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## 4770587321: MAJOR MECHANICAL ENGINEERING

KEYWORD : SWIRLING JET/JET IN CROSSFLOW/ FLOW VISUALIZATION

/ROTATING PIPEMIXING STRUCTURE
PROMOT LIMDUMRONGTUM: SWIRLING JET IN CROSSFLOW : A FLOW
VISUALIZATION STUDY THESIS ADVISOR: ASSOC. PROF. ASI
BUNYAJITRADULYA, Ph.D., THESIS COADVISOR: ALONGKORN PIMPIN,
Ph.D 233pp.

Characteristics and mixed fluid structures of a jet in crossflow (JICF) and swirling jets in
crossflow (SJICF) with non-zero tangential velocity and non-zero circulation (NZT/NZC) are
experimentally investigated by means of Produet formation/Mie scattering/Laser-sheet imaging
technique. In the experiment, smoke fluid is introduced into the hot air jet, and evaporated, upstream
of the jet exit. When the mixture jet is issued at the jet exit, it entrains and mixes with cold crossflow
air, resulting in the smoke fluid vapor condensing to small aerosol particles that mark the regions of
mixed fluid. The mixed fluid structures are then imaged with a laser sheet and a CCD camera. The
experiment is conducted at the jet in crossflow effective velocity ratio of 4.13, the jet Reynolds
number of 14,000, the crossflow Reynolds number of 4,600. Three swirl ratios (Sr) are investigated,
namely 0 (JICF), 0.5, and 0.8. The mixed fluid structures are imaged in three sets of perpendicular
cross sectional planes, namely the cross sectional planes in the top, end, and side views.

In the case of JICF, instantaneous image in the top view reveals a series of small Kelvin-
Helmholtz (K-H) azimuthal structures of mixed fluid (which appear as bright structures) cascading
azimuthally around the unmixed core of the jet (which appears as a dark region) very near the jet exit
(e.g., at wrd = 0.05). In addition, it also reveals a more developed and larger K-H vortical roll-up
structure that periodically shedding from each lateral side of the jet. While these structures can be
observed in instantaneous image early on near the jet exit, the series of small K-H azimuthal
structures cannot be observed in the mean image due to the averaging and the more developed K-H
structure at each lateral side will not be observed in the mean image until some further distance
downstream (e.g., at wrd = 0.15). From the end view, instantaneous image reveals vortical roll-ups at
each lateral side near the jet exit. Furthermore, the mean image shows mixed fluid to be concentrated
more on each lateral and lower part of the jet. With the unmixed core at the center, the cross section of
the mean mixed fluid structure in the near field from this end view appears to be horseshoe in shape.
As the jet develops further downstream, the mean mixed fluid structure evolves into the counter-
rotating vortex pairs (CVP).

In the case of SJICF, instantaneous image in the top view reveals similar series of small K-H
azimuthal structures of mixed fluid around the unmixed core and the more developed K-H vortical
roll-up as before, but this time the amount of mixed fluid and the structures are obviously biased
towards the pressure side in comparison to the suction side. Of particular note is the much larger K-H
roll-up and shedding on the pressure side in the near field. In addition, when the mean and standard
deviation images are considered, more mixed fluid and local peak, and high turbulent intensity are
found on the pressure side. From the end view, similar vortical roll-ups as in JICF are observed in
instantaneous image, but again the bias is towards the pressure side; more mixed fluid and larger
vortical structures are found on this side. The mean and standard deviation images also show similar
trend. Furthermore, it is found that swirl causes lower jet trajectory and shorter unmixed core.

Finally, better mixing on the pressure side in comparison to the suction side in the case of
NZT/NZC SJICF is attributed to the initial tangential velocity profile. Specifically, this type of initial
tangential velocity profile results in shear layer with larger strength along the pressure side, making
the vortical structures on this side being more effective in entraining crossflow fluid as well as
promoting turbulence for mixing along this side.

Department Mechanical Engineering

Field of study Mechanical Engineering
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1.1 UNUIAZANNLTUNA

nshauuuidnlunszuaanzanadunisivanugiuinuedieandteeaneluginenl
fi19MaAanssN i Tu Combustor (Idlunsanmamasdinaniueinialunszuaunig
wlvg), TuwGas  turbine  (ldlunisszursmnuFauainlunm) wazluezeaduwuy
V/STOL(Vertical Short Take Off and Landing, V/STOL) #ldludqenfin1sau-aslu
WA wananddany luFasfifgadesiudnfanlazuaniag i nnaseunanuEau
ANYBTNTITe3 TN U NANMNITHA LA UAT N199zUNEAINAREAINLABIATUAS
g1ln 1.1

nsluanuuianlunszuaana1eiiilaseaFeandudauasinisdnsinaa iy
Tasea¥9ae9nstvia (Fric and Roshko, 1994) wialiiAnAruidnlaludnenicuasiunans
stuuunsluaniietu duazidulsylamidenisasuannisluauaznisyiuilyalsyd@nsnan
nruanlptvaulnaluaanniuudulsinnaAneE Walunszuaanananaafiulneaiig

