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This study numerically investigates the complex three—dimensional turbulent flow around a trapezoidal mixing tab, which acts as
a vortex generator in an infrared signature Suppression System(IRSS), While previous studies heavily relied on steady Reynolds—
averaged Navier—Stokes(RANS) models, this research employs the Detached Eddy Simulation(DES) to precisely capture unsteady
vortex shedding and micro—scale mixing mechanisms, The simulation was conducted for an incompressible pipe flow at a
Reynolds number of 150,000, Grid convergence was verified using Pope' s criterion, and the DES results demonstrated a
superior agreement with experimental velocity profiles compared to the RANS predictions, Furthermore, the turbulent kinetic
energy spectrum closely followed Kolmogorov' s —5/3 decay law in the inertial subrange, confirming the validity of the resolved
flow scales, By utilizing the Q—R topological diagram based on the invariants of the velocity gradient tensor, the dynamic
evolution of vortical structures was quantitatively classified, The analysis revealed that the stable focus/stretching(SFS) and
unstable focus/compressing(UFC) topologies actively govern the turbulent energy cascade, reflecting a dynamic equilibrium of
vortex creation and viscous dissipation, Ultimately, the high—fidelity DES successfully captures the intricate fragmentation of
hairpin vortices, providing profound insights for optimizing fluid mixing systems,

Keywords : Infrared signature suppression system(IRSS, MM A Xzt &X|), Detached eddy simulation(DES, 22| OflC] ZAp,
Vortex generator(2ks 2HA7)) Velocity gradient tensor(£&= 4 BlLA), Turbulent energy cascade( & O X| Z12)

1 ] A—I E 1989; Yoon et al., 2017; Choi et al., 2025). IRSS &&= 12
of HiZ7|7tALt X2l T Z7|E 2Elsio] tiE Tirl RS
2o Me|M(infrared, IR) &&= F2 FEV|HM viES]| HEE= A dRfEQl =%2 st ol3fst =8 M 30iEt
= 129 H7|7Aet iE ¢ vl Ji¥E F& FHoAM SP7| flah Hi7 |2 Lol Bi(tab) 2t 22 Hatg 'j'—.%lE st
SIANEl = Hof|LXol| ol LASICE o213 HelM AlSE XM U5t 7 Mo 7|E0| M=o ICHSingh et al., 2020).
HMo|M X 2| 2 Rzl o5l HH ZEE = esz 0| QT 2T |(vortex generator)i AZshs 0|E1 2lEe
£ F1Moz NMzsk=s 7|52 2 MEM 5o M 42 T2 ZAEIE Soll FFH! = Ffl(pressure gradients)
2IFEICE Me|M AMS MZE E|(infrared signature suppression 2l Mot 2ok M(shear instabilities)2 oF7|5lo] 52 st 2l
system, IRSS)= 1= 7 |71A0]| HHRE 8MSHE =& (nozze), Bldksk 97 T1(streamwise and transverse vortical structures)
Hi7|7kA9t 27| fEo| 23te RTske E8HHmixing tube), £ QfHo=z MMSICE oiF WY 2ROIME ASH oiF
2|1 Wie)7| 2RI ol 2r|ate sMetoz FH K counter—rotating vortex pair, CVP)2} F7|&921 5]|o{&l SEfo]
2T E Xzsk= ClFX(diffusen) 2 TAEICKBIrk and Davis, T=(hairpin-like structures)7| &4&tstnd, O|&2 & Fanlel A
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S22 &5 HAl(macro-), SZHmeso-), 2|1 o|A| &gt
(micro-mixing) HAHE S Foto] 7alel 2 L A |
ofxoz ZZXIAZICHZaman and Samimy, 1994; Dong and
Meng, 2004; Habchi et al., 2010). 0|2} &2 =X RF= o]
(passive flow control) 7|2 &gt Zkx|#Eat of|2}, AMet 2o}
olMl Mol RS2 Hofsk= ofqx] &zt &X|(Energy Saving
Device, ESD)ZE &s| S8=1 JcKChoi et al., 2009;
Park et al., 2009; Park et al., 2016).

