date.
Each configuration is defined by the way in whidhst is produced at the blade tip.
Aspirated reaction drive rotors constitute the nnigyoof this type of rotorcraft prototype
developed to date. The energy used to generatththset at the blade tip is typically
derived from a gas turbine or piston driven comgrgs The consequence is a coupling
between the engine and rotor; where the ductingraorkle within the rotor can be
considered an additional turbine. Therefore, taekground survey concerning reaction
drive rotors for this research is focused on thamgng between the engine-rotor
thermodynamics and rotor aerodynamics. Additiondhe noise generated by the tip

thruster exhaust is investigated as it is a cengile for this rotor configuration.



Early analytical studies showed a direct couplirgvizeen the engine and rotor of a
reaction drive rotor configuration. The thrust duzed by the blade tip thruster, in terms
of the mass flow rate and gas velocity, was usegktate to the rotor performance. This
was achieved through the effects of the thrusteeyhaust on the rotor aerodynamics
[Fiorini, 1961; Evans and McCloud, 1965]. The pevavailable calculation for a
reaction drive rotor requires knowledge of the floanditions beginning at the engine
extraction point. Next, the flow conditions, indling duct losses, between the engine
and rotor hub are calculated. Then, the flow caiodis through the blade, including duct
losses and centrifugal pumping effects are deteeshinFinally the tip thruster nozzle
flow conditions are calculated, resulting in theust produced by the nozzle. The nozzle
thrust multiplied by the blade radius and rotoratbbnal speed gives the power available
[Bachmann, 1970]. For reaction drive rotors thatide the gas directly from a turbine
engine, a cycle analysis must be included to badahe power available with the power
required [Crossley and Rutherford, 1995; Tai, 1998]

A major drawback to reaction drive rotors compate@onventional helicopter
rotors, other than lower overall efficiency [Nictspl1970], is the noise generated by the
high speed gas exhausting from the blade tip nozZleere is limited acoustic data
available for prototype reaction drive vehiclesakg off acoustic data for the Hughes
XV-9A Hot Cycle and Fairey Rotodyne is comparediwihe Sikorsky S-61 in Figure 3
[Harnedet al., 1967]. The reaction drive rotor concepts getesignificantly more noise
over the same distance, considering their grosgeiThe Hughes XV-9A generates

approximately the same noise as the Sikorsky S361js nearly half the gross weight.

10



The Fairey Rotodyne generates significantly moris@ocespecially considering the

additional distance to the microphone.

—o- Sikorsky S-61, GW 20,500 Ibs
- Hughes XV-9A, GW 11,500 lbs
e Fairey Rotodyne, GW 33,000 Ibs
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Figure 3: Rotorcraft Noise Comparison

2.2 Ejector Theory

The ejector has many applications ranging acrodastrial, medical, and aerospace.
The result is thousands of publications on thegsdfianalytical, and experimental
investigations that concern everything from thedamental fluid mechanisms to
prototype flight vehicles. The focus of this resgais concerned with an aeronautical
application of an ejector in low altitude, subsotiansonic flow regimes. Therefore, the

literature review will only consider air-to-air ejors applied to flight vehicles.
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One of the first publications of an ejector nozfbe thrust augmentation of a aircraft
propulsion system was by von Karman (1930). Thisdretical investigation laid the
ground work for the many different applicationstbé air-to-air ejector in aeronautical
research. In 1979, Porter and Squyers compiled d\&00 references of theoretical,
analytical, and experimental works with ejectorswnil their present day. This review
of the state of ejector technology was followed®yn and Eames (1995). Their review
focused on the variety of ejector applicationsndustrial processes, with a note on thrust
augmenting ejector nozzles for V/STOL aircraft rasd. Subsequent publications can
be found up to the present for a variety of ejecpplications.

The ejector is a fluid dynamic device that requiresmoving parts. However, the
fluid mechanisms involved are quite complicatechelejector may be separated into four
flow elements and three geometric components:ptiteary and secondary flows,
mixing regime, and ejector exhaust mixed flow. Tgremary flow is typically supersonic
and derived from a compressed air source, suchtasbae engine. The secondary flow
can either be static, subsonic, sonic, or supecsat@pending on the application. This
flow is ducted from the surroundings into the efacand interacts with the primary flow
at the beginning of the mixing regime. The primanyd secondary flows are then mixed
either unaided by the turbulent shear layer or éarby a flow mixing device. The mixed
flow is finally exhausted from the ejector to thersoundings.

The three geometric components of the ejector cmdia primary nozzle, secondary
inlets, and ejector shroud. The primary nozzle ra#lger be a convergent or convergent-
divergent nozzle configuration depending on themted application. The secondary

inlets may be either diffusers or nozzles; depegdin the desired flow velocity at the
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beginning of the mixing regime. The ejector shraudy have any shape required by the
designer. For aircraft applications where the &ecs protruding into the free stream,
streamlining the outside portion of the shroudyigitally done to reduce drag. The
internal shape of the shroud, its flow path ared] ds length are dependant on the
primary and secondary flow conditions [De Chant98P This dependency increases the
difficulty in the design of an ejector nozzle forgaven application. A basic ejector

schematic of an ejector is shown in Figure 4.
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Figure 4: Ejector System Schematic

Mixing of the two air streams is a key mechanisnthe operation of an ejector. The
shear layer that develops between the primary acdrsdary flows has been studied
extensively. The most notable works relevant t® ¢ector problem are in the area of
turbulent shear layers. Early studies on sheagi&paracteristics found that as the speed
of the secondary flow increases, the periodicityred turbulent shear layer reduces and
then vanishes when the secondary stream is sugergan, 1952]. Experimental and
analytical studies of the turbulent shear layenséd that compressibility effects on the
growth of the turbulent shear layer cannot be neiglé [Bogdanoff, 1982; Papamoschou

and Roshko, 1988; Elliot and Semimy, 1990; Goelvel Button, 1991]. These studies
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were expanded to rectangular free and coaxial e jets, showing an increase in the
growth rate of the shear layer compared to a cactree jet [Gutmarlet al, 1991]. The
experimental studies outline the complexity of thed mechanisms that dominate the
mixing of two co-flowing air streams; especially @ one or both are supersonic. A
simplified view of turbulent mixing can be taken & convection by the mean velocity
field and large-scaled turbulent motions, and geathtype turbulent diffusion by small-
scale turbulent motions [Patterson, 1984].

The fluid mechanics of the ejector nozzle have bgteidied analytically, numerically,
and experimentally. Some of these studies incliutlescale prototype aircraft employing
ejectors as a part of the propulsion system foushaugmentation or noise suppression,

lift augmentation, and exhaust infrared suppression

2.2.1 Analytical Studies

Early analytical studies of the ejector were basadne-dimensional (1D) control
volume theory. These models were typically empiliig corrected based on
experimental data [De Chant, 1998]. Some earlyngxas of 1D control volume studies
assumed the flow is fully mixed at the control vole exit. Overall ejector performance,
such as thrust, mean velocity, pressure, and teatpies, can be determined using this
approach [Keenaat al., 1950; Fabri and Paulon, 1958; Addyal., 1981; Emanuel,
1976; Quinn, 1973; Dutton and Carroll, 1986; Prasd Gousy, 1986; Presz and Blinn,
1987; Alperin and Wu, 1983a and 1983b; Arle¢hl., 2003]. This type of model is well
suited for early design stages when the detailheffluid mechanics are less important
than a simple model that can be used during desgimization [Kremaret al., 2003].

The two primary disadvantages when using this medn@ the use of the fully mixed
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flow assumption and neglecting the shroud geometityis method does not take into
account the compressibility effect on the sheaetayrowth, the length of the mixing
duct required for full mixing, and the shape of thjector shroud. Therefore, the model
will not perform consistently across all variatiooiejector designs.

An interesting approach to the ejector problem gsrvortex lattice method was
implemented to account for the external flow surmding an ejector wing. This method
is able to capture the geometric effects, primaittilg length and position of the shroud,
on ejector performance [Bevilaqua, 1978 and 198éplard, 1975; Alperin and Wu,
1981]. These are the first analytical models tinatude the flow field in which the
ejector operates. The following analogy is madsdubon these studies [Bevilaqua

1978]:

“The ejector shroud is considered to be “flying” ihe secondary velocity field induced
by the entrainment of the primary jet, so that thggmenting thrust is viewed as being

analogous to the lift on an airfoll.

While this method takes into consideration the apieg flow field, the turbulent mixing
process is modeled as particle collisions. Thawefthis type of model is incapable of
capturing compressibility effects without empirickdta. In addition, by assuming the
particle collision analogy for the mixing procesise thickness of the primary jet is
neglected and the stream-wise jet velocity decagtrbe empirically predicted.
Therefore, the mixing of the primary and secondidows is not impacted by the

presence of vortices representing the ejector slgoWVhile this novel approach may be
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useful in predicting the overall performance ofggactor, numerical methods are
required to achieve more realistic models of thdtlent mixing process inside the

ejector.

2.2.2 Numerical Studies

Early numerical models employed two-dimensional \2iscid or boundary layer
formulations. Many of these studies associatedhwaethnology development programs
and were accompanied by an experiment for modetlaibn. These methods are able to
predict the length of the mixing section, but reguihe primary air flow to be supersonic.
This analysis method is considered to be a highility model of the ejector fluid
mechanics than that of the 1D control volume ortegrattice methods. The
compressibility effects are adequately capturedthedspecified shroud geometry can be
modeled [Chow and Addy, 1964; Gilbert and Hill, Z3'Hickmanet al.,, 1970 and 1972;
Maroti et al., 1976; Hedges and Hill, 1974; DeJoode and Patgrig¥8; Yancet al.,

1985; Clark, 1995; Papamoschou, 1996; Han and RReddi 2002]. The focus of these
studies was on the flow inside the ejector, and external flow characteristics were
neglected. Many of these early numerical formuas accompanied laboratory
experiments and the results showed good correlation

A unique study implementing numerical and analytarturbation solutions
computed for the Navier-Stokes equations was peréal for a mixer/ejector nozzle.

This provided a model of intermediate complexityvween the control volume method
and the inviscid/boundary layer methods. This roethelied on a priori knowledge of

the flow structure inside the shroud based on unifinlet conditions [De Chant, 1998].
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This information may be difficult to obtain for satonfigurations; however, it may be a
good compromise in model fidelity for aircraft engi applications.

In the last two and a half decades, ejector motealge been primarily developed
using the computational fluid dynamics (CFD) in tleem of the Navier-Stokes relations.
Two-dimensional CFD models developed over this tigmcally only consider the
internal flow field of the ejector, with the primafocus on either reducing engine noise
or exhaust temperature, depending on the aircradsion [McFarlaret al.,, 1990; Barber
and Anderson, 1991 and 1992; DeBonis, 1992; Elkotl., 1992; Dong and Mankbadi,
1999]. The effects on the ejector performance effidiency have been shown to be
dependant on the shock train formed within the mgxduct [Desevaux and Lanzetta,
2004]. Two-dimensional CFD formulations of ejectlmws have shown good agreement
with the accompanying experimental data in termprefdicting the internal flow
structure, and pressure, temperature, and veldgtyibutions.

Three-dimensional (3D) CFD studies consideringititernal flow of ejectors were
performed by numerous investigators for a rangepgdlications. Three-dimensional
CFD modeling has been used to analyze engine najpaator nozzle configurations for
noise reduction with the primary goal to develogesign tool that integrated the CFD
analysis to CAD and manufacturing. However, poorrelation of the CFD results to
experimental data at the time hindered progresshigrapproach [Kuhnet al., 1994].

An ejector system used for nacelle ventilation ba BA-609 Tiltrotor Aircraft was
designed primarily using CFD models. In additianthe modeling, an experiment was
conducted to test four of the design configurationerder to validate the model [Loket

al., 2000]. A study of a thrust augmentation mixgztor for commercial aircraft
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engines was performed by Prestzal, 2002, provided a static thrust gain and sideline
noise reduction. In this study, a control volunreadysis was used to generate the ideal
mixer/ejector performance, and a 3D CFD model wentdeveloped and compared to
the ideal case over a range of airspeeds. The @SDIts predicted much higher thrust
gains compared to the control volume model at higlisspeeds. Scaled experimental
tests were performed in order to validate the midgl These tests showed good
correlation between the control volume model andCHt the lower airspeeds, but poor
correlation with the CFD modeling at the higherspieeds. The study went further to
include static engine thrust tests with and withthg mixer/ejector and flight testing of
the mixer/ejector installed on a Gulfstream Gllpsm in Figure 5. Both the full scale
static thrust test and the flight test showed eberglagreement with the CFD model

results [Preset al.,, 2002].

ALTERNATING
LOBES

Figure 5: Propulsion System Noise Suppression Mixer/Ejector
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A large effort in the implementation of mixer/ejectnozzles has been undertaken for
the high speed civil transport program (HSCT). &g performed under the HSCT
program focused on the rapid mixing of the primand secondary flows with forced
mixing nozzles. The CFD modeling of these mixes#pr nozzles prescribed two
counter rotating vortex pairs along the exit comtotia lobed mixing nozzle in order to
simulate mixing enhancement tabs. The result eSéhstudies showed only a small
increase in the overall mixing of the two air stnreswhen vortex-generating tabs were
used in conjunction with a lobed mixing nozzle [Bello and Steffen, 2002; Yodet al.,
2005]. The impact of the sidewall of a lobed mix®zzle has been studied, resulting in
the validation of the half-chute symmetry assumptior the central regions of the lobed
mixer nozzle. However, this assumption gave pawrelation of a computational model
to experimental data at the sidewall regions [Yoeleal., 2005].

A variety of turbulence models have been appliedumerical studies of ejector
flows. Early works analyzing ejector flow with CFilsed the Baldwin-Lomax algebraic
model [McFarlan and McMurry, 1990]. The k-Epsilturbulence model has been widely
used for both 2D and 3D ejector flows [DeBonis, 298uhneet al., 1994; Preset al.,
2002; Dalbello and Steffen, 2002; Desevaux and kesiaz 2004; Yodeet al., 2005;

Gullia et al,, 2006; Masud and Javed, 2007; Yoeeal., 2005]. Large eddy simulation
(LES) has been successfully applied to ejector #pmiost notably when including a
lobed, forced mixing, primary nozzle [Dong and Méakli, 1999]. The k-Omega
turbulence model applied to a 3D CFD model showeddyagreement for predicting the
internal ejector flow field for a rectangular primyanozzle [Lokaet al., 2000]. Menter’s

k-Omega shear stress transport (SST) turbulenceshagplied to a circular primary
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nozzle of an ejector showed better overall agreemath experimental results compared
with several other models [Balasubramanygimal., 2005].

The majority of the numerical studies were relategropulsion systems, and
therefore, the assumption that the secondary fldeticonditions are uniform is justified.
This assumption may not be valid for predictingage performance when the device is
located on the trailing edge of a wing, as in thxaeple of the ejector wing concept

[Bevilaqua, 1978].

2.2.3 Experimental Studies

Early experiments with ejectors performed in thelad" century were conducted
primarily to show correlation with the analyticaDlcontrol volume models used at the
time. During this time there was great interesejactor technology applied to aircraft
propulsion [Keenamet al., 1950; Fabri and Paulon, 1958]. The primaryaaal for using
the control volume method was to provide a modakitan be used parametrically or in
an optimization procedure [Duttaet al.,, 1982]. Experimentation was then used to make
comparisons against the model, resulting in emairorrection factors to provide the
necessary accuracy for ejector design.