< 1 =2 v 9 a < -

21098 R TUNIZULAANTINS U N1TANE1 IATIATISLazIdUN1IALTeLaR (Kamotani  and
Greber, 1972), n1sAnelAs9as NNARNARBNITRANTRLAR lNTZUAANT219 (Smith and

Mungal, 1998), nisAnEL&UNIAY Lazn13Wdn (Yuan and Street, 1998), nnsAnEA

@”ﬂwm:‘iﬂN@%‘Nﬁﬁm?ﬂﬁﬁuﬁuﬁ(Interaction) ILUINIAR WazNIzLaan1Ie (Kelso et
al., 1996; Yuan et al., 1999; Limetal., 2001; Sau et al., 2004; Muppidi and Mahesh,
2005; Denev et al. 2005)

a e

wanaInd luanuddana Ul Yuan et al. (1999) wudinnailasunidasaninznig

InaBusundnidalnasaniswmuafigaeasnlunszuaanaasiuadreuin a9l
= = a N M1, ) \ 1y
nisAnE DN TAELLlasanInsENFUAIN a9 lugtuL AR 19 A191979 Taaanne
. v @ a o . K

mﬂummumumq (Swirling ~ flow) dulilunnsrundn Ldauatrsuinlunising
szAnsninnisnanaasldnaasy (Free jet) Wi aangnuiqaaas (Wy) Feyedelem and
Sarpkaya (1997) uaz Wangjiraniran et al. (1999)uazsiaunlaaeaudaaans Niederhaus
et al. (1997) lFAnwInaI0INIMYUNNFaAUANHIUEa0Y 1R TunsziaaNa91sTneng
a31a swirl Aogluin unarinliaauialuwwidudauas Circulation At nidmugue

wudnanmzaed CVP  wasulilanndnsnisiAaudaaiinms lunsain lds Swirl 1w
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Anwnueh Vortex funilaiawnalaauuazansuniiaiauinanaasantagliranaalyl
\{lu Comma shape  TunstininazesnisuyuAteuenanideny high  concentration
196U Pressure side Tunnamseriudau Wangjiraniran and Bunyajitradulya (2001) 16
=2 o @ Y dl ¥ - . | o ¥
AnwAdnEizaadnfaunuyuaclunszuaanuanelaeld rotating pipe usaaing

AMEa TuNN9MyuALY Swirl delunstiiivinlif Tangential velocity uaz Circulation fitn

1
=

Ea ldifugud wudntsnundsnuunuazdnsnisdaauulasesg g igeasatniesn

=

'
A 1 a

Suction wansAnufigLulaudiazldnanseiudiu(nialiReulansreiu)andugedn
naulauazduuzienareas Tangential Velocity Profile Tsanaazidunannliiaanu

LANFNALNNNINABNTWRLFAURSLE Asia 1]

1.2 uIRENNIUN
(=3
LAR LUNTELARNUING

Rajaratnam (1976) lautisansoizans inlunszuaanaaneeaniddy 3 UFumu
gﬂ‘ﬁ' 1.2 l#uni Potential core region dufhuidaninansaes Shear layer 284 Jet Tugaq
#uds Total pressure flAnasinianalatl Keffer and Baines (1963) WLANT] Velocity ratio
W1NNd1 4 unuwes Potential core azeupgagluuuauniaed Jet luanizfide Velocity
ratio Waanan 4 unuwas Potential core %Fmﬁﬂuiﬂsluﬁmmwm Cross flow u@n@’mﬁ
Pratte and Baines (1967) g Velocity ratio g4°) A39:4e12103 Potential core 183

<

= 17 2 = - | - - ¥
Walunsziaantisasiunadn lnanstiues Free Jet maa’n Potential core region a2t11

4 Zone of maximum deflection Fodustnufiinnddeuimnises Jet mnﬁz@mmzﬁa
{usfanidifl Pressure gradient uag Entrainment rate mm’ﬁ'zgmﬁﬂﬁﬂuﬁmmﬁmnﬁ%
Apazilaatinegnses sioanduazdluidiant Far field Seflfneuzdning Self-similar
uazfluiBuiinisinasiinlging