ol Mz Mo E(fin)olt 27 T &Ak FHo| 7F A
T} QLF Hlofol| CHEH o477 gtlbs| TIRME|T QUL CHEE
T=2 ASX Mo AIZF HHEE Bols= T L A
E A (Reynolds—averaged Navier-Stokes, RANS) EF&iAlof|
2 o|&=gIoL HKwon et al., 2025; Heo and Kim, 2025), Z|Zoi|
= ™ol g of EAKLarge Eddy Simulation, LES) 2
2| oflc| 2AHDetached Eddy Simulation, DES) 7|8 EEst &
== FMolC} Jung et al. (2012)2 EEHES
A7 71515 Al Mg F EQIAE AEIH(twisted cylinder)
T2 RSS2 LESE sliMsio, olz{Eh 35 Ho{7t MoE
(shear layer)2 4ZFA|7| 1 Karman vortex street2 2Xglez
M OMEh K2 2 ofF ZAol| EnfEele AUSSIGICE Lee et al.
(2017)2 ZHol| Mx|=l “HF FZXI7|(turbulence stimulator) %
o| #Mo| F=(transitional flow)oll Chslo{ LESE 5| o,
T & WEke| ofot Yekske nlMollM Zt dhake| Z{R} siat
Tt 0jXl= YEE MAMeR ABSIFCE ESt Jung et al.
(2019)2 sll2k 2l0|X{(marine riser) 2|2 F=g LES?} DESZ
silAsto], RANS ZHIO| ZIZES i FMok= SHHE S50t
k37| Fl=(vortex—induced vibration)2| 22| EAMS M
o2 BARBIZCE Suh and Park (2021)2 ZRreh 2H F9| F
=2 DESZ sfiMsio] Bk=of 7[QlE 2tz MA ZAHS 3
ClE fIlEne| 45288 AYsidll, o23h 4528 7
0| F2I7|H ghRo| o|xl= deks BMsIqIC

= 7ol FE =X Hpipe) FS0IM S FLISP| 2
off = AIC2|E B(trapezoidal tab) Ef2| ofF 27| F
of gM=l= S&5 HiF Rs2 MUskl EAsio], &
$tOlSHE Hsl= ol UCt 7|Ee B2 Ao
T+ AlZE HrskE RANS sliAof o|&s kel ol ebRel
=1 3 ASEED} 22 0|M| HEo| f5 FXE ZAlShs o] ¥

=
Sk

.u.

% yistoz 3|

8BSt SHAIE X|Lich w2l 2 odFolM= HISE M (anisotropy)
R 3 HIA S sl Aol Matet DES 71HE E.I5id, ofF
WAT|Z QIS SRe| FAYEM EME TEXMo2 BMSIIAL
sich o|2 2lall, 2 dA7ollA = S= Tl BllA(velocity gradient

=22 0/&et QR CfoloiI# (AR

diagram) 7[&HS HEsl01, cHFe| fla7[51E A (topological) &
ANe Moz 2235i9Ct 0|2 S35l °fF UHT| F=0M X|

Moz HHISI= 2FFo| Al vortex stretching) 2 =(vortex
compression) HFHUEO| 7 olLX] ZZ(turbulent energy
cascade) $iAm} FX| =gl o|xl= FES BASICE £
RANS slilAMoilM= ZHEREE 4= RIUE olM| 2bF P& mjeksiof

o] T2k B

2 AT0lME b LT| FHo| S5 3kt fE2 ZAL
Pl 2sl 812EM(incompressible) FE22 71E5HD $X|5)

ol

A2 SHSINCE SlilA] A L A HES LER= o Uiy
Al(continuity equation)Zt 25 E&2 LiEHE 253 &Y
Al(momentum equation)2 2t2+ cl21} Zict,
ou;

L (1
ox;
ou; ou;

1
ot 0% p ox

o 27t ke S HEQL Z7tF XEE LIERY
o, pE UH, pE RASl LE, ueffE SHEA{kinematic
viscosity)2t =HR  =2of|
viscosity)2| &l f& é.“gﬁl-r% 9|E'|°._FEP.

