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Abstract

With the use of modern configuration and advarstedlthtechnologies, aircrafiave the ability to
minimize their signatures significantly. The three main signatures being infrared, radar, and neise.
observable, not taken into consideration, is entropy frhik is a newand excitingarea of researcho
detect an objedh motion,based on its entropy trafhe objectiveis toinvestigateawo objects, a sphere
and winggenerate an entropy tragardlessf shape, size, amplemented low observable technologies
Literature reviewestablishd that the sphere and wing hadgligible IR, radar, and noise signatures. IR
signature was 0.18% dn0.07% off ambient temperatureadar signature wa$19.9 dBni and
110.6dBnd, and noise signature was negligislacetheincomingflow wasM O The dntropy trail
of a sphere and wi were investigatedsing the2" Law of Thermodynamicand Gibbs equationThe
trails were determined with CFD analysis atftiimensionalized distancesway from the trailing edge
of the modelsWind tunnelmeasurementgalidated CFD results by measuring total pressure at arbitrary
positions in the waké&lemperature measurememtsrenot considered since the process is adiabEiie.
results wereri agreemerttetweerCFD and wind tunnel expect for the wing at 16 degrees angt&oka

This was due tthe presence ofwrtexand separated flowvhich is difficult to capture witpitot tubes
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1 Introduction

The idea of investigating entropy signatyras a new observablstemmed dfan abstracby Dr.
Farokhi, Dr. Taghavi, and Dr. KeshmiR¢f 1]. This is a new and exciting area of reseaithe
motivation is dueto advancedtealthtechnologies andonfigurationsaircraftare capablef minimizing
detection The primary forms of detectiorare radar infrared orthermal, and noissignatures Radar
stealth technologies utilizadvanced configuration designsarbon compositesand radarabsorbing
materialsto reduce aircraft detection randgéoise suppression involv@gsegration ofquiet and calm jets
into vehiclesand modified chevron nozzles. To redugerinal signatures, blended rectangulazzies
which are shielded from the groungduce theghermal intensity of an aircraftsing the 2" Law of
Thermodynamicsany object in motiongenerates aniqueentropytrail which once measured can be
detectedRef. 2 - 6]. Theobjectiveis, by usinglow observablgechnologies to minimizsignaturs, an
aircraft can be detected based on its enttogdyor wake Characterization oéntropywakeis basd on
pressure and temperatuisturbance

Entropy wake of a sphere and wjnig motion are investigatedVleasurements are recordéa the
wake,at nondimensional distancesownstream of the modelComputational Fluid Dynamic&CFD)
and wind tunnelmeasurementare conducted at a Reynolds humpbased on diameter and choad,
25700 and 20100 for the wing and sphere respectivilyce the direct measurement of entropy is
difficult, the derived propertieare measuredGibbs equation is used ttetermineentropy where the
measurement dbtal pressure antemperature in the wakeharacterizethe objects entropy signature
Validation of CFD results is conducted via wind tunmelasurements at arbitrary locations in the objects

wake
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2 Literature Review

Characterizatiorof the three signatures, infrared, radar, and naeissadiscussed irthis sectionIn
addition, since the area of research is new, there is no published data on utilizing entropy signature to

detect objects in motion. Thereforecent and current research on entropy measurements will be
presented.

2.1 Infrared Signature

Infrared (IR)was discovered by Sir William Herschel in 1800 through a series of experiments with
a prism and mercury thermometers as sensors. He proved that IigHR amave the same optical
properties. IR is electromagnetic radiatiamich travels at the speed of light in a vacuum and at slower

speeds in other mediumbke air or ghss[Ref. 7]. Figure 2.1 shows where IR is located in the
electromagnetic spectrum.
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Figure 2.1: Electromagnetic Spectrum[Ref. §]
Pl ankds | at understanccacosaft KR signaturehich is illustrated irFigure2.2. The

curves showthe direct emissions from an object at different temperatitrés.observed thaas the

temperature increases tfagliant emittanceower increases at every wavelength [Rgf
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Figure 2.2: Spectral Radiant Emittance based on Plank's LayjRef. 8]

IR signaturedetectionof an aircraft is determined by the tothermalemissions and reflections.

Figure2.3is an IR image oh low flying fighter jetand it is observethat the main IR emission is the

exhaust plume.