Later experimentation was performed in order tadetle numerical techniques for
solving the 2D inviscid or boundary layer formulatis. This approach provided good
agreement between the model and experimental dathé¢ ejector problem [Hickmagt
al., 1970 and 1972; Gilbert and Hill, 1973; Hedgesl &ill, 1974; and Maroti, 1976].
These experimental works were performed in a latooyasetting and only concerned the

study of the internal fluid mechanics of the highddow speed flow interactions.
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Wind tunnel investigations of an ejector blown Adftuise flap have produced a 30%
increase in thrust at static conditions over aitrtadal nozzle. However, the thrust
augmentation fell of rapidly as the free streamespacreased, resulting in a thrust
penalty at cruise speeds. It was determined taflbw was not fully mixed at the exit
of the ejector and this may decrease the perforrmattigher speeds [Clark, 1973].
There has been a significant experimental effoentploy mixer/ejector nozzles on
turbofan engines to reduce noise. Experimentaggtigations of the flow within model
turbofan forced-mixer nozzles have been perfornmearder to obtain velocity and
thermodynamic state properties. The data obtawe used to further develop
computational models of forced-mixer nozzles [Psder, 1984]. These experimental
works have shown the effect of the stream-wiseiedyt generated by the lobed mixer
nozzle on the mixing of the engine core flow anghgs fan flow [Presz and Gousy,
1986; Skebet al., 1998]. The result of this experimental effesta set of benchmark
data that could be used to aid CFD modeling of tamplex flow field [Tillmanet al
1988]. Further investigation of mixing enhancemasita possible technique of
increasing the growth rate of the shear layer betwgvo co-flowing gas streams using
vortex generators to introduce stream-wise vogtidirectly into the shear layer. This
technique was successful at increasing the shgar growth rate [Dollinget al., 1992;
Fernando and Menon, 1993].

Experimental studies in the shear layer growth na@i$m between two co-flowing
gas streams have been shown to be paramount wnitherstanding of the fluid
mechanics of ejectors. The effect of compressipieducing the growth of the shear

layer was uncovered during these experiments [Gtkragal., 1991]. Other notable
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studies were performed where the ejector pumpiragatteristics were shown to be
dependant on the shape of the shroud [Luffy and Bldm.992]. In addition, the
rectangular mixer/ejector nozzles were shown togh&milar characteristics to the
circular mixer/ejector nozzles previously studiddlman et al., 1988; Charyulwet al.,
1998]. A more recent study showed that multi-stageer/ejector systems are able to
further increase diffusion rate and thrust augmeog{Presz and Werle, 2002].

There were several experimental studies perforrhatlihcluded the flow field the
ejector is operating within. One study employedegector nozzle embedded in a wing
section and was tested in a wind tunnel. The tssshowed that when the ejector was
operating, the stagnation point move aft alongltweer surface, thereby increasing the
effective angle of attack [Catalamd al., 1982]. This test shows the need for the
inclusion of the operating flow field when modelitigis type of ejector/wing
configuration. Another wind tunnel test on a STOY/ghter aircraft concept showed that
thrust augmenting ejector systems were viablelics application [Poppeet al., 1991;

Smithet al.,, 1992; Naumowicz and Smith, 1992].

2.2.4 Ejector Aeroacoustics

The motivation for many applications of the air-#&@-ejector is the reduction of noise
generated by a high speed exhaust flow. The sqaweker of a jet of air into a quiescent
atmosphere was shown to be approximately propaatitmthe jet velocity to the eighth
power [Lighthill, 1952]. Thus, by entraining loweelocity airflow, the exit gas velocity
of the ejector is reduced through fluid mixing esttby the turbulent shear layer growth
or forced mixing. The result is an overall lowarusd power level compared to the

original jet source. Lighthill's analogy has beapplied to an ejector nozzle, which
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include both theoretical and experimental developind he experimental results showed
additional noise sources, including shock noiseppagating past the efflux of the ejector
[Middleton, 1970]. Much of the development of threxer/ejector nozzle for the purpose
of noise reduction has been undertaken during t#r@us supersonic transport (SST)
programs. The development of the supersonic trariggopulsion system showed early
on that noise was a critical issue for the sucadghis program. The rule of thumb used
to determine the success of a hoise suppressioceqbins whether better than 1 decibel
in perceived noise level (PNdB) per 1% thrust lasachieved [Smitlet al, 1988]. Test
results showed the ejector shroud primarily redudechigh frequency noise sources and
it was recognized that applying an acoustic treatie the shroud walls would further
reduce the ejector internal mixing noise. Convertggivergent mixer nozzles showed
lower noise levels compared the convergent typeiaackasing the secondary ejector
area without increasing the ejector length resuiteligher noise levels [Krejsat al,
1990]. Further experimental studies, some inclgdd¥D modeling, were performed to
determine the noise of the mixer ejector nozzlewdver, the CFD models were only
used to predict the ejector flow properties, nat titoise. The flow properties were then
used in semi-empirical acoustic prediction modelgétermine the noise generated by
the ejector [Lorcet al.,, 1990]. Another approach taken was to considergye of engine
designs, including baseline noise levels, to deteenthe appropriate noise suppression
method to achieve optimum configurations basedemisguantitative analysis.
Acoustically treated two-dimensional mixer ejectoosicept showed the most success
out of the configurations that were examined, shawhigure 6 [Thayeet al, 2004].

The main design tradeoffs with this mixer ejecton@iguration are a reduction in takeoff
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thrust coefficient, increased complexity, weightdacost associated with the ejector
doors and required acoustic treatment againstribeeased weight and drag penalty with
a larger size engine to achieve the same noisddevighout the mixer ejector nozzle
[Stoneet al, 2000]. The noise sources shown to have the nmblstential contributions
are the jet noise, mixing noise, and shock noidesemi-empirical computational
methodology for two-dimensional mixer ejector nazslystems for the HSCT based on
principal aerodynamic and geometric variables wagetbped to predict noise levels

[Stoneet al, 2003].

Figure 6: HSCT Two Dimensional Mixer Ejector Nozzle

2.2.5 Aircraft Applications

Many aircraft concepts have been explored that hesesl ejector systems for thrust

augmentation, however, very few have been emplayefdrototype aircraft. The aircraft
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prototypes using thrust augmenting ejectors incliindelL ockheed Hummingbird XV-4A,
DeHavilland Buffalo XC-8A, Rockwell International /-12A, and Ball-Bartoe JW-1
Augmenter Wing.

The XV-4A, a research aircraft, shown in Figurengs developed to test the
feasibility of the ejector for VTOL. This aircraftad limited success, only achieving a
thrust augmentation ratio of 1.3. The low thruagenentation ratio along with exhaust
re-ingestion and suck down effect due to the grouodex generated by the high speed
exhaust plume resulted in marginal vertical lifpedility. The program was canceled
because this concept was not competitive with oXAEDL aircraft at the time [Porter

and Squyers, 1979].

Figure 7: Lockheed XV-4A Hummingbird Hover Test

NASA, working with the Canadian Department of Inthys Trade, and Commerce
(DITC), DeHavilland, and Boeing, modified a C-8A Balo for STOL capability using
an ejector-flap augmenter wing system, shown iruFég8. This aircraft was the first

successful STOL transport demonstrator. The flig/itelope was sufficiently explored,
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resulting in an extended flight test program prirhafocused on handling qualities and

noise abatement [Porter and Squyers, 1979].

Figure 8: NASA/DITC XC-8A STOL Research Aircraft
The Ball-Bartoe Jet Wing aircraft, pictured in Figu9, was developed by Ball-Bartoe,
in partnership with the University of Tennessee antthe Naval Air Systems Command.
This aircraft demonstrated a minimum control speé@5 knots with an estimated static
thrust augmentation of 1.17. Since this aircrafprivately owned, there is very little

published information [Porter and Squyers, 1979].

Figure 9: Ball-Bartoe JW-1 STOL Research Aircraft
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In recent years, the ejector has been primarily leygd as an engine noise or exhaust
infrared suppression device for propulsion systeffigure 5 is an example of a noise
suppressor installed on a business jet [Presz aada)2002]. The infrared suppression
system on the RAH-66 Comanche, shown in Figureubgd ejector technology to cool

the engine exhaust [Presz and Werle, 2002].

Figure 10: RAH-66 Comanche Mixer/Ejector Exhaust Infrared Suppresor System

2.3 Conclusion

The aspirated reaction drive rotor has been shanaeta coupled system, requiring
multi-disciplinary analysis. Due to the lengthtbie duct inside the rotor blade, the
effects of centrifugal pumping on the internal fl@annot be neglected. When
considering a turbojet or turbofan engine, the teecdrive is considered an additional
turbine and requires a coupled, multi-disciplingrpcedure for analysis. The limited
acoustic data available confirms that reaction @retor configurations are noisier than
conventional rotorcraft.

The ejector has been extensively studied overdleHalf century. This has lead to a

diversity of applications where the ejector is ateigral system component. In regards to
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aerospace applications, the mixer/ejector nozzéeldgeen primarily associated with the
propulsion system. The benefits of adding this pmment to an aircraft’s propulsion
system are typically thrust augmentation, noisgusagsion, or exhaust infrared
suppression. The majority of the analytical ananauical work towards calculating
ejector performance has been limited to analyzhmginternal fluid mechanics. While
this may be a valid approach for many applicatidhgeye are some cases where the
model predictions and test results do not correldteis is especially true for aircraft with
ejector augmented jet wings. As a result, the ctatgpinternal and external flow field
must be modeled to capture the physics of the gobl Aside from the mention of the
ejector nozzle having a potential application teeaction drive rotor by Porter and
Squyers (1979), no published information could berfd that studied the application of
an ejector nozzle to a reaction drive rotor conf@fion. This is a unique application of
an ejector nozzle and the basic aerodynamic chamatits are not well understood.
Therefore, the focus of this study is on the aerayic interactions between the reaction
drive rotor and the ejector nozzle with the intefiestablishing a basis for continued

research towards predicting the noise generatetiéyotary wing ejector system.
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CHAPTER 3

MATHMATICAL AND NUMERICAL FORMULATION

The analytical assessment of the rotary wing ejectmsidered for this study may be
accomplished through several different approachiédse analytical method presented
contains a lower fidelity vortex wake formulation predict rotor aerodynamics in hover.
A one-dimensional thermodynamic control volume aguoh is implemented to predict
both the reaction drive and ejector nozzle flowpedies. Two-dimensional
computational fluid dynamic simulations are use@stimate the aerodynamic loads at
the blade tip region, where the tip jet ejector nlezs located. Finally, a three-
dimensional computational fluid dynamic model oétlotor and tip jet ejector nozzle is

developed to predict the rotor and ejector aerodyisacharacteristics.

3.1 Rotor Aerodynamics

There are many different approaches to predictirgderformance of a helicopter
rotor presently available to the engineer. Thdat#nt methods range across classical
actuator disks, blade element including uniformomf, non-uniform inflow, dynamic
inflow, and vortex wake methods, hybrid CFD-vorteake methods, and CFD.
Selecting the approach has a direct effect on cdatpnal time and solution accuracy.
This tradeoff must be carefully considered for #gplication at hand. For example, the
prediction of the download characteristics on &ritor aircraft with flaps and leading
edge slats would require the use of a higher figgliFD approach. On the opposite end

of the spectrum, trading rotor configurations (de)ydandem, coaxial, or side-by-side)

29



during a conceptual design requires a simple, lmelity approach, such as an actuator
disk, that can rapidly provide solutions. The rratof the problem examined in this
research almost dictates the use of CFD exclusivelgwever, lacking guidance for the
basic characteristics of this rotor configuratiangeometric sizing procedure must
preclude any CFD rotor modeling approaches. Wik tn mind, a simple rotor
aerodynamic model has been developed for the perpbsizing the rotary wing ejector.
A blade element, prescribed vortex wake model basetdandgrebe’s work is
implemented for this study [Landgrebe, 1971 and2]9°A general schematic of the
wake generated by a rotor in hover is presenteégure 11 [Stepniewski and Keys,

1984].

TIP

Figure 11: Notional Wake Structure for Single Blade in Hover
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The wake geometry is a function of the rotor geameancluding twist and taper, and
thrust. The radial induced velocity distributiaar, inflow, is determined by applying the
Biot-Savart law.

M(d&sxr)

art|

The termr is the distance from the point at which the chamgeduced velocity,dv, is

1) ov=

calculated to the vortex filament, an# is the length of the vortex filament with

strengthl” . This relationship is shown in Figure 12.

Straight
line vortex
filament

—
r Collocation
points

Trailing
Vortex

<{

Figure 12: Trailing Vortex Discretization Method

The orientation of a blade element for a hoveriotpr is presented in Figure 13. The

vertical velocity component\7p , IS the sum of the contributions of all of the vex
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filaments in the wake acting on the blade elemeéFtie wake geometry is separated into
the tip vortex and trailing vortex sheet. The Viprtex geometry is defined by the

following two equations.

Z, - 025(C, /o +0.008,, W, O0<y, <21/N,
@ Rz /R - (1+ 0018, )JC, (4, -27/N,), @, =2m/N
R Z[ip/ WW=277N, + Ul tw \/_T ¢w ﬂ/ b/ ww = ﬂ/ b
(3) Vip/R= A+ (L AlelCrerzrern)

Wherey,, and z;, are the lateral and vertical displacements ofibeex filament. The

trailing vortex sheet geometry varies linearly asiaction of the radial distance from the
inner end definition to the outer end definitiomhe inner end of the trailing vortex sheet

geometry is defined by the following equation.

4 Z,| 0, 0sy, <2m/N,
) R|_ ~ |6./1290459,, +18),/C, /2(6, - m/2), w, =2m/N,

The outer end of the trailing vortex sheet geometrgiven by the relation below.

_ -22,/C, /2y, O<1// <2n/N
. |-22/c,/2(2m/N,) 271/ -2m/N,), @, 221N,

The trailing vortex sheet is discretized into tnag vortices at each blade element along

5) i

the radial length of the blade. The trailing vags and the tip vortex are then split into
vortex filaments, where the Biot-Savart law is apgdlto a point, P, on the rotor blade as

shown in Figure 12.
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a) Top View

Figure 13: Blade Element Orientation

The nondimensional thrust and power for the rotar given by the following

relationships.

©) C =32+ F)G codo)-C, sinlg)ar

r=ry

() Cp =3 2%+ 2)C, sinlg)+ C, codg)ar

r=r,
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Where A represents the rotor inflow. The nondimensiomalstCr calculated in Eq. (6)
is compared to the nondimensional vehicle grosghieCy, in order to determine the

rotor trim state in hover.

_ GW
®) G = PA(QR)

A trim procedure adjusts the collective blade pigigle to drive the difference between
the nondimensional weight and thrust to zero; thgrgimming the rotor.

Gas flow of high velocity and temperature is ejetteom the tip region of a reaction
drive rotor into the surrounding flow field. Prexis research by Spence (1956), Ives and
Melnik (1974), and Dippold (2003) with jet-flappadngs and jet-wings have shown that
a wing with jet exhausting from the trailing edgkeas the pressure distribution and the
associated lift and drag characteristics. Witls #ewidence, computational fluid dynamics
appears to be the minimum level of modeling fidetid compute the required air loads
need for this rotor problem. Additionally, to aelvie a trimmed flight condition for a
reaction drive rotor, the jet thrust available ahé jet thrust required must be equal to
produce a given amount of rotor thrust. This ataial degree of freedom in the trim
procedure requires a thermodynamic analysis toraete the jet flow conditions at the
nozzle and dictates the use of computational filydamics to predict the air loads with

the inclusion of any effects the jet flow may have.