Fric and Roshko (1994) laAnm1lasea¥isaas Vortical sturcture 209 1&m’lu
NIZUAANTINNLLN 18mTunszuaantaedl Vortical structure 4 anmouzlaun Jet shear
layer vortices %‘uﬂummm Kelvin-Helmholtz instability aannisuansa (Separation)
284 Shear layer 1isianuilnn Jet, Horseshoe vortices Fafinann Boundary layer 2a3t:13
1§5unazes Adverse pressure gradient tiesann Jet ﬁvﬂqaﬂﬂmﬂu Free stream il
Fnuuzadne@aiazanenisiva (Obstacle), Counter-rotating vortex pair (CVP) dauflu

nalnndAnylunisuansion Far field uaz Wake vortices 131anusnunas Jet fgl 1.3



a1mfunalnlunisiia Counter-rotating vortex pairs (CVP) gialaiiduinidnlaruunn

o 1o dl dl v Aa ] 16) & (=3 o A a -
Uun LLmaﬂHmwmGn\mm'wmuﬁlmjmmmmum\mumm@mm Separatlon ABN Boundary

layer meluieiian Jet  $nlfRANnssiaugages CVP (Moussa et al. (1977),

Andreopoulos (1984,1985), Andreopoulos and Rodi (1984), Sykes et al. (1986), Coelho
and Hunt (1989) uaz Kelso et al. (1996)) uananii Kelso et al. (1996) Lawad1 Vortex

ring ﬁﬁmﬂ,ﬂ'ﬁ'ﬂugﬂéwﬁ@wm Cross flow fluid wag Vorticity fiRnanuTreitusing
duasAsznauuaziinaluniaiia CVP uaeaiu

Kelso et al. (1996) asunz91 CVP Laz Wall vortices Fafmnuidealeeiy Wake
vortices waz#i Reynolds number gaanenizany Wake azulaeulilu 3 &nwasie von
Karman vortex street, Mushroom-like upright vortex waz Alternative mushroom-like
upright vortexﬁqgﬂﬁ' 1.4 uazldagulanwuzlnsginiges Anlunszuaananediiatuly
mmq:ﬁi’mﬁagﬂﬁ 15

u@ﬂ‘ﬂﬁﬂ‘ﬁ Yuan et al. (1999) lanulaseasngans Vortical structure v3vinu Near
field 3 ﬁﬂﬂmzﬁagﬂﬁ 1.6 laud 1) Hanging vortices fauunsTanfiTe NI LAaNTINN
grudradrunluadalaafunun1s8auA AN AANISIRINATINTIZNINIANITUAALAS

nseuaaNwI(a

mean

) Aagilin 1.7 () @slassadrenanaruinain Ao ldsietiasandaniuisa
1 [-3 [ % a 9;/ o . e . A dld 1
FENINIARTUNTZUAANINN MU ANISFIRINNL O, (U, waz U, ) 13anizendn Skewed
mixing layer fag1l7 1.7 (1) Usznauiunislifunaaasniswn (Convection) an G, 2)
Spanwise rollers TefianEauzingniunisdausauas Vortex ring 1998naase uallasainua
WAINTLUAANTINAN WAIANTRANEusa LN Ta AR [l A ana taeann s A udnasnts
AYINLEATDINTTUARNTINNAEYNLIIUAENUILHD UG AN IA WL ANz T8
Spanwiserollers RN IEAUATINUATATUNALARAIZLIN 1.8 waz 3) Vertical streaks TaHuny
v o QI a dl a - ¥ ¥ dl
n3dausa luuwaad InenneainnisaauiAnnaaas Spanwise rollers ANUNTN LHAIAIN WA

284 Perturbation waz Gradient aasanxi3a TuluamImINLW Downstream (6v/ox )

o - [
v@uNg (Trajectory) 1a9Ltam lUN1SUARNAIN

Pratte uaz Baines (1967) l#Anm1 Trajectory wasaaniZalaslnidnsnes

a Ce 1 o a’l dl o dgj QD [ E% 1
UFNAUENAINTaIUNUIILNaNTAN 6 HaTegeannszdunu 8 Wovinliluiiinaneg
Boundary layer wesnilsiinu wazwuAuduiusaeas Trajectory lugilans Empirical
equation lu rd — scale muANANAUS y/rd = A(x/rd)" (ludaa r = 5 Dar = 35) Tae

ANASA A Laz m 15U Trajectory a9 Outer boundary, Centerline waz Inner boundary



winfiu 2.63, 2.05, 1.35 uaz 0.28, 0.28, 0.28 mua1mu  (Centerline trajectory l#ann

dl 1 :l/ o ¥ dl 14 o
eaENaNaNeszidne Outer waz Inner boundary) sauvisdnsUzdayai ldaInnI1maaaess
311 1.9 (a3l @ = r = Velocity ratio) wanainieiainisiiansoun Trajectory s

u

wwaunued Jet (&) pagd 1.10

Kamotani and Greber (1972) l#@n® Trajectory 1a4a2185uazgnunilag
11 Jet ARogAULNUINUINGIAINIZALNY 2.5 Hauazieanaaua uuinaaduausy 2
oy 1ildfnaaas Boundary layer 2996i3sniy Laznnimaaadlunstln