RANS ZHo| Z2 AlZt HrslEl R3&e T&P| M=o,
=2 83| F=(separated flow)o|-} 2&fet 3xf2l ofF x5
MLUsHH Z&fsk= o 2EX0l sHH7F EAsict i & o
TolME DshAE siA] 7|8l SST k— w DES 2ES M5}
Qch M= DES ZE2 M olze| AH S(boundary layer)
Aoz sliMel obdMnl AHlM &840 =2 SST k—w
RANS 7oz RE&S ZAlstd, HHoAM Hojzl 7= gi2| &
oE 04040”)\1‘_ LES 7|t:Ho§ 5._ |O-| 7.[|:H gh_]_E XIX-! 7:17(}
23ll(resolving)she 2HAIS FSoh 2 A70|ME= Simeenter
STAR-CCM+ 18.04 (Siemens, 2023)E 02310 =Xx| siMs

At

=

(Habchi et al., 2010). &e| W& d= £H
2d {xloll Bo| & ¥A %’é!?% ghll 7|20i7l "ElZ &t
o] Aok MX| ZAEE=E o =30° 0|2 730 &&= 3
=0| h& 3.9mmo|ct Ee 7I3P§Pﬁ. A2 ACRRIE "ElE
mod, SIHE LHHl= 6.2mm, ATHE LHH|= 4.7mmolct FEe

2 el Zol= 10d0olckFig. 1 &=x).

TRl T A== HlM H|ES MZkstl! Eel 7|
st Cialdg ggsp| 2fsl, 90° FAHE FAeks AL ¥
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Fig. 1 Schematic diagram of the computational domain and
geometric parameters of the trapezoidal mixing tab
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Fig. 2 Cross—sectional views of the quadrant computational
domain and mesh distribution around the mixing tab

o= 55104 HH= A= (periodic boundary condition)2 &
It 0|2t Z2 1/4 FAHE Aol HAEHE wel2t uhsk

_IZ'_

(azimuthal direction)22 S5 =7} S2Ush| HH=ElS %5t
oz ZHslch o= B B TN wWMstE ofF S1| 2
7 HMole| Mol HHUES E85C2 ZAlske Holle &
2IM EfZME JIX|L}, AX CEE E(multiple tabs) AIAEIOIA

r

oco=2
SIS = Qle B 71o| AN R ZHdolLt =& TAel A
AlZol HICf &l S (asymmetric instability) 2 ZAFSH= o]

= M7 UACE = AF0IM FEE el AAp M & gdt
I FE= Fig. 20 =A=lsto] LIERKRACE

2 silMel ZtF Al 2Te 298 K M2 4% Hat ¢l
= HIYEH R3522 JHE5IQIct 5% /R T2 2 Ui 7|

S

Zo| 2fol== 47} R.= 15,0000 ET5 FA3ICtE FEAC
QT AAIZ=ZA(inlet boundary condition)22= AHROfA] ZhH
FS0| £54| wek=l HR(fully developed turbulent pipe flow)
Mefelg ZAP| fI6l, 1/7 &5 BE&l(power-law) 7[8le| £
=20 g Fofslct sl & wak 7 £ E2s 7
4 fIxlofl w2} ofeet Zot

wo(x,y)zwmax(l—r/R)1/7, r= \/x2+y2 (3)

RANS®2t DES ali4] 7te| H=lst & DAL Ms H|WE 2,
eRs| S ARPAIR o ZH =0 ME=QCt Hiw Chat
OF ARZE RANS Mol iF 2H 2= %&&F 3%k 1-rE
Mot hFe| 8|S (anisotropy) & 1e{g = U 2ol=.

& 24(Reynolds Stress Model, RSM)& M &35|%ct. AE'%.*OH/H
HZE ZH(Habchi et al., 2010)2 0|25}0f o] LiR 2=

Of|L4X|(turbulent kinetic energy)= 0.00156 J/kg2&E F0{=|A
o, k7 of|X| AARS(dissipation rate)= 0.00723 n?/s’2
MA=|Qict O] SST DES 2 XHE Al Q7EE d|AM8
(specific dissipation rate) 51.5 /sofl SHESH}

2.3 ofF 7= A B 7Y

7= Lol gM=l= 27k 3R R(vortex) =S HE
Moz AlHstll IAXQ| R EMS mietely| 2l £
Jldtez st \,71F2F QR Ct
I CHChong et al.,

BliA(velocity gradient tensor)
0|o1Z(Q-R diagram) 241
1990; Paul et al., 2022).
SAMH 7ol elole| HolM S i B A, = tiF H
Mol HEE HiM(strain rate tensor, .S;;)2t HHEHE E._"H?J 31