3.2 Reaction Drive Rotor Thermodynamics

The reaction drive rotor is analogous to a turbmbgere compressed gas is expanded
to produce work. In this case, compressed gastsawp a fixed duct, transitioning to a

rotating duct, then turned 90° into a rotating dwdthin the blade. The gas travels to the
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end of the rotating duct, turns 90° again, and¥panded through a nozzle to produce
thrust. In addition, a combustion chamber locatpdtream of the nozzle is included in
this research. The thermal energy added to th8aar allows for a reduced mass flow
rate for a constant nozzle thrust. This resulta smaller duct within the blade and lower

rotor solidity. The basic operation of a reactidmve rotor is presented in Figure 14.

g Ny

@

Exhaust

Exhaust

Gas Source

Figure 14: Reaction Drive Rotor Schematic
The reaction drive rotor configuration consideradhis research is subdivided into
several components: rotor-head supply duct, btade, combustion chamber, and
converging-diverging nozzle. Continuity, momentuand energy are applied to control
volumes around each component. Assuming the fluwugh the system is steady,

continuity in integral form is given below.

(9) jp\?@jA:o

Neglecting body forces, the momentum relation feteady flow is defined by the

following relation.

(10) 0= [|(ov AN - poA|
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Applying the First Law of Thermodynamics to a casitvolume, assuming steady flow,

with no work added, and neglecting gravity, resuttshe relation given below.

(11) = Cﬂp(e+\§j + p}7 [HA

The rotor-head supply duct provides the flow pathni the gas source to the rotor
hub. There may be varying cross sectional areassaiapes, baffles, turns, and other
geometric features dictated by the layout of thgieas, airframe, and rotor.
Relationships for the frictional losses for thegpés of duct configurations applied to
reaction drive rotors have been investigated byméh953), Hall (1995), and Tai (1998).
Equations (9) and (11) are applied to a duct sectemown in Figure 15, assuming a
constant cross section duct that with adiabaticompressible, and fully developed

laminar flow.

12 _ :pz_pl
(12) (e, -¢) o

The terms on the left hand side of equation (1resents the irreversible conversion of
energy from mechanical energy to thermal energyhead loss. The pressure difference

between station 1 and station 2 for laminar flovdefined by the following relationship.

W

I
13 -p, =32—

Equation (13) is substituted into equation (12xukting in the head loss relation.

\ /7 2
(14) h, =%|_V_
Red 2

The head loss for turbulent flow is empirically leas resulting in the following definition

[Fox and McDonald, 1998].
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| V2
15) h=f——
(18) h=1-—

For turbulent flows, the friction factof, can be found in the work by Moody (1944). An

empirical correction to equations (14) and (15) lagxpto the bend duct section relata

to r,/d, presented in Figure 15b [Fox and McDonald, 1998].

a) Straight Duct Section

A

Flow o kR

b) Bend Duct Section

Figure 15: Straight and Bend Duct Section Schematics
Temperature and pressure as functions of Mach nutit@e entrance and exit are
determined by assuming the flow is an ideal gaspnisopic, and constant-specific-heat;

resulting in the following two relationships.
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(16) T—°=1+(—y_1j|\/| 2
T 2

v/(y=1)
(17) &{1{_” 1)M2}
p 2

The mass flow rate of the air through the ductakated to the flow area for an isentropic

ideal gas with constant-specific-heat through ttlatronship below.

) (1) l2ly-0)
(18) m=AMp, |- ¥ 1+(V1j|v| 2
R,.T, 2

The rotating duct within the rotor blade delivelis lom the rotor hub to the blade tip.
The head loss for rotating duct, shown in Figure is&omputed using equations (14) and
(15). Equation (11) can be applied to the controlume in a rotating reference frame,

given the following relationship.

(19) g= CLHHVZ’LT(Q)ZJ + p}7 (A

The term(Qr )’ /2, is the kinetic energy added to the fluid duehe rotation; which is

typically referred to as centrifugal pumping. Appig equation (9) and (19) to the
control volume in Figure 16 assuming adiabatic ompressible, and fully developed

flow results in the following relation.

2,2 _,2 _
(20) 0 - Q (r22 r1 )+ p2 pl _ hl
p
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Figure 16: Rotating Duct Schematic

The combustion chamber adds thermal energy to ithféoav by mixing and
combusting fuel. This is analogous to an afterlauron a turbine engine and is the
source for the name “tip jet” that may be refertedvhen discussing reaction drive rotor
configurations. Equations (9) and (11) appliedhe control volume in Figure 17 for an
ideal gas with constant specific heat results mfibllowing relation.

(21) My, LHV =m,c (T, -T,)

The fuel-to-air ratio is defined as the fuel floate divided by the air flow rate.

_ rhfuel
(22) far =—
m

air
The ratio of fuel-to-air ratio to stoichiometricél+to-air ratio, or equivalence ratio is
defined by the following relationship.

(23) = ffar

st
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Figure 17: Combustion Chamber Schematic
The final component to the reaction drive systera onverging-diverging nozzle
where the hot gas is expanded into the atmosploerejerting thermal energy into kinetic
energy; thereby producing thrust. Equation (11p)lagul to the control volume in Figure

18 for an ideal gas with constant specific heattessin the following relation.

(24) 0=(ﬂ(e+%j+ pl '(p (E+V_22]+ pl

Equation (24) is rewritten using the definition ftidw work and enthalpy provided by

Cengel and Boles (1998).

VARV

(25) h,-h = 2

The nozzle throat area, assuming sonic conditiadefined below.

R T (r+1)/[2(y-1)]
(26) A =T [T o(y+1j
PV v L 2

The nozzle exit area is then given by the followirdationship.

(v+2)/[2(y-2)]
en a5 )
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The thrust of the rotating nozzle is defined by tbBowing relation.
(28) FN, =m(Vv, -Qr,)
The term;-mQr,, is the force imparted on the rotor at the nozadial location due to

the acceleration of the gas from the fixed to th&ating reference frame.

Throat

Figure 18: Converging-Diverging Nozzle Schematic

3.3 Ejector Nozzle Thermodynamics

The ejector may be separated into four flow elersemtd three geometric
components. The four flow elements are the primangl secondary flows, mixing
regime, and ejector exhaust flow. The three geosimebmponents of the ejector consist
of a primary nozzle, secondary inlets, and ejestmoud. A thermodynamic
representation of this system is subdivided int@écomponents; secondary inlets,
primary nozzle, and ejector exit nozzle.

The secondary inlets provide a flow path from theef stream to the mixing plane and
typically diffuse the flow to a specified velocitylhe primary nozzle is assumed to be
convergent-divergent, resulting in supersonic flolihe ejector exit gas mass flow rate,
shown in Figure 19, will be a sum of primary andceadary gas mass flow rates;

represented by the following form of the continudguation.
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(29) my, +mg =m,

The static pressure of the secondary and primay fs assumed to be equal at the
mixing plane. Similarly, the momentum relationuagion (10), applied to the control
volume shown in Figure 19, assuming ideal gas amébun pressure, temperature and
velocity distributions, reduces to the followindagonship.

(30) [(mV + p)Alss, +[(mV + p)Alg +[(mV + p)Al,, =[(mV + p)A],

The subscriptsi andl denote the upper and lower secondary flows, whihassumed to
be asymmetric for this ejector application. Eqoat{11) applied to the control volume
shown in Figure 19, assuming adiabatic and subsexitdlow, in addition to those listed
above, gives the following relation.

ooy o2

M

Figure 19 shows a simplified schematic with paradleroud walls. The ejector exit area

is a variable used to close the continuity, momemtand energy relations above.

Therefore, the ejector shroud walls may not be alraas depicted.

’4 Mixing Section >‘

. Upper Secondary (1) —
) . —>
{ . Unif |
——3 Primary (1P) Awixing E)r(]ilt (I):rlg]w —>
— ‘FP
- |
3| Lower Secondary (19 w

&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N

® @

Figure 19: Ejector Nozzle Schematic
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A major assumption is that the secondary and pnnflaws are fully mixed at the
ejector exit. This assumption is necessary toeleguations (9), (10), and (11) for the
control volume in Figure 19. The reality of thisgblem is that there will not be
sufficient length to completely mix the primary asdcondary flows. To account for
non-ideal mixing, an empirical relationship relaithe partially mixed thrust to the fully
mixed and unmixed ideal thrust is implemented [Nsirdmet al., 1975].

(32) FN, .. = f..(FN

-FN +FN

jet, par jet, full -mix jet,un-mix ) jet,un—mix
The termfnq is defined as the mixing effectiveness and istakrom curve shown in
Figure 20. The mixing effectiveness is empiricai®yated to the primary nozzle
geometry (perimeter and equivalent diameter) amdgjlector shroud length. The primary
nozzle used for this empirical relation is flutehd therefore the perimetd?, is much
greater than a rectangular nozzle. Additionalhe flutes act to enhance the mixing

between the high and low speed flows.
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08+ R e
E : Lo |
o 07+--—-—-—------- T e TSI
8 | o | |
2 067 R e e
E 0.57777777777777;‘ 777777777777 377777777777773 777777777777777777
T e e
2 B 1 1
= 03T o S S S
= 02F--—------""""G-""""""—"—"-—"——- R b
. | | |
01+----------- S i S
0 T 1 T 1 T 1 T T
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00

(PI/D ¢4°)
Figure 20: Empirical Mixing Effectiveness [Nordstrom et al., 1975]
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3.4 Computational Fluid Dynamics

The three fundamental equations governing the fiwaperties of a fluid are the
continuity equation, momentum equation, and enegyation. Computational fluid
dynamics is based on these governing equationseapatross a small fluid element or
finite volume.

The continuity equation is the result of applyirigetconservation of mass principle to

a finite volume.
0p e
(33) 2+ ov)=0

The gradient[], represents the maximum magnitude and directiah@fate of change
at a given point and written in Cartesian coordesatesults in the relation given below.

(34) D:ii+ij+ik
ox o9y 0z

The momentum equation represents the physical iplmthat force equals the time
rate change of momentum, which is commonly refeteeds Newton’s second law. The
forces acting on a small fluid element consist vfface forces that are the result of
viscous stress and pressure and body forces thitda gravitational, electromagnetic,
Coriolis, and centrifugal. Neglecting all of thedtly forces with the exception of gravity,

the momentum equation may be written in the forwegi below.
_ o (o
(35) pg+0r = p(a+ (DV W/)J

The termy , represents the viscous normal and shear stresstge small fluid element

and is referred to as the viscous stress tensor.
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axx Txy sz
@6) r=|1, o0, T,
I, I, O

zx zy 2z

For a Newtonian fluid, the viscous stresses arednty proportional to the rates of strain

and can be written in terms of the fluid velocityaglients and fluid properties. In

addition, the fluid is assumed to be isotropic, wthe bulk viscosityA +2/3u, is

equal to zero. The viscous stresses are then gty the following relations.

2 (0u ov ow ou
xx___/'l_+_+_ +2U—
3 \ox ody o0z ox
:—Z’u @+@+6_W +2,Uﬂ
oo 3" ox oy oz oy
2 [au ov awj ow
O,="SH -+t -+t Ao
(37) 3 (ox ody o0z 0z
T =T = /j a_u %
v dy ox
r,=T,=U a_W + @
e o w dy 0z
__ _ (0Ou B ow
Ty=Ty = A_ Al
0z o0Xx

With the definitions presented in equation (37)uation (35) is written as the Navier-

Stokes equations in Cartesian coordinates.

0 0 0
P9y _a_§+&(axx)+a_y(rxy)+
0 0 0
(38) P9y _a_5+&(ryx)+a_y(ayy)+_
0 0 0
A9, _a_2+&(rzx)+&(rzy)+

9
0z

0z

2 (r)=

45

0

0,)-4

ot

ow  ow  ow awj
UV +W—

ot

ov oV avj
U AV W

0Xx 0z

dy

0x 0z
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For many aerodynamic applications, the fluid, aigy be assumed to be a perfect gas.
The temperature, pressure and density are theteckly the equation of state.
(39) pP=PRT
The gas temperature is included as an independetdhble, requiring the first law of
thermodynamics in the form of the energy equatioibé included in the formulation.

The energy equation is a representation of the fumehtal physical principle where
energy can be neither created nor destroyed, coyerted from one form to another.
This relationship applied to a fluid element, negiieg volumetric heating, is given by

the following equation.
0 < . Vi v
(40) —(oE)+ DOpEV = -0~ O pv)+ D2V
The total energy increase inside the fluid elemesmepresented by the following relation.
(41) E= e+%(u2 +v? +w2)— gh

The internal energy for a perfect gas is relatethegas temperature through the specific
heat at constant volume.

(42) e=cdT

The heat flux,q, is related to the gas temperature through Folsriaw of conduction.

(43) g=-kOT

Substituting equations (36), (37), (41), (42), 448) results in the following form of the

energy equation, written in Cartesian coordinates.
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oT . 0(1(, o> . 2)_ a(Tu) . a(Tv) . a(Tw)
- at+’oat(2(u v +W) ghj+pcv[ ox ¥ ay ¥ 0z

2 2 2 2
@ay + gV gn|Qu, Qv ow)_ [0°T 0T o°T) o(pu)_a(py)_o(pw)
2 ox ody o0z ox® o0y® 0z ox oy 0z

0 0
+&(u0-xx VT, +Wsz)+a—y(UTyx +tvo,, +WTyz)+E(urzx VT, + WUZZ)

The mechanical energy is represented by the datyerbof the momentum equation and

the velocity vector.

(45) {p(—+(ﬂ\7 N)j—pg+Dr}W =0

Expanding equation (45) and applying the chain giles the following relation.

2 2 2 2 2 2 2 2 2
B[au +6v +6Wj+£[6u +av +6W ju+£[6u +6v +6W jv

2( ot ot ot 2 0x o0y 0z 2{ 0x o9y o0z
pfou® ov? ow’) a _ _ 9 0
(46) +2[6X O 80 = ()~ 2 ()2 (o)~ 2

aa-xx aryx az—z>< aTXy aayy aTZy az—><z aryz aJZZ
u + + + + + + + + =0
0x oy 0z 0x ay 0z 0x oy 0z
Subtracting the mechanical energy from the totargg results in the thermal energy

equation.

PCva—T+,0CV(a(Tu)+a(TV)+a(T )j :i(ka—Tj+i(ka—Tj+i(ka—T)
ot 0x ay 0z ox\ ox) oyl ody) 0z\ o0z

@7) =2 (pu) -2 (pv) -2 (pu)+ S+ X 4 M Wy N SO

Tz X Xy xz r yx

ox ay 0z ox ox ox ay ay ¥ oy ”
ou ov ow

+—T +—T, +—
7 zX 7 zy dz zz

Equations (33), (38), (39), and (47) are the setinfequations in terms of six unknowns

that mathematically represent the behavior of &fluith respect to a Cartesian
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coordinate reference frame. These equations cdartieer simplified by writing them in

the following vector form.

(48) a_Q+a_F+a_G+a_H—é:O
ot o0x o9y oz

Equation (48) orders the flow variables by conséme flux, and body; given by the

following set of relationships.