1) gounn N Jet Winduanuundeas Cross flow waz

2) grungRaes Jet gandigingiiaes Cross flow tszanns 75 °F uaz 320 °F

e | A

ANNNANITNAAIANTLIN 1.11 wudn Trajectory 189A213L3Y (HENANUWITR99A
NRAMNFININNGALUITLUANNIRT) TUiLSRIdul N Tne liauAudndounan
WU wazanudl Trajectory 2849nuuni (Be1danuua1e9qaanlguugininigauy
FLUNLANNIAT)  WBNANNAZIUNLEA T AU TNINUANLATNTUALERINEIUAM NN U WL
< £ 4
Lantatsae

da’ o 1 - aa - £ 1 -
UANANNUENWLAN Trajectory 129U NN Penetration 1atndn Trajectory a4

ANNLFINERTdaulu LN‘LL[}?]/S\]LaﬂﬂﬁuIﬂHLL@@QV’W’J’]N@/NW‘MTJ{%@QLKHVI”I\?‘H@QV’WQWNL?"JLL@&

AUNNNAIANNNT

X 0.36
Yy _ 0.89r04 (—j 2.1)
d d
0.11 0.29
Yr _ 7300 21 [ﬁj 2.2)
d pcf d

Aeansnlguluglaenaguszndiianuiilss@ninauazidud uaudnataden(rd-

scale) lauflu

X 0.36
Yo _ 0.89r°-3(—j 2.3)
rd rd
0.11 0.29
Yr _g.73r08| £ [ij 2.4)
rd P rd



Smith and Mungal (1998) l##n&1 Trajectory wa4 Scalar concentration (e
mmmqmmﬁgmﬁﬁm Concentration mﬂﬁqmum:u’m Z = 0) 1ae Trajectory 514%LL’1J:‘
pa rd-scale Vorticalformation tiuazutsnna d-scale ﬁqgﬂﬁ' 1.12 Tasithn Jet ﬂgljﬁl?tﬁll
el Wi Trajectorylu rd scale sl Collapse A sineeiu (bugag r = 10 D r = 25) Faping

ANNANNINAREIT8Y Pratte and Baines (1967) viilanaaziiiasainnisfilin Jet agh

a

[ % dgj o v % dldy Z’/ a a dld [ % oI
seauNuiNliinaaas Boundary layer 2e9uiiaifusanian i auTi AN AuaI
¥ o dj a g o - - dl Z’/ = o dl 1
fnunasilan Jet GeilAauiy Velocity ratio uazil r=5 tuariaAnanenieNuAnG19ann
r=10 D4 25 unninszinaiiaaannuild (Fric and Roshko (1994) WULFIMARANALAN

AANAT 1 < 8)

Entrainment aa4 LgﬁlclUﬂ‘é‘SLLﬂﬂﬂ\l‘ll‘)’N

ANsAN® Entrainment 4719450 187 lunszuaanan iUl Ao ndudaueAaudeuin
dll al o [~ aa ] [~3 = - dl 1
Wagannnisivadaneuzidu 3 46 asglsiniunis@nei Entrainment  Anuunay
Nangeunann Spread rate Laz Decay rate vi9luidzaIANmFRAt LA Mean scalar @9
. . da £ . , = o, s
Hupnianmouznianndimanlesiy Entrainment LATd N1 AN LSdE TasnNsANEIT

BN Entrainment Lazn1INdNd Uiy 1aa lunszudaanaanaiinnnndnnstites Free
jet (Keffer and Baines (1963), Pratte and Baines (1967), Rajaratnam and
Gangadhariah (1980) waz Andreopoulos and Rodi (1984))

Smith and Mungal (1998) l5@n®1 Scalar concentration decay ﬁqgﬂﬁ 1.13
wudn Centerline concentration decay lui31as Near field wilsmns (S/rd)™3 (Lfllﬂ S An
szezmsluuwa Centerline deilansaanan Maximum concentration Tuwsiazuiinsa) way
TwiiBooy Far field wisany (S/rd)?® Taedl Branch point fitsyanay S/rd = 0.3 Fafly
Srumiantinslagnutlasanusinaian sudsAeud s (Enhanced mixing) lig
1Rnamiinsnananas (Reduced mixing) senannigieldiBendanfunsdiaes Free jet
%'q Decay rate L3 ™

Yuan and Street (1998) wuannalnaas Entrainment av3uiamlunssiaanans
SuldFuanInaannsAaeuiinarn s asuu e Large  coherent  structure
\iwiAeaiy Turbulent shear flow Tmﬂmﬂgﬂ‘ﬁl 1.14 ludasfuansnisugn (Z < 3)
Spanwise roller ffiAann Shear layer 194 Jet Az IAANs A uwasfindu faszmdng