Figure 2.3: IR Image of a Low Flying Fighter Jet [Ref 9]

The totaldetectabldR is the sum othe componentthat radiatgRef. 7 and10] which include the

airframe (vhich include solaand terrestrial reflectiofjsaerodynamially heated skin due to friction,

engine hot parts consisting of the aft turbine face, engine core, and interiorsideulalls The intensity

of the radiation from an aircraft ron-uniform and it dependen the aspect angl&igure2.4 illustrates
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the IR signature intensitpased on aspect angle for a helicopiteis observed thahe selection of the

aspect angle determines the intensity of the aircr&ftsdnature.
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\ e o i
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~
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Figure 2.4: IR Signature RangeBased on Aspect Agle of a Helicopter [Ref 5]

Themain components withigh IR intensity isengine hot parts, engine plume, and airframe [Ref.
and10]. Engine hot partgefers to any surface heated to a high temperature by the exhaust plume. The
turbine face component has thighest temperature thappears as a bright highdiance ringwhere the
center of the ring haslawr adi ance. Accor di ngid materiaB hazenacshedtal L a \
distributionwhereengine hot parteange from 450 to 700 {Ref. 7 and10]. Exhaust plumes consiset
gasessuch asCO,, CO, NOx, and H,O (vapor) where CQ; is the most important contributor to 4R
radiation signature [Refl2]. The greatest radiands at the exit of the nozzle and then diminishes with
distanceadue tothe exhaust gaséeing cooledy mixing with air [Ref 7].

Airframe havetwo signatures, absolute and contrast. Absolute is the target signature without any
background radiation. Contrast is the difference between absolute target and absolute background
radiance. Contrast varies leason the background conditiortse higher lhe background conditions the
lower the contrast conditions are and vice versa. Factors that affect contrast signatures are background
radiance level, airframe temperature and emissivity, and solar and terrestrial illumiBgtiation(2.1)
is agenerakestimationfor airframe temperature [Ref].

4 4 p T X (21)
WheredTrOis the recovery temperatui@, 0is the ambient temperature, aiMdis the Mach number.
Aircraft utilize stealth technologies to minimize signatures from componentsdikenigine parts
and exhaugtlumegRef. 13]. The YAH-64 helicopter implements the Black Hole Ocarina Systamth
reduces IR signatufeom metal parts by 30% dmplume by 40%The system directhe exhaust through
special ductswhich combine the efflux with the air stream passing over the airdtzift dissipates the

plume to enhance the mixing process [Réfand12]. Another system is the Center Body Tailpipe (CBT),
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designed by Thompson et al. [R&B]. It congsts of a film cooled outer duct surroundedagiffuser
[Ref. 16 and17]. To reduceexhaust plume intensityhe use of nomaxisymmetric nozzles enhances the
mixing of hot exhaust gases with ambiait According to a studjRef. 18], using a 6@egeenotched
nozzle can reduce thwttestmagnituddength of the plume by 33%. Other ways to enhance mixing is to
redesign the nozzle exit by using turbulators, chevrongsladralloped edges, and corrugated surfaces
[Ref. 10].

Suppression ofirframe IR magnitude is based on stealth technoltiggt maskor reduce the
emissivity ofaircraft skindue to the environmenHeat pipe cooling, liquid evaporativaoling and
thermocouplesisesystemshat sense the background temperature and heatthedakinaccordingly
resultingin IR camouflage. The skin is heated/cooled using a thermoelectric module that converts
electrical energy into a temperatgmdient whichis varied bythe applied voltage [Re10]. Reduction
in emissivity of radiating surfacis through alteringhe surface physical and chemigaopertiesOne
method to alter the physical property iy coating/painting the surface with maaerthat has a lower
emissivity. Pecific materials for low IR emissivity are explaingdreferencel4 and19. Other methods
involve usingmultiple cavities Ref. 20], or athreecolor camouflagesystem thaadopts the color of the
natural backgroundRef. 21].

2.2 Radar Signature

Radar cross sectiolRCS is an estimate of observability of a targeépending on its external
features and electromagnetic (EM) propertigsen impinged by a radar wavEhe interaction between
the target and radar wave results in parthef energy beingbsorbedandthe remaining reflectedr
diffracted The reflected energy, known as scattergay) bemeasuredn two ways. The first method is
monostatic conditions, where the EM waves reflected by the target are measured in the stioreatire
the emitting source. Theecondype of meastement is bistatic conditionyhere theeflected waves are
detected at a distanegvay from the transmitt¢Ref. 22]. For an aircraft the total RCS is the summation
of contributing components to the scattering of the radar wave. This isdifftaction at sharp edges
corners, multiple scatteringurface wavestc.[Ref. 23] andthe scattering intensity is based on aspect
angle.Starting at thanoseon angleand moving awaythe wing edge becomes the major contributor to
the overall RCSAt an aspect angle of 880 degreesthe major contributor to the overall RGSthe
engine exhaugRef. 23]. Figure 2.5 demonstrations variation in RCS with respect to the aspect angle
of a G29. The RCS exhibits a high peak+90 degreeswhichis due to the wing and fuselafief. 24].
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Figure 2.5: C-29 RCSVariation vs Aspect Angle [Ref 24]
Additional components to RC8esensors and antenrmasunted orthe aircraft this is known as antenna
mode scattering [ReR5]. RCS is defined based @guation(2.2) [Ref. 22].