P
pu
(49) Q=| pv
oW
p(C,T))
_ o :
pu’+p-o,
(50) F = AU= Ty
p,vu_ Z—XZ
p(CVT)u + pu- kg—T —Uug,, =V, —WT,,
L X i

o
PUNV=T,,
— 2 —
(51) G= N+ POy,
ﬂlvv_ryz
p(C, Tlv+ pv- kz—;—uryx -vo,, —Wr

yz

oW
WW_ TZX
(52) H= AW Ty
pw’ +p-0,
p(C, T)w+ pw- kg—T ~Uur,, VT, —WO
z

zz
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(53) B=|pg,

3.4.1 Reynolds Averaging

The Navier-Stokes equations may be solved by dineaberical simulation (DNS).
However, this approach requires a fine enough mesapture the smallest spatial and
temporal scales required by the fluid problem at¢haA more common approach to
model flow over a wide range of conditions is teeube Reynolds-averaged Navier-
Stokes equations (RANS), which are time averagedails equations for the motion of
turbulent flows. The Reynolds averaged Navier-8wokquations, or RANS, are arrived
at by decomposing the dependant variables into nagarfluctuating components.

(54) V=U+V, p=P+p, T=6, +6.

The effects of the fluctuating density are negligibwvhile the effects of the mean density
are not [Bradshawt al., 1981; Tannehilet al., 1997]. The fluctuating kinetic energy
dissipation results in small temperature rises,aihmay be neglected when modeling the
eddy viscosity of high Reynolds number flows [Krattal., 1998]. Substituting the terms
from equation (54) into equations (49) through (53ults in the following relationships;

written in Cartesian coordinates.

P
pou
(55) Q= pv
oW
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pU
pU?+p-o, +pluv)
(56) F = POV -1, + pluv)
PUW -7, + pluw )

p(C,0 +pU -k ~Ug,, ~Vr,, -Wr,, + G, BU
X

oV
pUV_Tyx+p(W)
(57) G= W+ p-0,,+ pliv)
,o\NV—ryz+pV\/v')

06 —
p(C, 0V + pV - ka—y—UTyx -Vo,, -Wr,, + pC, 6v

puw—rzx+pu'—wg

(58) H = AW =Ty + PV

PV + p-a,, + plww)

p(C, oW+ pw -k 22 -Ur,, V1., -Wa,, + oG, W
Z

(59) B=|pg,

3.4.2 Coordinate Transformation

Transforming the Navier-Stokes equations into aggelized, body-fitted, curvilinear
coordinate system allows the formulation to be ipeledent of the body geometry. This
coordinate system allows for standard differencegemes of the spatial derivatives and
a straight forward application of the thin-layermapximation. The generalized

coordinate transformation is defined by the follogirelation.
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E=&(xy,zt)
60) n7=n(xy,zt)
7 ={(xy,zt)

The transformation Jacobian obtained through trarchule for multi-variable functions

is given by the following relationship [Vinokur, 79].

Xe X% X% %

61 3i=Pe Yo Y
Ze L %L 4
0O 0 0 1

The terms in the Jacobian are shorthand for padiésivatives, i.ex, =dx/0&, etc... The

transformation metrics are written below.

fx:‘](ynzi yZZn) sz‘](yézn_yrizé)
&=z -%2) 4,73z -xz,
e & v xy) 4=y, -y
nx:J(y(Z{_ng() Et:_xtfx_yt{y_zt{z
”y:J(XéZZ XZZE) Ny ==X =Yy — 2/,
nz:J(XZyE X{yi) Zt:_x'(Zx_ytZy_ZtZz

The transformation Jacobian represents the invefriee local grid cell volume, while
the metrics represent the grid cell area projectioG@ombined, they give an indication of
the quality of the grid. Applying the transformaii to the Navier-Stokes equations,

results in the following relation.
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The transformed conservative flow variable and fu@ctors are given by the following

relationships.
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The transformed velocity, conduction, and stressesgiven by the following relations.
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3.4.3 Thin-Layer Approximation

For many aerodynamic problems the ratio of ineftiaces to viscous forces, or
Reynolds number, is high. This allows for the asgtion that the viscous effects are
predominant near the surface of a body and in th&enwof the body, including shed and
trailing vortices. Concentrating grid points irnethe regions results in a fine grid spacing
normal to the surface, but a relatively course gpécing tangentially along the surface.
Resolving the viscous effects tangentially over ltlogly surface requires large grids that
are limited by computational power and time. Vissaffects for high Reynolds number
flows are typically greater in the normal directighereby justifying the assumption that
they are negligible in the tangential directioriBhe viscous terms in equation (52) can be

separated, resulting in the following relationship.
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(71)

Applying the thin-layer approximation to equatiofil] retains only the viscous terms in

the normal direction.
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The viscous stress componehA{,,, is given by the following relation.
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The coefficients in equation (73) are defined below
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3.4.4 Turbulence Modeling

Time averaging the Navier-Stokes equations creadeltional unknowns, resulting in
a closure problem. The turbulence model is thezdu® supplement the existing set of
equations, thereby balancing the number unknownis thie number of equations
[Wilcox, 1994]. Reynolds averaging reduces the bemof grid points to resolve
turbulent flows, greatly decreasing the computatidime required to solve the flow
problem.

There are many turbulence models available thadiptéurbulent fluid motion,
ranging from algebraic to higher order differentii@ld-equations. All of these
approaches require the turbulent momentum flux tamlulent energy flux to be resolved
through either algebraic relationships or numehcablving the transport equations

[Hunt, 1999]. The turbulent momentum flux is giveg the following relation.

(75) 1; =-puy,
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Equation (75) is referred to as the Reynolds sttessor and represents the apparent
stresses on the fluid element that are not a redulie thermodynamic pressure or
viscous stresses [Hinze, 1975]. The Boussinesgmapton, which relates the turbulent
stresses to the rate of mean strain through an etdpsity, reduces the number of
unknowns required to resolve the Reynolds strassdefrom six to two.

— ou, 0U, ) 2 ouU
76) —pu'u’ = “Tia_ 125 k4
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J
Equation (76) requires resolution of the eddy vstpand turbulent kinetic energy in
order to solve the Reynolds averaged Navier-Stekpgtions. The turbulent energy flux
may be approximated using the turbulent Prandtl benand the Reynolds analogy,

given by the following relation.

—— _ Uy 06;
77) —pu. @, 0——
( ) ,0 T Pl:r an
The turbulent Prandtl numbePr; , is the ratio of the momentum eddy diffusivitydathe

heat transfer eddy diffusivity and is equal to @@ this application of the Reynolds
averaged Navier-Stokes equations [Kastal., 1998]. The selection of a turbulence
model is somewhat dependant on the flow phenomena given problem. Due to the
uniqueness of the problem presented in this resgearveral turbulence models are

investigated.

3.4.4.1 Abid k-Epsilon Model

The k- turbulence model is built on two transport variedl the turbulent kinetic

energy Kk, and turbulent dissipatios, allowing for convection and diffusion of turbulen
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energy to be modeled. The Abid k-Epsilon turbulemeodel can is described by the

following relationship for the eddy viscosity.

k2
(78) IJT = m/j f,u ?

The turbulence kinetic energy is defined by thddaling relation.
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The turbulent dissipation rate is then describeldwe
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The production terms from equations (79) and (8@)@efined by the following relations.

6D R=mQ P =C, p0’

The turbulence model coefficients required by tHadAk-Epsilon turbulence model are
described below.

(82) C,=145 C,=183 C,=009 0,=10 0, =14

3.4.4.2 Spalart-Allmaras Model

The Spalart-Allmaras turbulence model solves thayedscosity through a single

field equation, described below.
(83) I'IT = mfvr

The termv is the variable in the following field equation.
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The mean strain rate and mean vorticity tensorgaren by the following relations.
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The factors and associated coefficients are definegjuations (86) and (87)

respectively.
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The termd is defined as the distance to the closest wall.

3.4.4.3 Wilcox k-Omega Model

The Wilcox k-Omega turbulence model uses two tramspquations, one describing

the turbulent kinetic energy and one relating tibdtilent vorticity magnitude.
(88) %+ujﬁ:lpk(lvl°°j—ﬁ'k E +li lu+& ﬁ[M”)
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The eddy viscosity is then related to the turbulkinitic energy and turbulent vorticity

magnitude by the following relation.

_ K
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The production terms from equations (88) and (8@)given below.
91) R =1Q* P, =yQ?

The coefficients are then defined by the followirgdations.
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3.4.4.4 Menter's k-Omega SST Model

The Menter k-Omega Shear Stress Transport (SSbutence model uses two
transport equations, where the near wall regiorsask-Omega formulation and the far
wall region uses a k-Epsilon formulation. A blendifunction is used to transition
between the formulations. The turbulent kinetieegy and the turbulent vorticity

magnitude are given by the following relationships.
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The eddy viscosity is then related to the turbulkinitic energy and turbulent vorticity

magnitude by the following function.

_ .| K apkK( Re
(95) ,uT—mln[E,Q—FZ[M—WH

The production terms from equations (93) and (94)defined below.

(96) P =u, Q%> P, =ypQ*

The set of constants are calculated from the getsnd ¢, , where the sets are related by
the following blending relationship.

(97) ¢=Fa+(1-F)p

The constants are then defined by the followingtieins.
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Again, the ternd is defined as the distance to the closest wall.

59



CHAPTER 4

VALIDATION AND VERIFICATION

Validation studies are performed to compare thdimal models presented in this
research to experimental data in order to deterrtheanodel prediction fitness, and the
appropriate grid density and turbulence model f&iDC The first validation study
compares the prescribed vortex wake model usedddigt the rotor aerodynamics in
hover to the benchmark experimental study perforimg&aradonna and Tung (1981).
The second validation study compares a CFD modahadjector flow in two dimensions
against an experimental study performed by Gillaad Hill (1973). The final validation
study compares a three-dimensional CFD model af\aehing rotor, again, to the
experimental study performed by Caradonna and Ta6§1).

The CFD tool used in this study is CFL3D; a Reyrellveraged thin-layer Navier-
Stokes multi-block flow solver for structured gridsth parallel processing capabilities.
A semi-discrete finite-volume approach is useddpatial discretization, with up-wind
biasing for convective and pressure terms. A ardifferencing approach is
implemented for shear stress terms, and implioietiadvancement is used for steady and
unsteady flows. A handful of turbulence models arcluded, ranging from zero-
eqguation to two-equation [Krigt al., 1998]. Multigrid convergence acceleration isal
available; requiring grid dimensions such that wieeery other grid point is removed,
the dimensions still maintain an integer value.

The first validation study is carried out to adjdise blade element, prescribed vortex

wake model parameters to achieve a good predid¢tiothe thrust and power generated
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by the rotor. The second validation study allows fine tuning the CFD model
parameters for ejector flows in two dimensions.eThird validation study is conducted
to determine the CFD model parameters and grid ltmpofor a three-dimensional model

of a hovering rotor.

4.1 Blade Element Rotor Aerodynamic Model

The experimental study selected to compare thedodeiment, prescribed vortex
wake rotor aerodynamic model was performed by Canad and Tung (1981). Chord-
wise pressure measurements were made at several laghtions. The pressure data
were then integrated to give the radial load disition. From the load distribution, the
rotor thrust was computed by integrating along theial direction. A blade element
rotor aerodynamic formulation cannot predict thegsure distributions over a rotor blade
surface. However, lift and drag are available tigh empirical coefficients that are
dependent on the airfoil shape, angle of attade stream Mach number, and Reynolds

number.

4.1.1 Rotor Definition and Model Parameters

The rotor considered in this validation study hdewa aspect ratio and rigid blades.
The blade planform contains no twist or taper disttions and a NACA series, 12%
thick, symmetric airfoil. There are several op@rgtspeeds and collective pitch angles
available. The highest collective pitch angle achoderate tip speed are selected for

comparison. The basic model rotor parameters sgsgnted in Table 1.
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Table 1: Model Rotor Definition

Radius (ft) 3.75
Mean Chord (ft) 0.5
Root Cutout (ft) 0.75
Number of Blades 2
Rotor RPM 1250
Tip Speed (ft/s) 491
Collective (deg) 12
Twist None
Taper None
Airfoll NACA 0012

There are several parameters that may be adjustetwvhe blade element,
prescribed vortex wake rotor model to achieve thsickd results. The first parameter is
the number of elements along the radial directibthe blade. This controls the
coarseness of the radial integration of lift andglfor the associated rotor thrust and
power. lItis desirable to have a large number lafdle elements; however, the
computational time increases along with the nunmiddezlements. The second model
parameter is the number of wake increments betvieerrailing edge of the blade and
the end of the rotor wake structure. In generag more wake points that are available,
the better the model approximates a hovering rofidre third model parameter is the
maximum age of the wake, which determines the efrtti@rotor wake structure. The
contribution to the induced velocity at the rotdatle from the vortex filament is
inversely proportional to the square of its distario the blade. Therefore, the effects of
increasing the maximum age after 10 rotations efrditor will be small. The final model
parameter is the wake contraction coefficient. sSTparameter has the greatest effect on

the radial load distribution, most notably over thlade tip region. A summary of the
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parameters used in the blade element, prescribadwwake rotor model is presented in

Table 2.

Table 2: Rotor Aerodynamic Model Parameters

Number of Blade Elements 60

Number of Vortex Wake Filaments 220
Maximum Wake Age (Degrees) 3600
Wake Contraction Coefficient 0.87

4.1.2 Rotor Aerodynamic Model Validation

The radial load distribution provides a good comgan benchmark for a hovering
rotor and is shown in Figure 21. The non-unifomrartd in the radial load distribution
predicted by the blade element, prescribed vortakewotor model shows good
agreement to the experimental data. The thrustiypced by the rotor, determined by
integrating the lift along the radial direction tife blade, is compared to the experimental
value in Table 3 in coefficient form. The powerrgumed by the rotor is not available
from the experimental study. However, the predictalue is presented in Table 3 for
completeness. Tungf al. (1981) analytically computed the rotor thrust graiver,
which is also tabulated for comparative purposéble thrust predicted by the blade
element, prescribed vortex wake rotor model shoasdgagreement to the experimental
value and to the analytical predictions made bylitieg surface formulation used by

Tunget al. (1981).
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Figure 21: Radial Lift Coefficient Distribution Comparison
Table 3: Rotor Thrust Comparison
Cr Cp
Experiment [Caradonna and Tung, 1981] 7.90E-03 -
Prescribed Vortex Wake Model 8.14E-03..05E-03
Analytical Model [Tunget al., 1981] 8.30E-03 9.58E-04
Error (%) 3.04% -

4.1.3 Conclusion

Overall, the blade element, prescribed vortex waker aerodynamic model shows
good agreement the experimental study conducteddwdonna and Tung (1981).
While this rotor aerodynamic formulation cannot tiae the full physics of the rotary

wing ejector, it is well suited for first order acallations. Appropriate corrections to the
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empirical lift and drag coefficients are requirexaccount for the geometry and high

speed exhaust flow of the ejector nozzle.