BlM(rotation tensor, £2,;)2l BtCZ Fol=od, izt Zo| F

N1

EERICT

ofEct
ou,;
Ay = 5, = Bt Oy “
1 [ 0u;  Ouy
S”_Z(aa:j-i-ax) ©
! ou; 6u]-
2= 2 ( or; o, ) ®)

eFF F0{(vortex core) FAS AlZfelsidl AlESP| £l

oFEl N\, 71E2 7T Ui =a8el U E2H(local pressure
minimum) 2 2FFe| SAo=Z Holficl 2 g =72 HIA

Sp+F = Mal=lnd, st thal BiMel M| DRakeigenvalues,
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A= N> \) B F MR 2 DRG0 A\t
S 2% Foj2 EESHKJeong and Hussain, 1995).
ST Tl HIM A2 DREHN)E T3l 3A 54 SE4

(characteristic equation)2 SHESIC

2
12

N+PN+ QA+ R=0 @

&5 T BIMef A1, M2, *3 2
= o4 cheut 22 HIEY 732
o| gk divergence)o| 00| =22,
ct. EE}EW M2 282k Qo M3 24

oM P, Q, RE 2zt
ZHinvariants)2 2lolsic},

710 o4¢ l:él-?(-l/\l | o

Iﬂ “EO*PEE 00

R= (S iSiSh +302,,82,.8,,) =— det(A,;) (9)

H2 28 Q= =32 FS& UM sME(rotation rate)2
3|2t HEE(strain rate)e| 37| Zte| AHAQl xf0|E LIERH
o, Q> 09 Y2 FAle| WOt s|Mo| X|uixl MEfE
LIEKACE X3 2HY R2 R 7= WollM 2bF =9 AlE
(vortex stretching) 2t 2= (vortex compression) 4AtS EHESH=
X|Fo|ct,

2 ofqofMEe ofFe| =X 21| 9l gt Mo CfSh 45k
2 26l Q2 Rel ABEAE TASISH QR Clolo{O#s

34
=251t clojoja™ Aol R < 09 PHo| efFe| AE
2 R> 09 ¥odo| ofF ¢ é% LIEIACE ojmf Rgho| Al
QIX| EA0IX| ZMGH= EEAl D= chszt Zo| MolEch
27
= TR2+ Q* (10)
mEA Dot M3 252 Ro| 25 x| w2t 24 =2
o| 2|At 7|5k (topological) HEQt S2IX EMe I 1| 7}
x| Hojoz FFet 4= 9l20{(Chong et al., 1990), olof| CHEt
ARM|SH L2 22|1X siA{e 3.3%0llA EI~—|—7IE L=

3. o4 21}

3.1 2% 42T 3

a
[o]]]
f——
>

23t 4

o

0l
Kl

DES sile] EIEt o shals E2I2 ®lsP| 9ish 24K} o
ZN ATE SHSICE £ FABAS A BIZ NUS I

Aol 1/4 FHE G2 thyoR $ysigionl, PxlelslE
2R} SHAKE d/ A7} 80.00IM 213.3 ol w2t 5 2
At g== 2F 502t 7HollA] 7008t FHZ B7tSIQICt HH elzel &

3z I

0.006

_

g’ B Resolved TKE 90.0%

=

:0 005 [ Modeled TK]? :
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5 88.0% 3
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Fig. 3 Grid dependency of turbulent kinetic energy

N XE 7= YU 2ARY|
2/|00{(prism layer)2| M2 %OEEI'
™ ZX}e| =0|= 0.0157 mmZ AMAM3SIFLC) 0|2 Eaff CiEEe)
B JYofM FXHY HH HE| y+= 1 O[SHE FAISINICE Tt
o En} 3 Hoo| wilske gaF F2ols =2sH =2|F (o]
019 Mol Mtelo] FRESZ y+I} 3-4 TFES LIERARICE
ARt Sfatol wE XA M FallsS Zelsk| s,
Pope (2000)7} ®MA[st 7128 Q510 M| SR 25 oflLX]
(turbulent kinetic energy, TKE) & ?_F ARl 2Y slAM=l
7 2= of|L{X|(resolved TKE)2| H|E§S MEXo=z HII5IH
CHFig. 3). &Y EalEl i 85 01|L1X|: 0.0049 J/kgOllA]
0.0059 J/kge 2 MEIMo=z ASsi= HiH RHIBIE| ofA4X} &
9| LR 2% of|1X|(modeled TKE) & ZA5Hs Zso| ZHale|
RAch S| 71 471 AR =HM T il LR 25 oluX| &2
3l H|E(resolved ratio)0| 2F 81.4%0l 5101 Pope(2000)7+
HMAIBHLES HE 7|&E2l 80%E MBI [3ct 2 A7ollM= oMl
ofFe| 81 ¥ MSEES U s Zatelr| flsh HA
R of|L{X[2] 90% olAtS =5l d/Az =213.3 X 23}