K talgd 2 i Ed L 22
T Al 95 ' Mo {5 (2.2)

Where6 (iithe RCS of the targed=®0is the reflected or scattered electric fieddois the reflected or

scattered magnetic fieldE'6is the incident electric fieldandd'6is the incident magnetic fieldRCS is
expressed in dBfandequation(2.3) [Ref. 26] convertsfrom n¥ to dBn?.
A A pitl CAI (2.3)
Reducing the radar crosection (RCH radar-absorbing materials (RAMgRef. 23], andpassive
and active cancellation [Re27and28i ncr eases an ai r c.iFa R€SOreductsoh,e a |l t
shaping orierstithe surfacesnd edges so that it reflects or diffracts the scattered energy away from the
receiver Figure2.6, [Ref. 28], illustrates the effect of shapimj several shapes against a sphere (which

is the uppermost curveQut of the sixshapesthe ogiveexhibitsthe lowest RCS.
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Figure 2.6: Effects of Shaping Cone on RCYRef. 28]
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It is challengingto tailor everysurfaceto reduce th&®CSintensity, at each aspect angEventually
a surface will see a normal incideratewhich the echoed waveagnitude ishigh. Themajor aspect to
shaping is utilizing angular or curved surfaces in areas that low RCS is not as importa2if fRe28].
Two examples of aircraffigure2.7, that utilized shaping is the NorthropB(right) and Lockheed-F
117A (left).

Figure 2.7: F-117A (left) and B-2 (right) [Ref 29

The R117A uses surface facetimghere elges are parallel so thatajority of edge effects are
collectively directed awafrom important viewing angle8-2 uses faceting on the trailing edges of the
wing [Ref.30]. Figure2.8 comparesRCS of various objects [Re14].

Radar Cross Section
sq. meters 0.0001 0.001 0.01 0.1 1.0 10 100 1,000 10,000

A —
decibel
sq.meters 40 30 20 -10 0 10 20 30 40
(dBsm.) Insects Birds JI;i_ghte;'t Bombers Ships
F-117 FIA-18E/F reralt rransport
B-2 Humans Aircraft
F-22 JSF B-52

Sources: AWEST and AIAA [American insniuie of Asranaciics ang Astronaubcs)

Figure 2.8: RCS of Various Objects [Ref. 24]

Radarabsorbingmaterials (RAN) reducethe energy reflected back to the radar by means of
absorption throughre or mordoss mechanismsThis involves dielectric or magnetic properties tbie
material. The loss is the conversion of radio frequency energy into drehtnost absorbers do not
dissipate enough energy to becote¢ectably warnjRef 27 and28]. Simulationson RAM coatedplates
[Ref. 27], onemade of perfet electric conductor (PEC) and the other grapleixdibited RCS reduction
The dimensions of the plate specimislBmx2m,in t he &éx6 and Oyaddthki r ect i
incident wave directiortravels along the-axis The modelrotatesabout the »axis (theta) which is
considered the aspgafine Figure2.9 displaysthe change in RCS based on aspect amigteand without
RAM on theplates It is observed that & degrees there is an 87.7% reduction in RCS for thef&€
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and a 93.2% reduction in RCS for graphptate The aspect angle fromt@ 60 degrees iglisplayed
because it had the highest reduction in RCS.
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Figure 2.9: Comparison of using RAM on twoplates. PEC (left) and Graphite (right) [Ref. 27]

In passive cancellation of RCS, a secondary echo sauimmedducedsuch that themplitude and
phase can be adjusted to cancel the primary source. This method is only effective fowdragtrency
band and is usually limited to a athspatial sector. It is alsdifficult to generate the required frequency
dependence for this builh impedance, and the reduction obtained for one frequency rapidly disappears
as the frequency changes fR&7 and2§].

For active cancellation of RCS, or active loading, the target transsigaal thamimics theecho,

which the radar will receive (but of&alf wavelength out of phasd@)his cancels out the wave resulting
in theradarreceiverseeing no return. This nietd isvery challenging because it reiges fast processing
If poorly executed it could make the target more, rather than less, visitile teceivefRef. 28]. In

otherwords,it will act as a beacon [Re31].