4.2 Two-Dimensional Ejector Flow

The ejector experiment selected to correlate thedimmensional CFD model was
conducted by Gilbert and Hill (1973). The ejectmnfiguration includes a high aspect
ratio rectangular nozzle enclosed by a duct witsedl mouth inlet and exhaust diffuser.
This experimental ejector study is selected forldrge volume of data available,
especially traverse data in the mixing section. ofFéfmensional approximations can be
made with the turbulent shear layer being the priymaechanism for the mixing of the
high speed flow and low speed flow within the efct Additionally, the flow is assumed
to be steady-state. Several turbulence modelsppéed to determine which is

appropriate; including: k-Epsilon, Spalart-AllmayasOmega, and Menter SST.

4.2.1 Computational Grid and Boundary Conditions

The computational grid is generated using Gridhend is presented in Figure 22,
with every fourth point shown for clarity. The grcontains 93,144 nodes, with 60,258
nodes used for the mixing section. The grid igtdpto four blocks; with the first two
blocks assigned as the upper and lower inlet saestup to the primary nozzle exhaust.
The third block is the convergent nozzle and thertb block contains the mixing section,
from the primary nozzle discharge to the ejectotleiu Each block is multigridable to
four coarseness levels to accelerate model connesgeAdditionally, the blocks are split

into smaller equal sized blocks to take advantaigeapallel processing.
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Figure 22: Two-Dimensional Ejector Grid

The high speed flow exhausting from the nozzle withw the ambient air into the
ejector. This fluid entrainment results in a pogtflow at the entrance of the bell mouth.
The boundary condition at this location is assurteede an inflow. The ejector exhaust
pressure ratio is subsequently adjusted to matemtbasured mass flow rate. The walls
are assumed to be adiabatic with the no-slip caowlit Additionally, the ejector is not
moving with respect to the ambient air. Therefdhes secondary inlet flow conditions

are equal to the static values. A summary of tatses for the inflow and outflow

boundary conditions are presented in Table 4.

Table 4: Two-Dimensional Ejector Boundary Conditions

P/P, T/T, P, (Ib/ft?) | T.(R)
Inlet 1.00 1.00 2131.20 547.0Q

Nozzle 2.42 1.19 2131.20 547.00

Outlet 1.06 1.00 2131.20 547.00

4.2.2 Two-Dimensional Model Validation

The experiment conducted by Gilbert and Hill (19p8yduced a large amount of
data for the ejector nozzle. The data used foraation purposes includes the mass flow

rates, velocity traverse data, and the shroud mabsure distribution. The grid
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convergence for this model is determined by commathe mass flow rate at the ejector
exit plane for varying grid coarseness levels. dxparison of the mass flow rate

computed on multiple grid levels is presented irblEeb using Menter’'s SST turbulence

model.
Table 5: Mass Flow Rate Comparison
Experimental Computed Mass Flow Rate (Ib/s)
Mass Flow Rate coarsel Medium| Fine | Richardson | 70 Error
(Ib/s) Grid | Grid | Grid | Extrapolation
Inlet 2.77 3.17 2.74 2.74 2.74 0.85%
Nozzle 0.71 0.72 0.72 0.72 0.72 -1.42%
Outlet 3.47 3.89 3.45 3.45 3.45 0.52%

Table 5 shows a very good agreement between thererpntal and computed ejector
mass flow rates, indicating that the fluid entraimh process is captured. Both the
extrapolated and fine grid mass flow rates are imithl% of the experimental values,
indicating good grid convergence.

Gilbert and Hill (1973) estimated an uncertaintytie exit mass flow rate
calculations upwards of4%6. The error computed in Table 5 is well withimet range.
They reported an error in the mass flow rate of pinenary nozzle of 4%, with an
estimated increase in nozzle area of 0.33% whesguézed. The error in the primary
mass flow rate is slightly over the experimentaioer This could be easily resolved
through a small increase in the nozzle throat aaeajeved by thinning the nozzle walls
to account for the increase in nozzle area undesgure.

The experimental velocity profile data was calcatithrough the isentropic relations
for compressible flows from the measured static stadjnation pressure and the

stagnation temperature. Since the mass flow mt®mputed from the traverse data, the
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associated uncertainty is assumed to be derivextyrfrom the transverse data
measurements [Gilbert and Hill, 1973]. For breyitye velocity profile comparisons are
only shown for two traverse positions downstreanthaf nozzle. Figure 23 shows the
velocity profile at 3 inches downstream of the pam nozzle and Figure 24 shows the

velocity profile at 10.5 inches downstream of thinpary nozzle.

e Experiment [Gilbert and Hill, 1973]
— CFL3D (2D, Steady, Menter's k-Omega SST)
— CFL3D (2D, Steady, Abid k-Epsilon)
— CFL3D (2D, Steady, Spalart-Allmaras)

Velocity (ft/s)

Figure 23: Velocity Profiles 3 Inches Downstream of the Primary Nozie
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e Experiment [Gilbert and Hill, 1973]

— CFL3D (2D, Steady, Menter's k-Omega SST)
— CFL3D (2D, Steady, Abid k-Epsilon)

— CFL3D (2D, Steady, Spalart-Allmaras)

— CFL3D (2D, Steady, Wilcox k-Omega)

Velocity (ft/s)

Figure 24: Velocity Profiles 10.5 Inches Downstream of the Primary Naoze

It is apparent from Figure 23 and Figure 24 that tiends in the velocity profiles are
captured. Menter's SST and Spalart-Allmaras bdtbve good agreement with the
experimental data. Abid k-Epsilon under-preditts tnixing between the high speed and
low speed flows, indicated by the high peak and kpvead in the velocity profiles.
Wilcox k-Omega, on the other hand, over-predicesithixing compared to the
experimental data, indicated by the low peak arghtspread in the velocity profiles.

The static pressure was measured through pressut®gdong the shroud wall,
downstream of the nozzle. There is only a smaibeassociated with this experimental
data, amounting to approximately 0.4% [Gilbert &#id, 1973]. Figure 25 shows the

comparison of the shroud wall static pressure betwihe experiment and the CFD
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model. The static pressure trend is captured lmhed the turbulence models, resulting

in good correlation for this aspect of the modeling

Static Pressure (

e Experiment [Gilbert and Hill, 1973]

— CFL3D (2D, Steady, Menter's k-Omega SST)
— CFL3D (2D, Steady, Abid k-Epsilon)

— CFL3D (2D, Steady, Spalart-Alimaras)
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Figure 25: Shroud Wall Static Pressure Comparison

4.2.3 Conclusion

Overall, the CFD model of this ejector shows proeidBased on the results, the

Spalart-Allmaras and Menter k-Omega SST turbulancelels give better overall

prediction of the two-dimensional ejector flow coarpd to the other turbulence models

tested. Spalart-Allmaras is a one equation tunbegemodel while Menter’s k-Omega

SST is a two equation turbulence model. Spalattmakas requires the least computer

resources between the two turbulence models asdlested for all of the subsequent

CFD modeling of ejector flows.
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4.3 Hovering Rotor

The experimental study selected to correlate a agatpnal model of a hovering
rotor was performed by Caradonna and Tung (1981jis test serves as an excellent
benchmark and includes the rotor thrust, span-\haading, blade surface pressure, and
rotor wake data. Data for a variety of rotor tipeeds and blade collective pitch angles
are available in this experimental study. Howevbe conditions selected for the

previous comparison are repeated for consistency.

4.3.1 Computational Grid and Boundary Conditions

The computational grid is generated using Gridgefihe grid is a structured, body
fitted, C-H type grid with¢ (i) aligned to the blade radial direction(j) aligned along the
chord-wise direction, and (k) aligned in the viscous direction normal to thirface, as
shown in Figure 26. The computational grid is gexted for one rotor blade and contains
24,606,063 points, shown in Figure 27. The bougdanditions for this problem, shown
in Figure 27, consist of extrapolation, inflow/olatdv, viscous wall, singularity, and
periodic. An extrapolation boundary condition ssggned to the inside vertical grid
boundaries surrounding the axis of rotation. Imfloutflow boundaries are located
around the outside far-field, and the viscous vismlindary conditions are applied to the
rotor blade surface. The grid block protrudingire radial direction away from the blade
tip contains two grid singularities that requirestiingularity boundary condition.
Periodic boundary conditions are assigned to the fgices perpendicular to the rotor
blade at the half cylindrical domain cut. The mbd#or parameters the computational

grid is based on are presented in Table 6.
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Rotor wake trajectory data are used to clusterghe points trailing from the rotor
blade. This practice provides reduced numericssighation of the tip vortex, improving
the overall accuracy of the model, when the dataailable. The blocked C-grid
arrangement surrounding the rotor blade is preseimt&igure 28. The blade tip grid
treatment in presented in Figure 29, consistingaa poles at the leading and trailing
edge. This creates a sharp cornered blade tipireg an additional block that protrudes
from the blade tip to the far-field.

The model employs an unsteady formulation with giniel rotating at a constant rate,
stepping incrementally by one tenth of one degmeshich time step. Five sub-iterations
are used for the dual time stepping method to ashsecond order temporal accuracy.
The Spalart-Allmaras turbulence model is selecgenmarily to reduce the computational

cost and to improve model stability.

Figure 26: Three-Dimensional Rotor Computational Grid Orientation
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Figure 27: Three-Dimensional Rotor Computational Grid Domain

Table 6: Three-Dimensional CFD Model Rotor Parameters

Radius (ft) 3.75
Mean Chord (ft) 0.5
Root Cutout (ft) 0.75
Rotor RPM 1250
Collective (deg) 12
Temperature (R) 519
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Figure 29: Rotor Blade Tip Grid Treatment
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4.3.2 Rotor Model Validation

The experiment conducted by Caradonna and Tungl(ig&@duced a large amount
of surface pressure and rotor wake data for a raigetor speeds and collective pitch
angles. The primary data set provided from theeskpent, used for CFD model
correlation, is the surface pressure; which is titegrated in the chord-wise direction at
several radial locations to give the blade loadiigtribution. The overall convergence of
the CFD model is determined by the change in thamdrag value over time. The
model, distributed over 32 processors, is run )00 time steps; representing 15 full
rotations of the blade. The total wall time foretkimulation, including three grid
coarseness levels, is 617 hours, 12 minutes, argg26nds. The mean drag coefficient
history is presented in Figure 30, showing dampsdil@tory behavior over the first two
thirds and then stabilizing over the final thirddovalue of 0.117. The mean drag
coefficient over the three grid coarseness levelssed to asymptotically extrapolate the
infinitely fine grid solution. Table 7 shows th#te change between the three grid

coarseness levels is relatively small, which inteésagood grid convergence.
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Figure 30: Three-Dimensional Rotor CFD Model Global Drag Convergence Hi®ry

Table 7: Three-Dimensional Rotor CFD Model Mean Drag Grid Convergence

Number of Mean Drag
Grid Points Coefficient,Cy
Coarse Grid 6,151,517 0.1300
Medium Grid 12,303,032 0.1170
Fine Grid 24,606,063 0.1174
Richardson Extrapolation - 0.1175

The wake generated by the hovering rotor is viszediin terms of contours of
constant Mach number and presented in Figure 3ie fip vortex shows a large degree
of dissipation after it reaches one revolution.fiRieg the grid in the wake region should

improve these results.
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Figure 31: Flow Field Contours of Constant Mach Number

The chord-wise pressure distributions are extrattemh surface grid and conserved
variable data output files generated by CFL3D. Bheace pressure is calculated from
the conserved variable data at each grid pointhendtiade surface by the following

relation.

(100) p=p,a:(y-1)e-pv?/2)

The surface pressure is then converted to the et form below.

P~ P.
101) cp=——-—""+"—
R T Y (135

The resulting pressure distributions for severdiahlocations are compared to the
experimental data in Figure 32 - Figure 35. Thsulés show that the CFD model has a

tendency for over predicting the blade surface gpues, which leads to higher rotor thrust

estimates.

77



e Experiment

CFL3D

r/R=0.5

x/c
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Figure 33: Chord-wise Pressure Distribution atr/R of 0.68
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Figure 34: Chord-wise Pressure Distribution atr/R of 0.80
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Figure 35: Chord-wise Pressure Distribution atr/R of 0.96
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The rotor blade radial load distribution is deten@d from the pressure and viscous
forces components acting on each discretized segai¢he blade surface. The pressure

force acting on the surface of a segment is givethe following relation.

2 (p-n

102) F,=————
( ) i y(Qr/aoo )2 Sref

The viscous force acting on the same blade segmeatgfined by the following equation.

4 <)) Seeg
(Qr/aw)Re'u(V_(VDﬁ))S v

ref ¥seg

(103) F, =

The lift and drag coefficients are then determirfiemn the Cartesian force components

resulting from equations (102) and (103).

104) C. = (F, coda) +F, sin(a))
! :]7/210(§2r)2 Sref

105) C. = (F, sin(@) + F, coda))
‘ ]/ZIO(QT')Z Sref

The rotor torque can then be computed by summiregGhrtesian force components,

multiplied by the radial distance, along the blade.

(106) Q= ZR:(FZ sin(a)+ F, cos(a))r r

The comparison of the radial load distribution beem the CFD model and the
experimental results is shown in Figure 36. Thentt of the radial lift coefficient shows
good agreement with the experimental results ovestrof the blade span. The increased
loading compared to the experimental data prodadesger value for the rotor thrust as
predicted by the chord-wise pressure distributioAs.analytical study of the rotor

configuration, containing an estimate of the rgbomver, is included for comparative
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purposes and is presented in Table 8 along witrettgerimental and CFD results [Tung

et al, 1981].

® Experiment [Caradonna and Tung, 1981]
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Figure 36: Radial Lift Coefficient Distribution Comparison

Table 8: Rotor Thrust Comparison at 12 Degrees Collective Pitch

Cr Cp
Experiment [Caradonna and Tung, 1981] 7.90E-03 -
Analytical [Tunget al., 1981] 8.30E-03 9.58E-04
CFL3D 8.71E-03 | 1.19E-03
Difference (%) 10.25% -

4.3.3 Conclusion

The computational model of the hovering rotor sh@esd agreement with the
experimental results given by Caradonna and Tu®g1} in terms of predicting the
radial pressure distributions and the radial blexdel distribution trend. The resulting

difference in the predicted rotor trust is arour@®d higher than the measured value. The
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model shows an increased dissipation of the tigasoafter a wake age of 360 degrees.
Increasing the grid points in the rotor wake is@spible solution to improve the model
accuracy. However, the computation time is alreaelyy high for this simulation, given

the available computer resources.

4.4 Chapter Summary

Three validation studies were performed for thisearch. The first validation study
compares a blade element, prescribed vortex walke erodynamic model to
experimental data. This study allowed for the aygsrate model parameters to be
determined. The rotor aerodynamic model may novajelied to the rotary wing ejector
sizing and performance prediction methods preseimtéae subsequent chapter. The
second validation study is a comparison of an gjeffow using a 2D model in order to
determine the model prediction fitness, appropraatd density, and turbulence model.
The knowledge gained from this study is appliedte two-dimensional CFD models
critical to the rotary wing ejector sizing and panfnance prediction methods. The third
validation study compares a three-dimensional moélalhovering rotor to an
experimental study to determine CFL3D’s fithessfoedicting this type of flow. The
experience gained in this study aid in the grid gtion and model execution of the

more complicated 3D rotary wing ejector model.
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CHAPTER 5

ROTARY WING EJECTOR SIZING AND PERFORMANCE

PREDICTION METHODS

A reaction drive rotor with an integrated ejectwzzle involves the coupled
disciplines of thermodynamics and aerodynamicdhtaracterize the complete system.
The ejector nozzle geometry is dependant on thdaha volume at the tip of the rotor
blade and the thrust required by the device. Teergetry and gas flow characteristics in
turn affect the lifting capability and power reqements of the rotor for a given flight
condition, which directly translate back into the&or nozzle thrust requirement. This
coupling is addressed through a fixed point iteragprocedure in order to determine both

the size of the tip jet ejector nozzle and its penhance for a given rotor configuration.