Jet uaz Cross flow v ldiAan1snanluszsu Large scale TaNANHULARNEALNTNANTRS
Free jet



FannluU3n Bending region nisuanaziinannaninazas Cross flow fluid
Tner Cross flow fluid azgnaadinlilu Jet fluid inlkiAndasdnsszudng Jet fluid auin
TnnjilesannyuilznenaAaudnaninszndng Jet fluid uaz Cross flow fluid @i lififinnig

o A

nanlusza Large scale uazduiunisuanlusdiin Far field aziinalnidnAtyAaniaiia
CVP Tae Cross flow fluid azgnmsasnimiesinuaenes Jet iasain Circulation w9
CVP uanannil Trajectory uaz Entrainment faiminudniusiu Inanazes Yuan and

Street (1998) Tuuz31n3% Trajectory ANadtillLan331d Entrainment (AN

= 2 ala o =3
n1sAneNauad Inlet condition V]Nﬂﬂﬂm@ﬂﬁm&“ﬂ’ﬂﬂlqmluniguﬂ@u“ln']ﬂ

Q

Sau et al. (2004) Ane1lAseadn9ae9 Vortical structure Li3ians Near field 12987

1% o

nthnnseeniiluglawasauanizdn CVP finain Skewed mixing layer MW w16o

a

v Y v [3 1 - d%l dl
AINNINUNIANULNNTDILAR LLAZNL91 Wake vortice  structure fa:ﬂmﬂgmumu bITU

Downstream Horse shoe #nasiedaauniesin Upstream@ailunaaesnist Jaunusaes

Shear layer #wuiuRaRgLy 1.15

Zaman and Foss (1997) l#FAn=1uaaee Vortex generators Tnafa Delta taps
15ndan Jet wuainnesia Delta taps Aunda (Windward side) 1113 Jet penetration

anaITINTINaA Strength a9 CVP tanfsaumaudunsiin|\sa Tap fagil 1.16

uananniifanudanisia Delta taps—inunas (Leeward side) ludsnasie Jet
penetration waz Strength aas CVP FadenndeetunsAnETeq Lincinsky (1995)
Lﬁmmnﬁmuﬁq (Leeward side) Lﬂuu??mmﬁ'ﬁ Static pressure rﬁ’iﬂumm:ﬁ'é’ﬁwﬁﬂ
(Windward side) ifluii31anuiiil Static_ pressure Qaﬁﬁﬂﬂdf] “Pressure hill” Faiflu

Primary source 224 Streamwise vorticity éﬁgﬂﬁ 1.17

Bunyajitradulya and-Sathapornnanon: (2005) ‘Iéiin1s@nsinansznuaes Tab

. . Nl L = vo o
FlaNI9INIzANLFRTDAARFauNUYUA%N lUNsTaaN1919gln 1,18 Tunimasesldvianisdn
nsnszanaaade R ins At LuIT UM AANFIaINAURiAn1anIs luasesnssuaan
:l/ z ¥ o all 1 [ % ] [~3 a a dl a a e
9nsilAIN1ImaaasiAandauaNElsrandna(r)asitsennnd. 0lna dAE3sa
(Sr) winfiu 0 Tunsalidm liuguassuazviniy 0.52 neuianmyuAce NA1  Reynolds

numberzedtandsruns 15,000 waznszuaan1a9dszunnd 4,400 Taeld Tab g1l
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drufunanimaaaslunsdlifalinyuanslunssuaanaaneduanslugli 1.19
wuinlaneairanislusaziiranalannfigaiiiefia Tab  U3ianusiumis Lateral aasdls
Windward nei§aazifianisilasuutlasainiassaigdadeidnenizlasaiensiva
iy Counter Rotating Vortex Pair (CVP) lunstilaisia Tab liliflulassa¥rsgilqania

o ' ] d’l 1 ==K Y o g dlo o
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° [ dd‘ c A o dl
AuFunanimaaeslunaiinianinianyuawlunssuaanaeAwansluglin 1.20
1A ¥ o A @ 1 ! 1 (=3 o = ] o 1Y 1 A
wudnduapdneiunstldsa livsuasusatina lafinndiasi Anuanssiuegiinenanape
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N192AaNNAANAIUE1TUNN I TRAANIINYUAE AINRANITNARBINLINARNH AN



1
a

flutlaugetiu - M linuniaTiAsauAguLBIIINEANNARAINdUTsanIA (Negative

=

pressure) anas ﬁqmmﬂﬂ?ﬂmﬁﬂmwdwgﬂﬁ 1.21(n) uaz (1)  uardewinliany
Penetration anasiosl LL@:Lﬁ@ﬁm?Mﬁmmmm?mumawudﬁ NAUBNITUHUANAINAND