2.3 Noise Signature

Noise signature of an aircraft is aerodynamic noise from its vortices, wings, rotors, gy @eid
enginesEach components noise intensity varies based on aircraft opetakenff, cruise, and landing
The intensity of noise is directly proportionaltt® wing loading and speed [R28].

Linersconsisting of classical honeycomb stuuref with an outer plate that {@orous or perforated
is one method to suppress nacelle noiBeese linersact as Helmholtzresonatorsallowing noise
reductionat a certain range frequenchhese liners are typicallpcatednear the fan of an engingnother
method treatheinlet lip with absorbersThisis eficient, but very ambitioussince the inlet lipusesde-
icing techniquesAdding noise suppressioechniquesan be challenging since the two technigaes
not necessarily compatibjRef. 32].

Fannoisereductionalsouses liners andip treatmentbuttherearetechnologies specific to the fan

component. The fan, a rotating part, generates two kinds of noisapgsfand interaction noiseatare
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dependent on rotation spefRef. 33]. One method to reduce fan noise is to optimize the shape of the
blade An experimenton two fan blade desigrifef. 34], illustrate how optimizing theblade design
reduces the baseline noise levd.observed ifrigure2.10, there is a significant noise reductioetween

the baseline and optimized blade design

100 . : . . . 100
: : | : :
a5 ---- = =——— F====-= == === T=====F===-=1 as
X : | ' .
- 8 = === === Yy == === === == === == an .
' X | . . T !
8k ---- il il Pl el 85 -
,".3 I I". 1 ' :
g BOp---- - === AL a - - e P L a0 :
—_— i i i [ =
@ = i
b= ?5-—————:—————";\—— g === T == = = - =
% i i \ i [ _? :
el | Tl e S—— 20 . -
a5 H L Be - T R e —=— Ly Benchmark | :
a— L, Opfimized | 1 | i BSh TH=mos e S
W i 1 I +LM Optimized : : '
o 0.05 01 0.15 0.2 0.25 0.3 S0g 0.05 0.1 015 02 028 0.3
¢ 0 o1

Figure 2.10: Acoustic Comparison of Benchmark and Optimized f&an. Left: sound power level in
the room (suction side) Right: sound power level downstream of the duct (pressure sid@Ref. 34]

A second method targets fan tip Mach number reduciibrs iscrucial because for largansthe
tip of the blade become transoniicis resolved by usinggearboxThe use oDistributed Aft Fan Liners
(DAFL) in the secondary dubave shown to redudroadband noisey 5 dB andalmost eliminateblade
passing frequency tonal noigeef. 35].

Chevronsare geometrical corrugations the cylindrical exhaust of either the primary jet (§are
secondary one (fan). Coréevrons direcdflow inward with respect to the jéhatreduce noise during
takeoff. Fan chevrons are generally parallel to the engine axis and reducecstiautise[Ref. 32).

Noise from the airframé due tolanding gear and high lift devices (HLDReometry istte key
factor to reduce landing geabservability Testingusing bogiefairing allowed an overall reduction of
2.0 EPNdB for the landing gear and 0.4 EPNdBtleraircraft as a whole. A secomtnceptknown as
isl ow d qplaceshbles, wires, and accesgasrin front of the main strair behind the struvhere
the flow velocity goes to zerdhis concept allows aircraft noise reductiahlanding of about2 EPNdB
and a further 0.5 dB reducti@an be gaineftom plain perforated or even porous fairifgef. 32]. High
lift devices (HLD) usegorous materialen theedge surfageslat chevrons or @n fractal spoilers for
noise reductionThesemethodshave been studied in 2D withiiMPAN exhibitingaslat noiseeduction
of 2 EPNdB. The concept oporousmaterialsis to avoid sdden flow discontinuities. Slat chem®use
corrugations on the trailing edge to suppress cohextex structures in the gap. Fractal spoilarst

or suppress the noise originating from both the spoilers side edges and the interaction of the turbulent
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spoiler wake with the downstream flafgnother advanced idea is to utilize adaptive material for the

leadingedge thatvould suppress slat gafigef. 32].