5.1 Rotary Wing Ejector Nozzle Sizing

The first step in predicting the performance obgary wing ejector is to size the
ejector geometry based on a given rotor configoratiThis requires the integration of
the rotor aerodynamic model, reaction drive thergmaimic model, ejector
thermodynamic model, and two-dimensional CFD modehovering rotor flight
condition is assumed as the sizing point for thearp wing ejector, which is typically the
most demanding for a rotorcraft. A basic ejectydut is selected for this study, with

upper and lower shrouds trailing aft of the blageas shown in Figure 37.
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Figure 37: Rotary Wing Ejector 2D Geometric and Computational Grid Layout

5.1.1 Sizing Analysis Method

The two-dimensional geometric configuration of tie¢ary wing ejector nozzle,
shown in Figure 37, allows for the computationaldgio be divided into three primary
blocks; an inner C-grid, an outer C-grid, and amaust grid. The geometric definition of
this blade section is based on a 12% thick, symmeaiACA four series airfoil. In order
to determine the upper and lower inlet areas, ng»saction area, and exit area of the
ejector nozzle, both the position of the ejectoraid along chord-wise direction and
length of the ejector shroud are assumed for tegearch. In addition, the chord-wise
length of the ejector inlets and radial-wise widththe ejector are assumed.

The rotary wing ejector sizing procedure beginshitie basic rotor parameters
presented in Table 9 and sectional lift and dralyga for a 12% thick symmetric NACA
airfoil [Dadone, 1976]. The subsequent sizingateyns rely on the lift and drag
predicted using 2D CFD modeling for the geometonfiguration presented in Figure 37.

Overall convergence is determined both geometycaiid thermodynamically through
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the change in flow areas and flow parameters withmmejector nozzle. To initialize the
thermodynamic model within the sizing proceduretfus ejector nozzle, a first guess
assumes the upper and lower inlet pressure, teryeraand Mach number are equal to

the free stream conditions at the rotor blade tip.

Table 9: Model Rotor Parameters

Radius (ft) 3.75
Mean Chord (ft) 0.5
Root Cutout (ft) 0.75
Number of Blades 2
Rotor RPM 1250
Tip Speed (ft/s) 491
Linear Twist Rate (deg/ft) 0
Taper Ratio 1

The lift and drag of the blade tip section are ugethe rotor aerodynamic model to
predict the required torque to hover and the subsatiejector nozzle thrust required.
The reaction drive and ejector nozzle thermodynamiciels balance the flow conditions
and areas needed to produce this required nozalstth

After the first iteration and the ejector nozzleogeetry defined, a two-dimensional
computational grid can be generated. CFL3D igz&d to compute the lift and drag over
a range of angles of attack and free stream Machlmars. Data collected from the CFD
model sweeps are compiled into several formatted lap tables; providing updated lift
and drag coefficients for the rotor aerodynamic miaghd the upper and lower inlet flow
conditions for the reaction drive and ejector neztlermodynamic models. After the
ejector solution has been updated, it is compaoati¢ previous solution to determine the

relative change in the ejector geometry and flowmditions. These relative changes, or
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residuals, are the primary metrics for determinaogivergence. A graphical

representation of the rotary wing ejector sizingthwal is presented in Figure 38.

- Geometry and gas flow
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Figure 38: Rotary Wing Ejector Sizing Procedure Flow Chart

5.1.2 Two-Dimensional CFD Grid Convergence

The 2D structured grid generated for the rotor leléig jet ejector section, shown in

Figure 37 with every fourth point displayed for dlg, contains 841,854 grid points and

is multigridable to four grid coarseness leveldiefe are a total of 33 2D CFD models

run for each iteration, representing 11 anglesttd#ck ranging from 0 degrees to 10

degrees and 3 Mach numbers ranging from 0.3 to Bdx. brevity, a small sample of

these models is selected to examine the 2D CFD igriteconvergence using the drag

coefficient as a metric. The resulting grid congence is presented in Table 10.
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Table 10: Two-Dimensional Drag Grid Convergence
Drag CoefficientCd

Number of | Mach 0.3 | Mach 0.4 | Mach 0.5
Grid Points| AcA 0 deg| AoA 6 deg| A0A 10
deg
Coarse Grid 210,464 0.088 0.039 0.175
Medium Grid 420,928 0.061 0.033 0.144
Fine Grid 841,854 0.060 0.034 0.138
Richardson Extrapolatior - 0.060 0.034 0.137

5.1.3 Geometric and Thermodynamic Convergence

The convergence of the rotary wing ejector sizimggedure is determined by the
change in the upper and lower inlet areas and ejestit area, and the change in
continuity, momentum, and energy. This changegesidual, is defined by the
generalized equation below.

(107) residual= Jz[uj

i X

The termx represents the vector of convergence metricsiasthe iteration number.
After each iteration, the current values for theapr areas, continuity, momentum, and
energy are compared to the values computed atréngqus iteration using equation
(107). There is presumed to be a tangible diffeeem the rotor power required between
a clean rotor and the reaction drive rotor with #jector nozzle. The ejector nozzle
geometry and flow properties are linked to the rqgiower through the ejector nozzle
thrust required to produce the respective rotor eowCFD estimates of the lift and drag
of the ejector nozzle, located at the blade tig aeeded to predict the rotor power for
this configuration. The change in rotor power daghe ejector nozzle will result in a

change in ejector geometry and flow conditions rieggito meet the power demand.

87



1.0000

0.1000

0.0100

Area Residual

0.0010

0.0001

Iteration Number

Figure 39: Sizing Procedure Geometric Convergence History
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Figure 40: Sizing Procedure Flow Property Residual Convergence Histgr
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The convergence criterion for the rotary wing e@ctizing procedure is a total residual,
defined as the sum of the areas, continuity, momentand energy residuals, less than or
equal to 1¢. This is achieved after ten iterations, as shawRigure 39 and Figure 40.
The convergence criterion represents less thanhuredredth of a square inch in area,
one degree Rankine, and one thousandth of a potian per second. More stringent
convergence can be achieved with increasing nurobiéerations before convergence.
The current procedure implements a manual grid geion for each step, resulting in a
large amount of effort required by the user.

The convergence criteria for the rotor aerodynamaxlel, reaction drive
thermodynamic model, and ejector thermodynamic rhisd&0”’. The resulting sub-
iteration convergence for each model over the terations is shown in Figure 41. The
residual for the rotor aerodynamic model represémeschange in the power required as
the rotor wake influence on the rotor inflow is cpoted during each sub-iteration. The
reaction drive thermodynamic model sub-iteratiosidaal is a function of the fuel flow
to the combustion chamber, which is solved iteratnbased on the ejector nozzle thrust
requirement at each iteration. The ejector therymaanic model sub-iteration residual
represents the numerical convergence of the Newtethod used to solve the system of

equations for the one-dimensional control volumedel®f the ejector.
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Figure 41: Sizing Procedure Sub-Iteration Convergence History

5.1.4 Rotary Wing Ejector Solution

Once the design point iteration has completed bilaele tip and ejector nozzle

90

geometry is sized. The resulting ejector paransetee presented in Table 11. The
entrance conditions at the upper and lower seconitiets are not the same, due to the
ejector nozzle operating at a positive angle chelt This is evident by the lower
secondary inlet having a larger area to providedhmme mass flow rate when compared
to the upper secondary inlet. Flow over the topface of an airfoil is accelerated
compared to the flow over the bottom surface atifpasangles of attack. Therefore, the
flow entering the lower inlet is at a slower veloccompared to the upper inlet, requiring
a larger area for a fixed mass flow rate. It isgortant to note that the local angle of

attack is not uniform across the inlet of the eggctdue to the non-uniform inflow
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through the rotor disk as a result of the rotor waki he ejector secondary inlet flow
parameters applied to the control volume boundaaregaken from the center section of
the ejector nozzle in the radial direction and fanections of the local angle of attack and
free stream Mach number. The ejector nozzle ctusts a small percentage of the rotor
radius, and therefore, the variation of the locad@ of attack over the ejector nozzle is
small. Additionally, the rotor is assumed to behiover, resulting in fairly steady inlet
conditions around the rotor azimuth. Many of tresamptions used for this portion of

the research will break down with the use of a fard/flight sizing condition.

Table 11: Rotary Wing Ejector Sizing Summary

Ejector Geometry
Upper Secondary Inlet Area @in 0.35
Lower Secondary Inlet Area (ih 0.37
Primary Nozzle Area (if) 0.83
Exit Area (irf) 1.79
Mixing Section L/ 1.22
Ejector Flow Parameters
Primary Nozzle Mass Flow Rate (Ib/s) 0.31
Upper Secondary Mass Flow Rate (Ib/s) 0.09
Lower Secondary Mass Flow Rate (Ib/s) 0.09
Total Mass Flow Rate (Ib/s) 0.49
Exit Mach Number 0.70
Exit Velocity (ft/s) 1165.33
Exit Stagnation Temperature (R) 1282.88
Ejector Nozzle Thrust (Ib) 16.98
Thrust Augmentation RatiaK) 0.97
Rotor and Tip Jet Parameters
Power Required (hp) 15.05
Blade Collective (deg) 12.00
Fuel Flow - JP-8 (gal/hr) 4.69
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The ejector nozzle is traveling through the aiapproximately Mach 0.4. The
forward speed effect tends to reduce the thrush@gation ratio, defined by the
following equation [Clark, 1973].

(108) @ =FNgeo/FN

Ejector Primary_ Nozzle

The thrust augmentation ratio indicates the amaidi@nergy transferred from the
primary nozzle thrust generation to the ejectordlantrainment and the associated ram
drag. The reduction in thrust generated by thetgjenozzle, due to this transfer of
energy and increased drag, requires the additiammefgy from the primary nozzle, in
this case additional fuel, to meet the ejector nezlarust requirement for the hovering
rotor. Additionally, the amount of fuel burned the combustor model needed to be
increased over the value required by the reactiovechozzle alone (without the ejector)
in order for the ejector thermodynamic model toalea feasible solution. In fact, the
percentage of increase in the amount of fuel buimgthe rotary wing ejector may be
treated as a design variable due to its influencéhe final thermodynamic solution.

A comparison of the radial load distribution isggented in Figure 42. The rotary
wing ejector rotor shows a reduced amount of lifireg the inboard section of the blade
when compared to the model of a clean rotor. Ammonced increase, followed by a
large decrease in lift is present at the tip regidrne discontinuous drop in the lift is due
to the model transitioning from the airfoil sectibtmthe ejector section. Itis
undetermined at this time whether this behaviquusely the result of the rotor
aerodynamic model, or if it has some physical basigjure 43 shows that the local angle

of attack of the ejector nozzle section of the rditade is not greater than 5 degrees, well

below flow separation due to stall. Again, theabstinuous break in the radial
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distribution of the local angle of attack indicatiee change from the 12% thick
symmetric airfoil section to the ejector sectiorthun the rotor aerodynamic model.

The increased drag of the tip jet ejector nozZkede section, shown in Figure 44, is
expected due to the geometry and ejector exhalise maximum lift coefficient is
slightly greater for the ejector section. A closespection of the CFD results shows
some recirculation of the airfoil upper surface aegied flow into the upper inlet at the
higher angles of attack, shown in Figure 45.

A comparison of the thrust and power between thampwing ejector and a clean
rotor is presented in Table 12. The resulting rdtoust coefficient is significantly less
for the same collective pitch angle and has a higleaver requirement. Trimming the
blade collective pitch angle to match the rotomusirfurther increases the power required
above the baseline rotor configuration, shown itl€al 2.
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Figure 42: Radial Lift Coefficient Distribution Comparison
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Figure 44: Two-Dimensional Sectional Drag Polar Comparison
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Figure 45: Two-Dimensional CFD Flow Visualization

Table 12: Rotor Thrust and Power Comparison

Collective (deg) Cr Cp
Clean Rotor 12.00 8.14E-03 1.05E-08
Rotary Wing Ejector (2D) 12.00 6.87E-03 1.33E-03
Rotary Wing Ejector (2D) 13.33 8.14E-03 1.49E-083
Constant Collective Pitch Angle (% 0.00% -15.60% 6.@2%
Constant Thrust (%) 9.94% 0.00% 41.629

5.2 Rotary Wing Ejector Performance

The thermodynamic models of the reaction drive ajgttor nozzle developed above
are modified to compute the thermodynamic flow pedpes for a fixed geometric
configuration. This allows for the prediction oédormance characteristics of the rotary

wing ejector at conditions separate from the siz@ognt. The operating conditions for
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this performance prediction method are only depahda the capability of rotor
aerodynamic model selected. The current studgasi$ed on a hovering rotor model;
however, forward flight could be analyzed by simpéplacing the rotor aerodynamic

model.

5.2.1 Performance Prediction Method

Off design reaction drive and ejector nozzle thedyrtamic models are developed to
predict the performance for a range of hoveringtticonditions. CFL3D is used in a
similar fashion to the rotary wing ejector sizingggedure by computing the sectional air
loads and secondary inlet temperature, pressurehMamber, and mass flow rate as
functions of angle of attack and free stream Maomber.

The hovering rotor model computes the requiredaertpr given rotor collective
pitch angles utilizing the CFD generated lift anchd data for the ejector nozzle section
of the blade. The torque required is then passdti¢ reaction drive and ejector off
design thermodynamic models. The primary nozzié @jector exit areas, determined by
the thermodynamic models, are then used to upde@@D computational grid used by
CFL3D. The sectional air loads and the secondalsticonditions are recomputed and
the associated lookup tables containing the seatitbih and drag are updated. This
procedure is repeated to account for the effectheithange in the ejector nozzle thrust,
and subsequent exit area and flow conditions. tary wing ejector performance
prediction method allows for varying rotor thrustsd flight altitudes and temperatures.
A graphical representation of the analysis methad flescribed is presented in Figure

46.
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Figure 46: Rotary Wing Ejector Performance Procedure Flow Chart

5.2.2 Rotary Wing Ejector Performance Trends

The rotary wing ejector performance analysis, shawhigure 46, is applied to a
range of rotor blade collective pitch angles frono8L4 degrees. At each collective pitch
angle the primary nozzle flow conditions are congmlibased on the rotor aerodynamic
model, which is dependant on the blade tip CFD potedl lift and drag. The blade tip
sectional lift and drag is also dependant on theat®flow conditions, thus requiring an
iterative procedure. An initial run for each cattese pitch angle is performed using the
ejector sectional air load data from the final sgisolution at a collective pitch angle of
12 degrees. The CFD models re-compute the ejegtational lift and drag using the
updated ejector nozzle thermodynamic solution fiar ¢urrent collective pitch angle.
This procedure is repeated iteratively until thiati¥e change in convergence metrics is
below a residual of . This convergence criterion is higher than thithe sizing

procedure primarily due to the large number of Ciiddels required for the rotor thrust
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sweep. There are 33 CFD model cases per iterdtioeach collective pitch angle,
resulting in a significant amount of computatioma@sources required. The total wall time
for five iterations is 512 hours, 22 minutes, 1%geds split across 8 processors.