~ Aao y = o YO A
qgﬁNN’]ﬂiu@ﬂqQ:ﬁ‘V]N RTIRAUAITNLTI (rv) 2k azisniniA NTIuLlaug IﬂﬂL'ﬂW’]Zﬁ‘V]

a

74
cald a A

UFnulndlnids uwazdanuandaadaaninisuyguaseinliausuatiadnnuiol Ay

@

TdanunnTuINaW AsNanIaTaLMaLsEgeglR 1.21 (n) waz () Ay lHAnd

Penetration anauilenfzauiiauiunsminldinisuyuanednsas usdansetiufinnideng

v
[ %

fanuusfidAyedusznisuildlifindaniuralunsdlifinismsuans waziinisvaunsie
mméfumamﬂ‘u?mmﬁué’muﬁﬁLﬁmﬁmmmmqwmﬂzmﬁuLfﬁmzﬁmmﬁu@ﬁmﬁqmdﬁ
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v s = [~ v P73 - M Y deg( A = v 1
wihdnneiandes agillaan Swirl Tdlddaelunisnanlinawiseinatiasuinsanisuas
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nagLam (leeward)
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(2005) wul high concentration #19A114 Suction

azifinlddnannanideftunntszfufnanndaduusldinenaazdunauiann
ANNNLANGANNTAY Tangential Velocity Profile Farnlriinaetnsnndants WG
ﬁmﬁqﬁuﬁlmmﬁﬁﬂﬁfmﬁLﬂmmﬂslum@ﬁﬂmimm%‘ﬁqLL@zmﬁ‘ﬁwmﬁwmLf'ﬁmﬁmumq

TunszuaananeuuuaNE lunidududalidugudlianaanntisau
13 IngissaAradnulag

WaAneITmMUINTLas TAsaF s TR Tnaiansu1ann1Tnausaaas Smoke
Fluid (Condensation) fintinsinluszunusneieddnlunsziaanaaneuazidninyuasly
nisudaNaIswuUAIN L3 lunLg i ududauazCirculation sl ueue (Non-Zero
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AUIANENFA 30X30 ANFNLEUALNATLAZEND 120 @wURNAT IaaniadNansnseilumn
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Filter &v3unsasu duiuniseantafnss Bush auauiunnuFauiainaindannanass
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2.3.2 A" Swirl ratio
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mmmmimmgumq

a '
NatiLas livyw

a @ 1
natliAe lviyu

ANRRLTBNNN

Nnsines Sr0 A9 Sr05 Aaa Sr08 N5l
mmﬁqm?{ﬂ (u_j, m/s) 9.98 £0.20 10.43+0.16 | 10.40+0.16 10.27+ 0.17
mmﬁqﬁamﬁmmaﬁm (u;., m/s) 10.01+0.1 9.30+0.1 9.30+0.1 95+1.0
ANITIRINTZUAANTIN (U , M/S) 2.16 £0.0 2.16 £0.0 2.16+0.0 2.16+0.0
fqmuqﬁmﬁﬂ (T,,C) 132.05+0.31 | 131.87+0.31 | 131.28 +0.31 | 131.73+0.31
@mﬂqﬁﬁfﬁmﬁlmmmﬁm (T;e. C) 149.50 +0.31 | 149.20+ 0.31 | 149.00 £ 0.31 | 149.23+0.31
gounireanszuaan1g (T,, C) | 81.00 +0.31 30.00+0.31 | 31.00+0.31 | 30.60+0.31
8nI1duANNEIUsTANTHA (1 ) 4.01 £0.29 420+0.30 | 4.19+0.30 413 +0.29
Densimetric Froude number (Fr) 0.24+0.0 0.13+0.0 0.13+0.0 0.16 £ 0.0
Reynolds number zeadn (Rej) 14,000+ 160 | 14,690+ 176 | 14,640+ 176 | 14,440+ 176
Reynolds number aaanszuaanmang (Rec) 4,600 £ 0 4,600+ 0 4,600 + 0 4,600 £ 0

A1T19 2.1 TEaziREANIINIAeSIUNNINARBILAZANNARTALARDLLLLAAZNITL
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Swirl A m
sr0 1.39 0.25
Pressure Side sr05 1.27 0.24
sr08 1.07 0.22
3 sr0 1.37 0.22
= Center sr05 1.25 0.23
= sr08 1.01 0.21
sr0 1.36 0.21
Suction Side sr05 1.21 0.22
sr08 0.98 0.19
Center of mass o2 s 0.29
z trajectory sr05 1.13 0.27
S sr08 0.97 0.2
2 sr0 1.21 0.29
H Centroid trajectory sr05 1.14 0.27
sr08 1.04 0.21