2.4 Entropy

Shigeo Hayashibarat al.used entropy to determine turbomachinery stage efficiency through two
dimensional cascade measurements .[R€f. The authors understood that the compressor stage
efficiency was difficult to obtain due to complexity of the flow field. They also opted out of conducting
tests for tubomachinery undefull-scalehigh temperature rotating flow conditionsstead,the stage
efficiency wasdeterminedas a function of the entropy generatiate thatwas a function of wake
velocity profile. The efficiency was determined bywo relationshipgRef. 37]. One in terms of total
temperature ratio and change in entropy per unit naasithe other in terms of total pressure ratio and
chang in entropy per unit mass. The next siggsto determine entropy generatioate. The authors
looked intothe University of Limerick (UL)yas turbine tearthat measured entropy generation rate using
cascade wind tunnel [Re38-40]. UL determined that entropy generation rate was the mass flow rate
multiplied by change inrgropy per unit mass across the lower to the upper edge of the wake.

Experimental and computational techniques investiyaetropy generation in the wake and
boundary layer. Experimental measurements in the wake of a compressor cascade model was used td
validate computational calculations for the same cascade mGdetputationalcalculationswere
repeatedbutin air, while keeping Reynolds number constafihis was done dum lack ofinformation
about 'R'in water which is needed for theirr@ropy generation rate equatidResultsobtained from
experimental and computational cases were integrated along the blade sudhtantdotal entropy
generation rate per unit span. The authors used a NAGAZHZ0 profile blade for their experimental
and computational method and maintained a chord Reynolds number of 8500.

The experimental method used a closed retype water tale facility. The facility consists of a
settling chamber, 3NjBNpng test section, return tank, impeller pump, sluite gate. The sluice gate is
used to obtain supersonic flow by lowering the gate to increase stagnation water level in the settling
chamber. Since flow speed desired was subcriticay; the notuse the sluice gate to achieve their desired
speed.

To visualize flow thetest section was seedeith hydrogen bubbledy placinga cathode wirdy
thetrailing edge and an anode wilewnstram A short electrical pulse is passed throughwire that
produces @hin column of hydrogen bubblénitially the kubbles are parallel to thwire but deformdue
to the local velocity profileThey maintained a constant electrical pulse rate to gemerauccessive
curvedboubbl e |l ine, -khowsoas At Rhafigemhe Coupl e Device
with a time code generatoajgtural the hydrogen bubble tirdne. These images were analyzed using

MATLAB © to determine the conversion factmtween pixels in the image and actual physical distance.
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This was achieved by placing an image of known wiitk a gridline pattern of-Inch wide squares in
the test section of the watwble. The hydrogen bubble tirliae was determined, from the image, by
knowing the time required to reach pssition. This distance isonverted into velocity by noting the
frame number imprinted on the video by the time code generator.

For the computational method, FLUERI{TComputatbnal Fluid Dynamics software) determine the
wake flow. Structuredunstructured hybrignesh grid system for the boundary layer computatias
utilized. The structured mesh was implemented near the blade surface while the rest of the domain had an
unstructuwed triangular mesh. In order to validate the computational results with experimental results, the
velocity data from the CFD model was extracted at the same location of the hydrogen bubble wire in the
water table experiment.

The experimental and CFD ressiwere comparedThe water table cascade wake results were in
good agreement with CFD wake flow simulation at a Reynolds nyrbbsed on chordf 8500. The
trend obtained were that the freestream flow increased as the stagger angle was increasad.tidralsa
was observeavhen the solidity was increased from 1.5 to arfél that the physical size of the wake
decreased as the solidity increadeéavasdetermined that the decreased wake size was a result that the
channel width was narrowed as the sofiditas increased.

The entropy generation rate per wspand® dwas determined at three locations)(11.5, and 2
inches) downstream for comparison purposEse resultexhibitedthat theextentof entropy generated
increased as solidity and staggemke increased for each locatiohhe wake results were in good
agreement with the results for the entropy generation rate based on a detailed boundary layer velocity
profile. The authors concluded that they were successful in determining the entropyigemate based
on the wake velocity profile and the rate trend showed an increase in entropy as the stagger or solidity
increased.

Michel Mansouret al.describea recently developed miniature fast response entropy probe at ETH
Zurich [Ref 41]. Their motivation was the need to determine loss generation mechanisms of
turbomachines. The probe was originally designed by Ng and Epstein4fReift consiss of a
piezoresistive sensor and a pair of thim gauges that measure unsteady pressure and temperature,
respectively. The detailed design, manufacturing, atibration of the probarefoundin referencetl
and42. The authorsised this probe in three applications; measurements in a centrifugal compressor, film
cooling configurations, and an axial turbinBhe sensors principle components are a fast response
aerodynamic probe (FRAP) and an unsteady total temperature probeobabeefilm technology. The
authors conclude that the sensor can operate at high Mach numbers and large temperature gradients whic
proves the sensors robustness and that the entropy probe can provide new information into energy loss in

mechanisms.
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3 Theoretical Consideration

Based on literature revievis sectiordiscusses the sphere and wing signataresthe derivation

of Gibbs equation.