The collective pitch selected for the sizing proasalis repeated during the
performance sweep to check that the performanceaeiof the model matches the
sizing version and is presented in Table 13. Thdgmance version of the rotary wing
ejector model shows good agreement with the sizergion. The difference between the
initial iteration and the final iteration for thenge of collective pitch angles is shown in
Figure 47 in terms of the ejector exhaust flow totsidual, defined as the sum of the
area, continuity, momentum, and energy residuliisreasing the number of iterations
for each collective pitch angle cases will impraie overall convergence. The
maximum residual of 3% occurs at the lowest coileepitch angle analyzed. Thisis a
relatively low residual and therefore the increasenodel accuracy is traded against the

computational cost.

Table 13: Rotary Wing Ejector Sizing and Performance Model Comparison

Sizing | Performance Difference
Version Version (%)
Ejector Flow Parameters
Primary Nozzle Mass Flow Rate (Ib/s) 0.31 0.31 ez
Upper Secondary Mass Flow Rate (Ib/§) 0.09 0.09 6%h6
Lower Secondary Mass Flow Rate (Ib/$) 0.09 0.09 2790
Total Mass Flow Rate (Ib/s) 0.49 0.49 -0.439
Exit Mach Number 0.70 0.70 -0.50%
Exit Mean Velocity (ft/s) 1165.33 1166.87 -0.13%
Exit Stagnation Temperature (R) 1282.88 1279.9)7 32
Ejector Nozzle Thrust (Ib) 16.98 17.14 0.93%
Rotor and Tip Jet Parameters
Power Required (hp) 15.05 15.19 0.939
Blade Collective (deg) 12.00 12.00 -
Fuel Flow - JP-8 (gal/hr) 4.69 4,72 -0.65¢9
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Figure 47: Performance Procedure Flow Property Total Residual Convergece

The performance of the rotary wing ejector for aga of rotor thrusts is compared to
a clean rotor and a reaction drive rotor. The oleator has the same blade planform as
the rotary wing ejector blade, with the main dieice being the clean rotor blade has a
12% NACA airfoil section from the blade root to thdade tip. The reaction drive rotor
also uses the same planform as the rotary wingejddade. The tip section of this blade
is similar to the tip section of the rotary wingeegor blade with the ejector shrouds
removed. The differences between the three rokadds are concentrated at the blade tip
region, isolating the causality of any performamoglications to this region of the blade.
The reaction drive rotor requires an iterative grdare to achieve trim at each blade
collective pitch angle. The reaction drive therngpdmic model is run in isolation to

determine the nozzle flow conditions based on awletor torque required. A two-
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dimensional CFD model of the blade section with teaction drive nozzle is setup and
run over a range of angles of attack and Mach nusib&he lift and drag are then
tabulated as functions of angle of attack and Maamber and fed back into the rotor
aerodynamic model to re-compute the rotor torqupinesd for the selected hover
condition. This procedure is repeated for eachdring rotor thrust condition until there
is a small relative change in the rotor torque regd and reaction drive nozzle flow
conditions between iterations.

A comparison of the rotor power required and Figafélerit as a function of rotor
thrust between the rotary wing ejector, clean rpéod reaction drive rotor is presented in
Figure 48 and Figure 49, respectively. The rotargg ejector shows the expected
increase in required power compared to both thetrea drive and clean rotors due to the
added geometry and ejector nozzle flow. Additidypahe rotor thrust is reduced for a
given collective pitch angle, indicated by the ranntal shift of the curve to the left
compared to the reaction drive and clean rotor pations. The amount of fuel burned
in the combustion chamber over the range of colecpitch angles is presented in Figure
50. This trend follows the power curve trend apeated for a reaction drive rotor
configuration. The increase in fuel burn compatedthe reaction drive rotor is due to
both the increased drag resulting from the ejegewmetry and flow and the increase in
energy required to mix the secondary and primapy8 within the ejector. Figure 51
shows a comparison of the exit velocity betweengheary nozzle and ejector nozzle
computed by the ejector control volume model aneléRit velocity of the reaction drive
rotor nozzle. The result shows the ejector nozeltucing the exit velocity across the

range of rotor thrusts. The magnitude of the reahrcin exit velocity is based on
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idealized assumptions; therefore, this result grlyvides a lower bound. The peak
velocity at the exit plane of the ejector from tAB CFD model is also included in Figure
51. This provides an upper bound, as the two flarmes only mixed thought the turbulent
shear layer. Comparing the exit velocities betwden2D CFD results and the reaction
drive rotor show that indicate that the peak velpes greater for the rotary wing ejector.
This is due to increased output from the primargzie to overcome the thrust losses and
drag penalties caused by the ejector nozzle. Bezthere is limited volume at the tip of
the rotor blade, the mixing length to achieve coetplmixing is insufficient through the
turbulent shear layer alone. A forced mixing primaozzle would increase the amount
of mixing between the secondary and primary flolwsyever, it may still not achieve the
one-dimensional control volume results.
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Figure 48: Rotor Power as a Function of Thrust
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Figure 49: Rotor Figure of Merit as a Function of Thrust
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Figure 50: Tip Jet Fuel Flow as a Function of Rotor Thrust

102



— Primary Nozzle Exit (1-D Control Volume)
— Ejector Exit (1-D Control Volume)
— Ejector Exit (2-D CFD Peak)

Reaction Drive Rotor (1-D Control Volume)
2500

2000

1500 -

1000

Velocity (ft/s)

500

0.12

Figure 51: Ejector Nozzle Exit Velocity as a Function of Rotor Thrust

5.3 Chapter Summary

The primarily focus of this study is the developmeha coupled, multi-disciplinary,
analytical method to address sizing and performari@erotary wing ejector in hover.
The study also provides some insight into the agnadnic and thermodynamic
characteristics of this rotor and ejector configiwoma in the hovering flight condition.
Basic aerodynamic and thermodynamic aspects aestigated with the intent of
providing a foundation for both higher fidelity amtynamic modeling and acoustic
predictions.

It is recognized that not all of the fluid dynampcocesses and interactions are
captured under the present assumptions. Howelveregduced computational modeling

effort allows for design tradeoffs and basic penfiance trends to be performed for this
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rotor configuration in an early stage of designtthmay lack detailed knowledge of the
rotor. Full integration of the grid generation a6&D modeling into both the sizing and
performance procedures will reduce the modelefsreaind the possibility of error.
Additionally, it was discovered that the amountfoél burned in the combustor model
needed to be increased over the value requirethéyaaction drive nozzle alone (without
the ejector) in order for the ejector thermodynamiadel to reach a feasible solution. In
fact, the percentage of increase in the amounuef burned by the rotary wing ejector
may be treated as a design variable due to itsierfite on the final thermodynamic

solution.
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CHAPTER 6

ROTARY WING EJECTOR AERODYNAMIC ANALYSIS

A three-dimensional CFD model of the rotary winge&jor is developed to study the
aerodynamic effects in a hovering flight conditiohhe geometric configuration is
determined by the sizing procedure presented inp@reb. A trim procedure is
implemented to balance the ejector nozzle thrustmated by the thermodynamic model
with the ejector nozzle thrust required, deriveadifrthe rotor torque required calculated
by the CFD model. The aerodynamic performancehdd totor configuration is
compared to the clean rotor presented in Chaptardithe two-dimensional modeling
results presented in Chapter 5. Additionally, theee-dimensional internal flow field of

the ejector is compared to the two-dimensional itssu

6.1 Rotary Wing Ejector Nozzle Thrust Balancing

The thrust produced by the ejector nozzle equadshinust required to rotate the rotor
blades at a specified RPM for a trimmed flight ca@rah. The ejector nozzle thrust is a
function of the primary nozzle pressure and temperaratio, and gas velocity. These
parameters are computed by the thermodynamic mmésknted in Chapter 5 and are
based on the rotor torque required calculated bgenodynamic model of the rotor.
Therefore, an iterative procedure is required tabee the ejector nozzle thrust for a
given flight condition.

The ejector nozzle thrust balancing procedure espnted graphically in Figure 52.

The rotor configuration defined in Chapter 5, Tablg is used as the starting point. The
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rotor and ejector geometry are used to generabteeetdimensional computational grid.
The primary nozzle pressure and temperature ratid,Mach number are boundary
conditions for the CFD model. Upon convergencéhaf CFD model, the rotor torque
required and ejector thrust are computed. Therrmimue required is passed to the
thermodynamic model of the reaction drive and &ecizzle, where the primary nozzle
pressure, temperature and Mach number are compaiteatch the ejector nozzle thrust
required, thus providing the rotor torque requir&te ejector nozzle thrust computed by
the thermodynamic model is compared to the ejestazle thrust computed by the CFD
model. If the ejector thrusts do not match, theuling ejector primary nozzle boundary
conditions are updated and the CFD model is runrgagaherwise, the thrust balancing

procedure is complete.

2D Ejector Sizing
Results

Rotor and Ejector Geometry Primary Nozzle Boundary Conditions

y A 4

3D Computational 3D CFD (CFL3D)

Y
A

Grid
Rotor Torque Required Primary
Nozzle
r==—=—=-= A - Boundary
i i I Conditions
Reaction Drive No

Thermo. Model

Ejector Thermo.
Model Yes

Ejector Nozzle
Thrust Balanced?

[ Stop ProcedureJ

Figure 52: Ejector Nozzle Thrust Balancing Procedure
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6.2 Rotary Wing Ejector Three-Dimensional Model

The three-dimensional CFD model of the rotary wajgctor is based on the
configuration presented in Chapter 5, Table 11e Tdtor is operating in a hovering
flight condition at a specified collective pitch gle. Therefore, it is assumed that there is
no flapping or lagging motion of the blades, andytare rigid. Additionally, the rotor is
assumed to be axi-symmetric about the rotationa.aXhe entire domain is rotated at
the rotational speed of the rotor in an unsteadynialation. Each time step is related to

the rotational speed and the desired azimuth ainglement by the following equation.

(109) di=_3%_
36(Q

The azimuth angle increment selected for this stisdy.1 degrees, requiring 3600 time

steps for one full blade rotation.

6.2.1 Grid Topology

The three-dimensional computational grid is a sinoed, blocked, C-H grid
generated in Gridgéh The axi-symmetric assumption allows for only draf of the
two-bladed rotor to be modeled. The ejector geaynetquires the C-grid surrounding
the rotor to be split into several blocks. Thedypoints are clustered in the far wake
using the wake trajectory data provided by Caradoaind Tung (1981). The overall grid
topology is presented in Figure 53. The total nembf grid points is 25,945,479 for the
entire computational domain.

The layout of the grid blocks surrounding the roémrd ejector is presented in Figure
54. The rotary wing ejector blade is separated fiour blocks along the radial direction.

The first block surrounds the rotor blade from tlo®t to the beginning of the ejector
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nozzle. The second block surrounds the rotor bfadeard of the ejector secondary
inlets and is bounded in the surface normal di@ti{) by the ejector shroud outer
surface. The third block surrounds the ejectoiosiais and second block. The last block
contains the upper and lower secondary inlets aedixing section of the ejector.

A radial sectional slice of the grid surroundingetljector nozzle is presented in
Figure 55. A total of 4,549,770 grid points arentained within the ejector mixing
section. The grid dimensions of this section aasdd on the two-dimensional modeling
presented in Chapter 5. In order to interfacedjextor mixing section block with the
grid block trailing the rotor blade, a singularitypundary is required to collapse the grid
points extending from the ejector primary nozzle.

The blade tip grid treatment is presented in Figbe A sharp edge at the blade tip is
created with a grid block protruding from the blajesurface, in the radial direction, to
the far field. This tip arrangement provides a mal amount of grid cell skewness;
however, singular boundaries are required. Thessmbaries protrude from the leading
and trailing edges, in the radial direction, andkaap two of the grid block faces of the

grid block protruding from the blade tip.

108



MITT T T T T T 1 |
Extrapolation Boundary

I ||

Periodic Boundary Periodic Boundary —
I 1A

I ———————

LN

AR

,

y

Y
- \\ \\ b4 4 AR

L]

1Y

Inflow/Outflow Boundary

L —

J

f

Figure 53: Rotary Wing Ejector Grid Topology

109



'.

=
i

AP P

Figure 54: Rotor and Ejector Grid Block Layout

ll ///////// ////

.
=\\\\\“\\\‘\\\\\\\\\\\

= \\{\\\\\\\\\\\\\\\\\
_

i |||ll|||\\\\\\\\||\\\\\\\

Figure 55: Ejector Radial Sectional Grid Topology

110



Upper Ejector

Trailing Edge Pole Secondary Inlet

l)\ Blade Tip
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6.2.2 Boundary Conditions

The boundary conditions applied to the three-dinn@mel rotary wing ejector model
are similar to those defined in the three-dimenalantor model analyzed in Chapter 4.
One of the two blades is modeled assuming the iaxi-symmetric, requiring periodic
boundaries at the domain split, shown in Figure 38e center of the domain
surrounding the center of rotation is defined agatrapolation boundary, while the outer
far field domain surfaces are inflow/outflow boumds. The blade and ejector shroud
surfaces are no-slip viscous wall boundaries. phmary ejector nozzle, shown in
Figure 55, is an inflow boundary with the total peeire, total temperature, and Mach

number defined for the flow entering the domain.
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There are several singular boundaries that areiredjdor this grid topology. The
first is located at the interface of the ejectorxmi plane and the grid block trailing the
rotor blade. The second and third singular bouregaare faces in the grid block
protruding in the radial direction from the bladp &nd provide the means to model a

sharp tipped rotor blade.

6.2.3 Model Convergence

The overall convergence of the rotary wing ejectardel is observed by the
reduction of the total residual, decay of the glbotheag to a constant value, and the
change in the global drag over varying levels afigefinement. The model is run for
36,000 iterations, representing 10 full rotation®d degrees and 10 sub-iterations per
time step. The computation time for 64 processsi381 hours, 12 minutes, and 5
seconds. The total residual as a function of tieranumber is presented in Figure 57.
The total residual attains a relatively constantreaafter 8000 iterations and reduces
more than 1 and a half orders of magnitude. Them@rag coefficient as a function of
iteration number is presented in Figure 58. Eat goarseness level is run for 12,000
iterations. The coarse grid shows some high fregyescillations in the mean drag
value before the model transitions to the mediund.giThis behavior is not present in the
3D rotor validation study and is therefore attriedtto the ejector nozzle. The change in
the mean drag coefficient for varying grid coarsenkevels is presented in Table 14,

showing good grid convergence.
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Table 14: Three-Dimensional CFD Model Mean Drag Grid Convergence

Number of Mean Drag

Grid Points | Coefficient,Cqy
Coarse Grid 6,486,371 0.443
Medium Grid 12,972,740 0.164
Fine Grid 25,945,479 0.146
Richardson Extrapolation - 0.145

The thrust balancing procedure, presented in Fi§aras applied to the three-
dimensional model of the rotary wing ejector. Tihd@ial model is executed using the
primary nozzle boundary conditions obtained frora thtary wing ejector sizing
procedure in Chapter 5. Upon completion of the GBBD model, the torque is computed
by summing the resultant drag force, multipliedthg radial distance, along the blade.
The net thrust required is then the torque divitlgdhe blade radius. The net thrust
produced by the ejector nozzle is found by sumntimgintegrated momentum at the

secondary inlets and ejector exit, given in thddwaling relation.
(110) FN= [pV m7)dA’ + ol A’ + [V N)dA’
A A A

The first two terms in equation (110) represent ti drag of the ejector, and the third

Upper_ Inlet Lower _Inlet Exit

term represents the gross thrust. The net thraktes are compared and the primary
nozzle boundary condition is adjusted by increasingecreasing the fuel flow within

the reaction drive thermodynamic model. The resafter three iterations, presented in
Figure 59, show a slight overshoot. This coulddasily remedied by switching to a
gradient based scheme as opposed to the fixed poim@me currently implemented. The

ejector nozzle ram drag, gross thrust, and netdihave presented in Table 15, where the

secondary inlet ram drag is shown as a negativesthrlt is interesting to note that the
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ram drag of the upper secondary inlet is over twad a half times greater than that of the
lower secondary inlet. The angle of attack ove tip region is positive, which results in
a greater air velocity entering the upper secondalst compared to the lower secondary
inlet. The upper secondary inlet area is sligtsthgaller than the lower secondary inlet
area, as presented in Chapter 5, Table 11. Thisme in an attempt to balance the mass
flow rate through the upper and lower secondargtisil The mass flow rates are

computed for the 3D rotary wing ejector model by flollowing equation.