o
g 7|Foz djjag Y

flolil 2E AxPoIM Z2|E
TR0, A timj &

sigiC

x5 7| M HET AT S 26| F= Yk ciwel
z/h=2.482 U z/h =10.4820IAf Bk gksk 4 /(d/2)oll
e & wek FA 5 BE(w/w,,, )5 FEs0] A o
O|E{(Habchi et al., 2010)2 H|WSIHCKFig. 4). HA 28 =7
godol »/h =2.482 9Ux|2| £ 2XE MHEH B HAC
2 oIsh Zst Mojg 22z 2ls) 4/ (d/2) = 0.5~ 0.6 T+
ZbollA SZst £ A3} S T2 Motso| HMES &
%= Qlch of Tzl AlZE - T]He| RANS A2 XM &t
Moz olsf £ FHIE TSP iRkl Y5k dee &
FCE gl w7 Aoz TA|E DES A Zile siE| g
o Jlme #E S HUSH| FH ot oz
y/(d/2) > 0.621 HH oloiA ZEt=l= =X 7% 3|8
Hs L IAN 23 YMS MY Ho|Eet FARH olSst

sl waoz R30| 328 W o FR el
EITlolALE, ik 2iRel S 9 R FAe
2t msto2 o3| Mukxol & HOIX|
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Fig. 4 Comparison of the axial velocity at the wake region
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spectrum)g Zt AlZF ZF4of| CHal| Al4kstll O|E Fig. 501 LIEt
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Z210°
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Fig. 5 Turbulent kinetic energy spectrum evaluated at the
far-wake region (z/h = 10.482)

Necklace Vortex

(a) RANS

Necklace Vortices

Hairpin Vortices

(b) DES
Fig. 6 Comparison of three—dimensional vortex structures
in the wake of the mixing tab using the A, criterion
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oEN U AHMER HE ZUS SEsI0], 2 ATOIE BY
3i9l ool ofluix] ME TS JK MU OREO BAL

Bl SHlojAM ZdlE|le 3%t F= gl2|(flow separation) 2
S W NS BASP| flol, B LTl Wesks SASH
oF fx=o| AAHHE A o= Aldsio] Fig. 601 LIERHRICH
OIE s N\, 7IEE HMEsICH, JHAEP| fst S9IH
(iso-surface)@| AIZEE \, =— 10,000 /s 2 A&t

e
=
)
:(I)I__I
x
[N
[
F[—

= AlZF ®AsHtime—averaging)E RSk
(coherent structures)S HaksH| Ho{=C}
sichll= fs0| Bat £=510 Hxl(stagnation) &

A= Jlolety Aol ZAIHE w2} U 22pind b= Tl
S o

M

>

bl

o

10 o
iRl

o

E

-1 o
of olsf HAE YR ele| F BLo| 2AF{neckiace
vorte)7} BHEEIICE B XS] o 20l MRS AlLks §
S 23t gue Hekiol o8 E2(ol-up) A FH| =0y,

FrdCwp) o2
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3 5ol S M|l I 9F silo]| gk gt 3
(recirculation zone)0| EMEICE ZFRo| SIRE ZaEo w2}
CVPe| ACHRE J12X|2H MH2|EH FEjE w= sofE oFF

(hairpin vortices) Tt=7 | MAEA O 2 HiEE= HOZ
LHDong and Meng, 2004), RANS sliAfoll= x| B AlClofAf
MMEl= o0E 2bFo| AT BEIEICE

gt DES dlAM Zob= RANS Zzfe} fjv|== oMb ME
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&0l el E MH sl|ofH 2fFet As|M Y Tx= SHRE
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