19799 3.1 wansAl A LaT M HANNINAABINIEL Swirl A 7 1, winriu 4.1
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. film cooling

impingement,
cooling

......

dl <3 dl a a 1 o
gﬂ‘Vl 1.1 nrvauuudslunssiganansiiinannnisszunge N Adaanlansndu uas

N173eUNEAITN

T
4 ——

1

$auninuag Turbine blade

L2 ™ 4

¢ 3 £l 4 |&C-
A
Y

section X-X

4 n s ouvter bov

| -Potenticl core region

[ ~Zone of maoximum deflection
Il -Vortex zone

AD - Jet penetration line

OG-Center line of jet
OF - Axis of jet

anendzaas Jet 1w Cross flow (Rajaratnam, 1976)
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Shear Layer

gﬂﬁ' 1.3 Im3aaineaes Vortical structure 184 Jet 1 Cross flow
(Fric and Roshko, 1994)

(B) Mear-shde
WOMEL
Far-ude Elevation

Fioume 8. For caption see facing page.

gﬂ‘ﬁ' 1.4 dAnmouzaas Wake vortices (Upright vortices) a) von Kaman vortex street,
b) Mushroom-like upright vortex structure, c) Alternative Mushroom-
like upright (Kelso et al., 1996)
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6
4| Ne upright vortex =
ding | =Shedding of upright
54 = vortices e
4 - = Upright vortex regularity L
i increases (Mote 1)
‘R 34 Large-scale shear layer §

,_{:;r roll-up {whole perimeter)
Hovering vortex | %

&
3 J | Kelvin-Helmholiz

shear layer roll-up
{upstream side)

t More regular vortex
: L =
o

1 4 ll!lHIIIllIHII|II1H]IIIIII'I!H!IIIIIHHIIII'I'IHTIIIIIIIIHIIIII

| No roll-up on upstream side of shear layer (Note 3.)]

No upright vortex shedding

T T T B T T

0 500 1000 1500 2000 2500
Re
gﬂﬁ 15 anwnuzlaseaiieues Jet T Cross flow ﬁaquﬁhm (Kelso et al., 1996)
Note:1) Tnevinlyl Upright vortices Aaf Velocity ratio 1szannd 4
2) inm Vortex breakdown 7 Velocity ratio > 3

3) a7n Limetal. (1992)
4) R =r=Velocity ratio

= '

Spanwize Follers

Hanging Vertices

51N 1.6 Tasea¥rer3ions Near field 9a918nTunssuaananns auanaiilu

Isosurface 224 Vorticity (Yuan etal., 1999)
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U] Umean
| Ui
Uj
Hanging vortices
R
Uct
L Uncf
Ucf
(n) (V)
gﬂﬁ 1.7 TAa9aT19929 Hanging vortices (Yuan et al., 1999)

(n) g1 Schematic 284 Hanging vortices

(1) Vector manuiiadeuaninalnaasnisiia Hanging vortices

7171 1.8 Tasaai1eaes Spanwise rollers auanqiili Instantaneous contour 193

Spanwise vorticity (o,) Ineiduilszuansanau (Yuan et at., 1999)
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VEL. CENTERLINE

©T,-To® 320°F

ol -To=T3*F
. AT -Tgr O
0O
o = [] 1%
x
T
gﬂ'ﬁ 1.11 Trajectory m@qmm@fqum@qmuqmumﬁ Ti-To=0, Tj-To =75 F uaz
T;-To = 320 F (Kamotani and Greber, 1972)
b4
rd
b4
o
31 1.12

Centerline trajectory (Smith and Mungal, 1998)

79



C (%) L]

el

. | N e i g% o) i PR T T
) [FX] F] [] 1 x L] [}
sird

gﬁﬁ' 1.13  uamy Centerline concentration decay sauiiun S
(Smith and Mungal, 1998)

R

gﬂﬁ 1.14  uamd Contour 48 Instantanous spanwise vorticity (41¢1) uaz Contour 183

Scalar concentration (191) v Centerplane (Yuan and Street, 1998)
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gﬂﬁ 1.17  n1angeaneuas Static pressure LUIANI96197) (Zaman and Foss, 1997)

10 mim

£

gﬂﬁ 1.18 (n)Tab Lazn1sfinRe Tab (1) FTULLNY [;T\mfmﬁuﬁﬁmamimu
( Bunyajitradulya and Sathapornnanon ,2005)
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9N 1.19  nisnszarasnvasgund Cq . Tu Cross plane muiidnie Downstream #itlinnisasn

m@qﬁmmﬂiﬂmumqﬁ'iw: x/rd =(n)0.25, (v)0.5, (1)1.0( Bunyajitradulya and
Sathapornnanon ,2005)
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91N 120  nasnszanefnaasguudl Cog . 1u Cross plane mudiAnis Downstream #itn