(111) = | ,0\7dA’ +| deA{ + deA’
Upper__Inlet Lower_ Inlet Exit

A A A

The resulting mass flow rates are presented indaBl The upper secondary inlet mass
flow rate is greater than that of the lower secanydalet. This certainly contributes to

the increased ram drag shown in Table 15. Add#ibn both of the secondary inlet mass
flow rates are greater than those predicted by2ibenodeling.

— Required
— - Available

0.020

0015 ____— ___--7

S oo10L--"
O

0.005

0.000 ‘
1 2 3

Iteration Number

Figure 59: Thrust Balancing Procedure Convergence History
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Table 15: Ejector Thrust

Thrust (Ib)
Upper Secondary Inle -6.52
Lower Secondary Inle -2.42
Ejector Exit 17.48
Net 8.54

Table 16: Ejector Mass Flow Rate

Mass Flow Rate (Ib/s)
Upper Secondary Inlet 0.17
Lower Secondary Inlet 0.12
Primary Nozzle 0.30
Ejector Exit 0.58

6.2.4 Rotary Wing Ejector Modeling Results

The lift coefficient is computed along the radiatettion of the blade using equation
(104) with the force components computed by CFL3Ie resulting radial load
distribution is presented in Figure 60. Immedigiehe difference between the clean
rotor and rotary wing ejector is apparent at therggion. There are spikes @) at the
locations where the blade transitions to the ejentizzle. The sharp drop i@, at the
start and end of the ejector nozzle section is pritg due to the shape of the ejector
nozzle sidewalls, shown in Figure 61. The tramsitin loading from the ejector nozzle
sidewall section to the ejector nozzle sectionesywabrupt and in the opposite direction
of the two-dimensional CFD based model of the rptaimg ejector. This effect appears
to primarily be the result of the change in georgetnd could be reduced by smoothing
the transition from the blade to the ejector. Tifiecoefficient shows a decaying trend
along the radial direction across the ejector nez#rom the data presented in Figure 60,

it is unclear as to why this is the case. The kttading at the ejector sections of the
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rotor blade are the sum of the blade tip secticadiog and the loading of the upper and
lower ejector shroud. The pressure distributionthie chord-wise direction of these
components, at three radial sections within thet®jenozzle, are presented in Figure 62 -
Figure 64. The upper shroud (Figure 62) showsremdase in negative pressure,
indicating an increase in download, from the inlmbaection to the outboard section. The
lower shroud (Figure 63) has a similar trend; hoe\the greatest change occurs

between nondimensional radial distances 0.9 ang89.9
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Figure 60: Rotary Wing Ejector Radial Lift Distribution
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Figure 61: Ejector Sidewall Contours of Constant Mach Number
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Figure 62: Upper Shroud Chord-wise Pressure Distributions
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Figure 63: Lower Shroud Chord-wise Pressure Distributions
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Figure 64: Blade Tip Chord-wise Pressure Distributions
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There is also a decrease in the positive pressurepload, between nondimensional
radial distances 0.935 and 0.97 of the blade tgiiea (Figure 64). This trend is
expected near the blade tip region and is primatilg to tip loss effects. There is almost
no difference in the chord-wise pressure distribng of the blade tip section (Figure 64)
between nondimensional radial distances 0.9 an83.9 herefore, the reduction in the
radial lift distribution, shown in Figure 60, beter nondimensional radial distances 0.9
and 0.935 is attributed to the upper and lower gjeshrouds. The reduction in the radial
lift distribution between nondimensional radial @isces 0.935 and 0.97 is a combination
of the download from the ejector shrouds and tpddss effects at the blade tip.

The oscillations in Figure 62 and Figure 63 areda flow separation along the
inside surface of the ejector shrouds. This cawibealized in terms of contours of
constant Mach number at each of the three nondimaatradial distances, shown in
Figure 65 - Figure 67. Regions of separated flowiadicated by darker blue. Itis clear
from both the pressure data and the flow visuai@athat the lower shroud is shedding a
vortex at the entrance to the mixing plane. Thehavior was not present in the 2D

models, most likely because they were run undeisteady-state assumption.
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Figure 65: Ejector Section Contours of Constant Mach Number at r/R = 0.9

Figure 66: Ejector Section Contours of Constant Mach Number at r/R = 0.935
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Figure 67: Ejector Section Contours of Constant Mach Number at r/R = 0.97

The overall predicted rotor performance of the rgtaing ejector resulting from the
three-dimensional model is presented in Table Tfie rotor thrust and power are
compared to the three-dimensional CFD clean rotodeh presented in Chapter 4 and the
two-dimensional CFD based rotary wing ejector mqalelsented in Chapter 5. The
reduction is rotor thrust when comparing the thaeel two-dimensional models shown in
Table 17 is also evident in Figure 60. There imabt a 10% difference in rotor power
between the models. There are two primary factbas are attributed to this difference
evident from the data presented. The ejector rmzizdewalls are not included in the two-
dimensional CFD based model of the rotary wing &ec The mass flow rate within the
secondary inlets results in an increase in Mach peinabove the design target. This has

the effect of increasing the skin friction over timet surfaces, thereby increasing drag.
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Table 17: Rotary Wing Ejector Rotor Performance Comparison

Cr Cp
1. 3D Clean Rotor CFD 8.71E-08 1.19E-03
2. 2D Rotary Wing Ejector 6.87E-08 1.33E-03
3. 3D Rotary Wing Ejector 7.71E-08 1.46E-03
Difference 1 - 3 (%) -11.45%  22.63%
Difference 2 - 3 (%) 12.27% 9.72%

6.3 Chapter Summary

A three-dimensional CFD model of a rotary wing dprds developed to study the
aerodynamic effects in a hovering flight conditiohhe trim procedure implemented in
this portion of the research shows the capabilityrtatch the required ejector nozzle
thrust required to hover to the thrust producedhmy ejector nozzle for a given collective
pitch angle. The resulting trim solution showediacreased mass flow rate within the
secondary inlets when compared to the two-dimeradi@D model. The presence of
the ejector nozzle resulted in a decrease in ldhg the coincident blade span as the
result of an increase in download contribution frtime ejector shrouds, in addition to the
blade tip loss effects. The overall predicted periance of the three-dimensional model
of the rotary wing ejector shows an increase inhbattor thrust and power compared to

the two-dimensional CFD based model presented iap@dr 5.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

The reaction drive rotor is a challenging enginegmproblem, added to the already
complex rotor system. Integrating an ejector nezadds to both the design and system
complexity. The research develops a coupled, rdificiplinary, analytical method to
address sizing and performance of a rotary wingteje Aerodynamic and
thermodynamic aspects are analytically investigatedl integrated, providing the basis
for higher fidelity aerodynamic modeling. A thremensional computational fluid
dynamic model is incorporated into an ejector nezhrust balancing procedure,

providing a trim solution for a higher fidelity madi of a hovering rotary wing ejector.

7.1 Contributions

The application of an ejector nozzle with a reaotdrive rotor further increases
system complexity with respect to design and analy$he rotary wing ejector sizing
methodology developed in this research addresseprttblem of determining the ejector
geometries to produce the required thrust for agiflight condition. A lower fidelity
rotary wing ejector model is developed to rapidgngrate ejector geometry critical for
higher fidelity analysis and design based on veharid rotor parameters. In addition to
sizing the ejector geometry, the model allows fesmn tradeoffs to be performed for
this rotor configuration by linking model componserib standard rotor and ejector design

variables.
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The rotary wing ejector sizing methodology is exded to capture basic rotor and
ejector performance trends. The lower fidelityagt wing ejector model is reformulated
to determine ejector flow parameters based on gezdened ejector geometry. A range
of rotor thrust conditions are studied, showing #ffects of the ejector nozzle on the
rotor power and efficiency. The ejector exit velkyds compared to the primary nozzle
velocity, giving good indication of the upper aramlWer bounds for potential noise
reduction over a range of rotor thrusts.

A three-dimensional CFD model of the rotary winge&jor is developed to further
study aerodynamic effects. An ejector nozzle thtum procedure is introduced to
balance the required ejector nozzle thrust to hoeehe thrust produced by the ejector
nozzle. Differences in the predicted mass flovesabetween the two- and three-
dimensional models are identified. The effect épector shroud has on the coincident
blade loading is characterized. Finally, the oWle@or performance of the rotary wing
ejector is compared to the reduced computationalehand a conventional rotor in

hover.

7.2 Lessons Learned

The experience gained from the two-dimensionaltejeibtow CFD validation model
lead to a substantiated selection of the appropegtctor grid density and turbulence
model, both critical to the rotary wing ejector isig procedure. Experience gained from
the three-dimensional CFD model of a hovering ratoled in the grid generation and
model execution of the more complex 3D rotary wijgctor model. This work built up
confidence that a CFD model of the rotary wing égeds possible with the tools

available.
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It was discovered during the development and tgstiithe rotary wing ejector
nozzle sizing procedure that no feasible solutionld be found when the ejector
thermodynamic algorithm was activated following tleaction drive thermodynamic
algorithm. After careful consideration of the pteln, the most logical approach was to
increase the energy output from the reaction dngezle by increasing the amount of
fuel burned compared to what is required when ggction drive was operating alone.

The two-dimensional CFD modeling performed durihg totary wing ejector sizing
and performance procedures required a large nuwidadividual input and output files.
During the early execution of these proceduresadi@nsferred to and from the CFD
models was handled manually. It became clearttiiatwould become a very involved
process, requiring significant effort by the us@mwo programs were subsequently
developed to transfer the data between the thermaxaiyc models and CFD models.
This allowed for a more automated procedure, arabéed running large numbers of
CFD models simultaneously.

Pre- and post-processing programs were developestiiece the total modeling time
associated with the three-dimensional CFD mode&lse pre-processor was developed to
generate the model input files after it was disa@ekthat the CFL3D’s block splitting
program had difficulties with the grid topology.h& post-processing program extracted
surface pressure data from the model field datpwoiifile. Additionally, data for both

walls and flow-through planes was extracted fromtcol surface output files.

7.3 Improvements

The computational grid generation for both the taral three-dimensional CFD

models required a significant amount of time. Eoe two-dimensional modeling, the
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time was spent regenerating essentially the samgeoger and over with small
modifications in geometry. This process would bigrfeom an input file driven grid
generator as opposed to a graphical user inter&dmying full integration of the grid
generation and CFD modeling into both the sizind @erformance procedures. In
addition to reducing the user effort during the extion of the model, both procedures
could be included in system optimization.

The solver within the thermodynamic model uses Nevia method for a system of
equations to iteratively solve for the unknownsewdon’s method requires reasonable
initial guess values for the unknowns to reachdbkition. The engineer may not have
the experience necessary to input guess valuesvilaesult in convergence. This may
also become problematic if the rotary wing eject@ing procedure is wrapped inside a
higher level optimizer. At the very minimum, logshould be added to the
thermodynamic model such that geometric and flonapgeters stay within acceptable

ranges.

7.4 Future Work

The analytical methods presented in this documeowtide a foundation for future
study of an ejector nozzle integrated with a reactirive rotor. These methods are
largely scale independent and therefore can beeghpbd a full sized rotorcraft
implementing this type of rotor configuration. Foermore, they can be readily coupled
to an aeroacoustic model of the ejector nozzlertmlrt the jet noise for the given flight
condition. While the hovering flight condition the primary focus of this research,
forward flight may be studied by simply replacinggtrotor aerodynamic model with a

model that has forward flight capabilities. Thishencement would enable the prediction
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of the effective perceived noise level (EPNL) dyyithe take off or landing of this type of
rotorcratft.

The forced mixing of the high speed flow exitingethip jet nozzle and the lower
speed secondary flow by the lobed mixer nozzle mith the ejector is addressed
empirically for the rotary wing ejector sizing aperformance methods. The two and
three-dimensional CFD models presented in this dwent do not address the forced
mixing of the two flows. A forced mixing nozzle wid typically be incorporated on
most ejector nozzle configurations as they havenshenhanced mixing resulting in a
more compact design. A study of the aerodynamit acoustic effects of adding a
forced mixing nozzle to the rotary wing ejector wdwwomplement this research.

There is still gap between the capabilities of therent comprehensive codes
(RCAS/CAMRAD) and what is required for a reactionwe rotor configuration. The
rotor aerodynamics is based on empirical or CFDegated lift, drag, and moment
coefficients. The development of a coupling schéyatwveen the comprehensive
rotorcraft code and the blade tip aerodynamics thiedmodynamics opens the door for a
more complete investigation of the flight envelope.

The control volume showed poor correlation with th®-dimensional and three-
dimensional CFD models with respect to the contsmlime boundary flow conditions.
This is due, in part, to the dimensional reductadrthe flow properties during the ejector
sizing procedure through mass averaging. Massaameg provides a rapid conversion of
the CFD flow profile data into one-dimensional vatu The mass averaged pressure,
temperature, and velocity are then used to compaiginuity, momentum, and energy in

the one-dimensional control volume model. Howeteese values do not match the
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integrated mass, momentum, and total energy fraertwo- and three-dimensional CFD
models. To address this issue, an iterative praoedould be applied to determine the
pressure, temperature, and velocity that satiséyitibegrated continuity, momentum, and
energy from the CFD results. These values thenasgnt the one-dimensional flow
parameters that are then used in the control volanadysis. The primary disadvantage
to this procedure is that the entropy is not bathbetween the CFD and one-
dimensional representations of the flow properties.

Finally, the ejector presented in this researcéimsplified in terms of its geometry
and placement. Optimization of the ejector geometonfiguration, focused on
minimizing the overall rotor power required, is thext logical extension of the
methodology presented in this research. Secondéats, ejector shroud, and ejector
nozzle vector angle represent the primary elemehtike rotary wing ejector system that
are available for optimization. The placementlo# secondary inlets with respect to the
rotor blade cross section should be selected suahthe operation of the ejector is
relatively insensitive to the local angle of theér stream flow. The shape of the ejector
shroud should minimize drag and maximize ejectafgrenance, which may be
conflicting requirements. The angle at which theznle flow is exhausted should be
considered to determine the best lift-to-drag ratithe ejector nozzle section and

thereby, the lowest rotor power requirement.
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