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Abstract

This thesis presents a comprehensive direct numerical simulation (DNS) study of three-
dimensional transitions in the wake of an infinitely long heated square cylinder, modeled
using a spanwise periodic computational domain, subjected to uniform cross-flow of air
(Prandtl number, Pr = 0.7) in the presence of thermal buoyancy. A non-Oberbeck—
Boussinesq (NOB) compressible flow model is employed to account for variations in
thermophysical and transport properties under large-scale heating conditions. To solve
the governing compressible flow equations, a variant of the flux-based Particle Velocity
Upwind-Modified (PVU-M+) scheme is utilized, employing finite difference techniques.
A low Mach number of M = 0.1 is used to minimize pressure compressibility effects. The
amount of heating is controlled by the overheat ratio, expressed as € = (T), — Too) /T oo,
where T, is the wall temperature and T, is the free-stream temperature.

At a Reynolds number of Re = 250, the heated wake exhibits multiple three-
dimensional instability modes as heating increases. These modes are characterized by
changes in the number of streamwise vortex pairs and the associated spanwise wave-
length \,/L, where L denotes the side length of the square cylinder. As the heating
level increases, the shorter wavelength structure Mode-B (\,/L ~ 1.2), observed in the
unheated cylinder wake, transitions to longer wavelength structures: Mode-E (\,/L ~ 2)
and Mode-D (\,/L ~ 3). The emergence and suppression of vortex dislocations are
closely associated with the heating intensity, thereby influencing the unsteady force char-
acteristics and frequency spectra.

A detailed analysis at Re = 180 highlights the role of baroclinic vorticity production



and thermophysical property variations in wake behavior. The chaotic wake associated
with Mode-A instability in the unheated case transitions into a two-dimensional wake at
low heating levels (¢ = 0.2), followed by the emergence of periodic and quasi-periodic
three-dimensional wakes as the heating level increases. The streamwise baroclinic vortic-
ity production term (I";) is identified as a key contributor to the generation of streamwise
vorticity (£2,), while the spanwise term (I',) plays an indirect role in redistributing ro-
tational energy among other vorticity components, thereby modulating vortex shedding
strength and frequency.

At Re = 300, the effect of free-stream orientation on the wake dynamics of the
heated cylinder is investigated. Under aiding buoyancy, increasing heat input results
in the suppression of vortex shedding and the development of steady or quasi-steady
plume-like structures. In contrast, cross-buoyancy induces more complex and asymmet-
ric wake behavior characterized by sustained vortex shedding. The imbalance between
positively and negatively signed baroclinic term I', introduces asymmetry in the wake,
contributing to negative (downward) lift generation and an earlier onset of vortex shed-
ding. The competing influences of the baroclinic terms I', and I', govern the degree
of wake three-dimensionality, exhibiting distinct mechanisms across buoyancy configura-
tions. Under aiding buoyancy, I', suppresses vortex shedding and consequently weakens
three-dimensionality. Conversely, in the cross-buoyancy case, the stronger I', enhances
the ., promoting increased three-dimensionality despite the presence of suppressive ef-
fects from I',.

Finally, the evolution of wake instability modes is examined for a heated cylinder
in cross-flow configuration under large-scale heating (¢ = 1.0) across a Reynolds num-
ber range of Re = 50 to 300. A critical Reynolds number of Re., = 113 is identified
for the onset of three-dimensional flow. Four distinct instability modes (such as Mode-
D, Mode-E, Mode-DD*, and Mode-D*) are observed, each corresponding to a specific
Reynolds number range. These mode transitions are characterized by both gradual and

abrupt variations in the Strouhal number-Reynolds number (St-Re) relationship. Vortex

vi



dislocations are found to significantly influence the wake structure and associated hydro-
dynamic forces. Additionally, the study establishes that a periodic spanwise domain
length of H, = 6L is sufficient to resolve all relevant wake features with both qualitative

and quantitative accuracy.
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TRIT

g MY Y Teh 3 T Tl diiud STiehR fAist & Ui 9 # P-3mardt Tehaull &l Uk e
Tcg el H&THSE T (DNS) I UEId T &, T Targst ATad GHUHTES &5 Sl JUINT
F¥oh Higd fohal T 8, R S AT 3BT hl IUTAT & a1g o THM AU JaTe (Fgea T,
Pr = 0.7) % 3¢ 81 81 93 91 & arue i f[Rifoet # efia-«ifae qur ufaes o § a9 ara
Ufad=l &l eI & W@ & ol Uk IR-feRe—gfa%h (NOB) Hdied ydTg Hige o1 IuanT fran
T 2| AT TUied YaTg THIEUN dhl &6 i o [0 FeTard-3TTITd UTféehal dafiiael sTufde-
FHLAMRT (PVU-M+) ThiH &1 Teh TR, HIZATSC (ST dehrlchi ol UFNT hid §U YT T ¢ |
3T YISl THTdl ol =gAdH e o feq M = 0.1 bl F1 Hah =T ol IUANT fohat 11 €1 ot <hl
HIAT &l ATGREIE FJAT & = (T, — Too ) /T ERT FATAT THAT ST 7, ST&T 7, AR T AU & 3R
T, H&d YaTg Sl dTIHH 8|