3.1 Sphere and Wing signature

Findings on how to reduce IR, radar, and noise is theoretically applied to the sphere and the wing.
For IR signature, since there is no propulsion systempitiisarily dependent on aerodynamic heating.
Based on the general equat{@rl), the difference between airframe temperature and ambient temperature
was 0.18% and 0.07% for the sphere and wirgpectively.Radar signature reduction is obtained,
throughshaping andadarabsorbing materialn addition, to get an estimation of the RCS of the sphere
and wing, the general equations shown below are used. For the wing, a flat plate and wavelength of 1m
is assumed to make calculations simpler.

Sphere K AO (3.1

Flat plate A ! /;( E (3.2

From equationg3.1) and (3.2) the estimated RCS of the sphere and wangi 19.9dBn? and
110.6dB?, respectivelyThisis very small, 0.016n* and 0.087m? to be exactFor noise signatuyehe
main cause is from the emgi and is proportional the incominglow speed. Since there is no propulsion
systemand theflow velocities are Mach 0.1 and Mach 0,83 the sphere and wing respectively, the

noise generated tonsidered negligible

3.2 Gibbs Equation Derivation

I n t he e afGérman ghgskipRudolf Clausiusdiscovered the concept of entropye
discovered entropy from its origin in Carnot cycl€ausius formulated the firgver mathematical
formulation of entropyHe statd that if two transformatios, without necessitimg any other permanent
changecan mutually replace one anothur called equivalent, then the generations of the quantity of heat
from work at a temperature hasequivalencesalue Now known as entropyy JRef. 5].

Sinceentropy isdifficult to measureexperinentally, it can be determineitiroughGibbs equation.

This equation requires the measurement of two state pregiettital pressure and temperature.
determine Gibbs equation in terms of pressure and temperature, the use ®fated A% Law of
Thermodynamics is required. Equati@mB) shows that the change in entropy is due to the change in heat
transfer of the system dividday temperaturan reversible processeg&quation(3.4) represents the
differential form of equatioi§3.3) which is consideredreaccuratalefinition [Ref. 6].
¥3 % (3.3)
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. Al
A3 a (3.4)
To evaluate the change in entropy, tfié.dw of Thermodynamics is considered, equati@s). It shows

that internal energy is defined as change in heat transfer and change in work done by the system.

A% Al A7 (3.5)
Substitutingthe definition ofreversiblework for a gasnto equation(3.5) results in equatio(B.6).
Al A%O0A (3.6)

Although thesubstationof reversible forms of heat and work intoetl® Law of Thermodynamicgo
obtain the Gibbs equation, it is valid for irreversible processes as well. The lost work due to friction is
dissipated into heat as an irreversible component of heatiegdefinition of enthalpis now introduced
equation(3.7). Enthalpy issubstituted into equatio¢8.6) after it is re-written in its differential form,
equation(3.8).
( % 06 (3.7)
A( A%0A B6A0 (3.8)
Substituting equatior§3.8) into (3.6), results into(3.9) where the two PdV termeancelout. This
simplifies the final egation into(3.10).
A1 A( 6A0O OA O0A (3.9)
Al A( 6A0 (3.10)
The next step is to analyze equati@i0) for an ideal gas. Equatiof3.11) is the ideal gas law and
equation(3.12) is change in enthalpy for temperature diffexe of an ideal gaslsoknown as a constant
pressure process.
06 24 (3.11)
A( AA4 (3.12)
Substituting the value &f, from equatior(3.11) and the definition of dH, equatidB.13) is obtained.

N - 2 4.

Al AAA4 FAO (3.13
Taking equation(3.13) and substituting it intohie differential form of entropyequation(3.4), leads to
(3.14). Taking temperature to the other side of the equation lead to ag(8ilib).

.24
4A3AA4 A0 (3.14)
A 2. (3.15)
A3 A4 SA0

Integrating the differential form of entropy results in an equation where change in entropy can be related

to pressure and temperatusaown in equatioK3.16).
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YO Al 2 |6|- (3.16)

T

Equation(3.16)isal t ered so that change in entropyincal cu
the wake of the objeand the reference pressure and temperatugendted that total pressuredatotal
temperature at point 6206 (347 which villeused fer@mputatiorfliids | e a

dynamic (CFD) and wnd tunnel analysis.

v N~ A

- 0
Yo Al — 214— (3.17)

Since the investigation of the sphere and wing is adiabB@d rer equalsl, therefore entropy is only

based on change in pressure.