N1NBAN mﬂw'-"immnimumqﬁ@:m x/rd =(n)0.25, (v)0.5, ()1.0
( Bunyajitradulya and Sathapornnanon ,2005)
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Surface pressures, low-turbulence jet, B=4.0 Surface pressures, high-turbulence jet, R=4.0

(M) (V)

Surface pressures, 58% swirl jet, R =4.0

(m)
dl % o/ = rdldil = - =
sun 1.21 N1FNIEINERIVDIAMNAUADFAEINNUND Test section  LITLIEUTLUDL
nidnTaagi(n)uaz(@)uanenstinian liinamyuaagl () uanansl

=

ﬁLﬁmmﬂﬁ@mumq (Kavsaoglu and Schetz ,1989)
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N Ay
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91/11.23  Instantaneous iso-concentration 17 1.24  nwaadnaas Streamline LazAn

surface Tag S; =0.1 Top view AududR x= 0 uay x =1.83D
n)S=0, 1)S=0.4, m) S=0.6 Top view n,2) S=0, A,3) S=0.4,
(Denev et al. (2004)) a,9) $S=0.6(Denev et al. (2004))
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g‘ﬂﬁ 1.26 71/9749 Contour 229N luanildqe Bunyajitradulya and
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Wire-gauze screen Wire-gauze screen
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— -8 .- - __ _____1g
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Pl ) in jection .
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163 _J48|55|, 160 217 320 480 N
1443
Flexible duct

Adaptor diffuser

Blower Main diffuser  Settling chamber Contraction Test section

917 2.1 Schematic 1avgliefan (MiogauRmg)

gﬂﬁ' 2.2 Waanwaslds (Centrifugal Blower) atialuinuuy Backward-curved airfoil

11 30 AladmsnlddmiuglusAa
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[ R —— UCf ____________________________________________________
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N A Motor and
A_I;ﬁheaters
Atomize /
7 ' BT '§'§'§§E— Air from flow
1. .h L b << <\H monitoring section

A\

Wire-gauze screen

Perforated plates

(10x15)
(n)
Air inlet
lD1=10mm
D,=4.5mm
I |€4—Smoke fluid
Inlet 0.1cc/s
D3=6.5mm
(1)
Needle Valve Feeder
0cm
20cm 30 cm "i\ 20cm 20cm AII‘ fI’0m ﬂOW
i | monitoring
o | o | U j i i section
: : : I i i D
I 1 1 1 1 1
o ' o ' o ' ' ,
(A)
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Prisms
<«— (Reflection 90°)

cylindrical/y

lenses

| — Laser beam
1.4 mm

Crossflow i 3
’ Argon ion Laser

JET Exit Camera

gﬂﬁ' 2.9 Schematic Laser Visualization System

gﬂ'ﬁ 2.10 guddnagn Laser Beam (Model Stabilite 2017)
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(n) (1)

AT AIAMALLIL Prisms Ml

(n) 31l Schematic Right-Angle Prisms (90° Reflection)
AWM 32.5X32.5X22.5 mm

(m) gi/ahe Right-Angle Prisms (90° Reflection)

WA 32.5X32.5X22.5 mm

51112.12  Schematicgnsnaidauuazganisdsatuaauuy Cylindrical lenses

HNLIUA 50 29A1TUIA 6X4.5 mm
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gﬂﬁ 2.14 g1 Schematic 2a4 Probe TEory (n)-(A) Pitot probe A, B uay C auaiau

(4) Yaw probe waz (a) Thermocouple probe
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(%) Yaw probe waz (a) Thermocouple probe
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7N 2.16  ginsninnsingns)

(n) Pressure transducer (1) Digital multimeter

(n) Optical Tachometer (4) FaEUgMUYNaN Thermocouple
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X

X

Transverse

Transverse direction

direction

90 degree z
Rotation

(n) (1)

917 2.18  AnwuznAiAANNEENAUNUANEN (N) A3 27 (1) AINLWD X

Calibration Thermocouple Type T 90-170 C
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y = 0.9934x - 0.3661
2 _
160.0 - R™=1
y =0.9887x - 0.8792
140.0 5
R =1

S 1200

s //

ad

80.0

60.0 -

Thermocouple Temperature
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® Up90-170 & 260707 —1&udu (Up 90-170) = 1Huidu (260707) ‘
0.0 T T T T T T T T
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Standard Temperature (C)

71 2.19  uantsaeuiiey Thermocouple Weuiuginsnininsgiuae Drywell Calibrator
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4113UN19vAaad (n) End view (1) Top view uaz (A) Side view
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