4 Computational Fluid Dynamic Analysis

Computationalfluid dynamic analysis(CFD) performed on the sphere and wingvolves
determining thetotal pressuresignatureand entropy trailbf the model athree nondimensionalied
distances away from thmodel STAR-CCM+ [Ref. 44] wasused to run CFD simulatienThe reference
values based on wind tunnel test sectitor, the simulatios for the sphere and wing as follows:

1 Psphere= 99300Pa

1 Pwing = 99180 Pa

1 T=298K

T Vshere= 35.76 m/g80 mph)

T Vwing = 22.35 m/s (50 mph)

T 1 A59kg/n’

The difference in reference pressure, for the sphere and wing, was due to wind tunnel measurements
were conducted at difference times. The wing has a slower flow speed because during wind tunnel
operations the wing exhibiténtense fluctuations. Therefore, the flow speed was reduced from 80mph to
50mph.The simulations were ran atReynolds numbetbasedon diameter and chord, of 257000 and
201000 for the sphemnd wing.The simulation signatures were evaluated &0, 6D, and 3D, from
the aft edgeof themodel whDBHr @ s6 t h e wmdav diasneter bf the $pker€he wingwas
simulatedfrom 0 to 16 degreesangle of attackat increments of 2 degre€khis chapter also discless
how the simulation and parametareset up and determinethe results of the ED analysisare in the

Resultschapter.
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4.1 Models

The sphere and wing can be observeBigure4.1 andFigure4.2

Figure 4.1: CAD - SphereModel

Figure 4.2: CAD - Wing Model
The main dimensions of the sphere and wing af@ble4.1 and detailed dimensions are in the Appendix

Table 4.1: Sphere and WingSpecifications

Cip (iN)  Goot (i) b (in) A(@in? {(deg) Le (deg)
Wing 4 5.36 24 115.6 2 0
@ (in) A (in?)
Sphere 4.5 15.9

4.2 STAR-CCM+

STAR-CCM+ is a multidisciplinary simulation software developed by-&8apco [Ref44]. This
program is used to mesh and simulate the two desired models. The remainder of this chapter will discuss

the determination of the domain size, mesidphysics model

4.2.1 Domain Geometry

The dimensions for the sphere domaimd wing domain ard5 x 135x 22.5and 20x 171 x 40

inchesrespectivelyThe size of the domaimustbe large enough tdlaw incoming flow to fullydevelop
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before it reaches the modeid so that the domain watloes not interact with flow around the moded.
save computainal timeonly half the spherand wingweresimulated since thenodelsare symmetric.
Thiswasachieveby using a fisymmetry planed. The symmetr
thatwould be obtained by mirroring the mesh about the symmetry plRefelh] which is exhibited in
Figure 4.3 and Figure 4.4. The figuresshow the domain of the sphere and wjingith the asgned
boundary conditions inlet, outlevall, and symmetry plan&he location of the spheenteris 22.9
inches away from the inlet and wallhe location of the wing (leading edge) is 40 inches from the inlet,
10.15 inches from the top wall, aBdB5 inches from the bottom wall.

Outlet /_1

Symmetry plane

Figure 4.3: SphereDomain

Outlet )

Symmetry

Figure 4.4: Wing Domain
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4.2.2 Mesh
Automated parts basedhs used to mesh the model and dom&inface cell size and cell growth

rate can be adjusted so that the area of interest can enfine cells)and the remainder of the domain
can be coase(less cells)A polyhedralmeshwasused for botlhmodels,astheyare easy and efficient to
build, requiring no more surface preparation than the equivalent tetrahedral Raghedral meshing
also contains five times fewer cells than the tetrahedral fReh45], savingon computational time
Since this wdy is interested in the wakef the model, a wake fieement wa added to the model
illustratedin Figure4.5 andFigure4.6 as well as the mesh for the wing and sphere

Figure 4.5: SphereMesh

Figure 4.6: Wing Mesh [zoomed at th&Ving]
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Figure4.5 andFigure4.6 showthat the fine mesh is located within the area of thedaband for
the wake refinementhereas the rest of the domain is coaPs&sm layer cells are added to the sphere

and wing to eccurately model the boundary layas observed ifigure4.7 andFigure4.8.

Figure 4.7: SpherePrism Layers

Figure 4.8: Wing Prism Layers

It is important to iteratene overall domain mesdizefrom, coarseo fine, to determinghe optimal
mesh This is obtained by starting with an initial mesh (cell count), running the simulation until it
converges (usually once the residuals are belofly. Wfter the firstsimulation,several iterations with
finer meshegproceed until the desireasult of the refined meskvere within or less tharb% of the
previous simula&dmesh. For the sphere awthg, it was found that the optimal cell count waSE6and
6.9E6 respedwely. Figure4.9 displaysthe trend of coefficient adrag,as the mesh domain is refindt.
is observed thahe mesh studfor the wingwas conducted fdd and 2 degrees angle of attackisTwas

to solidify the optimal mesh domain.
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Figure 4.9: Cd v Cell Count
Table 4.2 shows the results of the cell count study and the percentage difference betesten

refinements The percentage differendeetweenmodels issufficientto consider the optimal mesh is

achievedasthe percentage difference is less than 5%.

Table 4.2: Sphere and WingM eshRefinementAnalysis

Sphere
Iteration | Elements Cd Cl Cd % diff  Cl % diff
) ) ) Q) )
4,904,158 0.1742 0.0092 = =
5,491,539 0.1729 0.0074 0.752 23.4
3 6,665,538 0.1724 0.0072 0.290 3.33
Wing
0 deg
1 5,354,351 0.1776 1.3308 ~ ~
2 6,043,135 0.1760 1.3297 0.949 0.08
3 6,537,818 0.1759 1.3299 0.045 0.02
2 deg
1 6,083,254 0.1896 2.4757 ~ ~
2 6,687,184 0.1873 2.4707 1.244 0.20
3 7,544,251 0.1853 2.4676 1.052 0.13
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4.2.3 Physics Model

The physics model usédr the sphere and wing as follows:

1 Steady

1 Three dimensiond[3-D)
1 Ideal gas

9 Turbulent

1 Low y+ wall treatment

Steady state was selected because itsuffcient for the simulation to converge. Unsteady state
could have been selectdulit it typically takes an order of magnitude more computational time to
complete 3-D and ideal gasvereselected due to the natusétheinvestigation The turbulence model
was selected based arjournal article that studied turbulence modeling applied to flow over a sphere
[Ref.46]. The authors compare six turbulence motietheir experimental dat&our Reynoldsiveraged
NavierStokes(RANS) modelswhichis the twolayerk-Umodel of Chen and Patel [Réf7], k-¥ model
of Wilcox [Ref. 48], + -f modelof Durbin [Ref.49], and SA model [Ref 50]. The last two models were
LES dynamic eddy viscosity model [R&1] and DES whichis a modification to the -& model such
that closure reduces to RANS in the boundary layertandeS away from the wall [Re52]. Each
turbulence model comparedkll with the experimental datah& best model was they model, which
wasused in thesimulation of the sphere and winghek-¥ model is a tweequation model that solves
transport equations for turbulent kinetic eneend specific dissipation rate determne the turbulent

viscosity [Ref45]. Low y+ wall treatment was selectemlaccurately capture the boundary layer.

5 Wind Tunnel Analysis

The purpose of wind tunnel analysis is to repliGatd validateentropy signatures generated from
CFD simulatios. Thiswasconducted using a wakekethatmeasuredotal pressure at various distances
in the wake of the modeThentotal pressurés insertedinto equation(3.17) to determine entropyto

validateCFD resultsThe results of the wind tuehanalysisarein the Resultehapter.

5.1 Wind Tunnel

The wind tunnel used is a closed circuit subsonic tutotted at the University of Kansas, Learned
Hall. It has a 3BljNjINjégt section and a maximum speed of 200 ripk.tunnel is equipped with a six
component pyramidal straigauge balance and a computerized data acquisition system. It has a
contractionratio of 9:1 and a turbulence factor of 1.1 at 140 mph. The tunnel is powered byH# 300
electricmotor, equipped with @-bladevariable pitch propellgiRef 53and54]. Figureb.1 displaysthe

layout of the wind tunnelTheschematic drawingf the tunneis shownin Figure5.2.
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Figure 5.1: Subsonic Wind Tunnel
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Figure 5.2: Subsonic Wind Tunnel hematicDrawing [Not to scale- units in feet]

5.2 Test Stand
Since the wind tunndkst sectioris not equipped to have a wake rake mounggédst boardvas
fabricated Figure5.3. The incoming flow is from the bottom right of the figufdeblue dash linén the

figure is where the attachment points are locatedtailed dimensions for each componénin the

Appendx.

30




Figure 5.3: CAD - Wind Tunnel TestSection with Test Board

The dider apparatusvas screwedto the boardallowing the wake rake to move freely in @n

direction,Figure5.4. Once the slidewasattached, the wake rakefixed to the sliderFigure5.5.

Figure 5.4: CAD - Slider Attachment to theBoard
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