Hiegd W@ Re = 250 W, AIUd d% dT9T 96 o T1e 3k -3l SATRRaT 78 weiia
AT 8| S HIST Y faLioar THaTget sk Il dhl ST T Fefird TaTsd adreed A, /L B ufkad
ST Bl €, STt L aiehr fretet &t oot Y wiarg ot frefia ear €1 S-S aTue TR dedT B,
T ATo aret fete dos § @t ST arel! SISt aireed §a-T Mode-B (), /L ~ 1.2) @t admeed
&3t Mode-E (A, /L ~ 2) #RMode-D (), /L ~ 3) H uRafdd &l Srdl 81 Yar faemos (vortex
dislocations) &7 3gd 3R THF AT ! digdT ¥ g8 7 & Gafed g, oo iR 9« fagarsi sik
g TR FTfad B B

Re = 180 TR U fa&qa fa=eiwor 3ok HagR & sRifaret(eh awar IcdTe qoiT SeHia-ifaens o1 &
TRE it AT Sl ISR w1 &1 fa=T a1a & AHed H Mode-A STRRAT & Heiferd aTstes 9 &H
AT &R (¢ = 0.2) R Tk fg-amamdt 3 # uRafdd € Srar &, fSiae 918 arue T se- W ATadl aen
aref-amradt P-3mardt 3% &1 Igd BldT &1 LTSS dRifaer-e Havdr Idted ug (I,) & WiHarss
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ARl ((2,) & ST & Teh W ANTCHehd! & 9 B UgaT T €, Safch TWeaTgt U (I,) 37
AT HaTE! o ST YU Holl o GAIGAR0T § ATcaer YHent Hrar ¢, ’Srad Har Qi i disrar iR
g Fafa gt 2

Re = 300 W, Hard YdTg ATHTI=ATH ol T f&efed & o Tfdeh! U UTa o1 3rema fosa
&1 Tere 3BT (aiding buoyancy) & STd, AU 3TYE dg- TR HaX AT ol TAA 2T & 3R fBR
T HY-FRR wA-SIT Gea=1eAt T faehrd gidT 8| 39 faudid, shig-38Te (cross-buoyancy) fereh
Sifeet 3T STTAMT Ak HdER Icd~T hidl &, Torgeht fagiedr fAiar av AT §1 &1 T ol
RIfRd STt Ug I, & o9 e 9o H AGHHAAT 36— T &, Sl RUNeTen (A1 & 3R)
feTore Ica=1 et S WX AT o AT AN H ANTGE Sl 81 sRfeer=en uqi [, R T, o wiaeqdi
TG 9k ! T-SATHTaT bt A= ot (Efd oed & aon fafe= Sere fa=amad # {91 a1 vefia ed
€| TEe IV o Jfaitd, I, Hax AT i qaTdT ¢ 3R TRUMG®Y -3TRTHiar &l SASTR hedl ¢
39 AUdd, HIA-38TA & A H, F1H Uaat [, ), i 9e1dT &, Sa [, & AR THTEl i
IufRAf & a1asig B-smartar # gig ardt 21

3idd:, 93 9HH & AU (¢ = 1.0) & JAdia shig-well fa=amg # arfid féeie & forg 9 sif@ran
/ISt o fehTd o1 STeTTT Re = 50 & 300 1 FHiegd F&am HHAT H T 7121 €1 -3t yarg &t
BT & foTT Re,, = 113 & Tk hifdeh Hiced T 6l Ugd o T8 81 IR fafre sferar #is
(319 Mode-D, Mode-E, Mode-DD*, 3R Mode-D*) 3@ U &, fS=# & Ucde Uah fafre Hicgd
AT | o ET ¢ | T I GohHUT Kl A Tegd T (St—Re) FaY H Shiteh a9 AR
1 UeRR o ket gt faidiera &1 e oo 3 TR qun Tefia Stemaeh sl ol ey
TG H YHITAd HId §| THb HAARerd, FeHT Ig TATMU T 6 fob [, = 6L <l Teh ATad TdTes
S ciaTg it UTEfies doh fasisarnatl o T[uTTce qT ATATeTe: il gredl 9 9cidh ¥4 § feftd e
& forg wafe &1
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at € = 1.0, illustrating distinct wake instability modes at Re = 140 (al,a2),
Re = 190 (b1,b2), and Re = 280 (cl,c2). These instability modes such
as Mode-D, Mode-E, and Mode-D* are classified based on the spanwise
wavelength \,/L, estimated from €, pair counts across the entire span.
[sosurfaces are visualized using the )-criterion and are colored by 2,. An
asterisk (x) denotes a disordered vortical structure. . . . . . ... .. ..
The St — Re relationship for a heated square cylinder at € = 1.0 showing
distinct regimes of 3-D instability modes D, E, DD* and D*, each associ-
ated with specific Reynolds number ranges. The emergence of instability

modes occurs through gradual and discontinuous changes in the St — Re

Iso-surfaces of streamwise vorticity (2, = £0.7) at Re = 205 and ¢ = 1.0
across different time instants in the square cylinder wake, showing (a)
Mode-D*, (b) Mode-D and (¢) Mode-D*. Here, yellow and blue colors
denote positive and negative values respectively. . . . . . . ... .. ..
The time-histories of spanwise velocity w (in the near wake at x = 2,
y =0, z = 3) and drag coefficient Cp observed at Re = 205 and € = 1.0
for cylinder span-lengths of H, = 6L (a,c) and H, = 3L (b,d). The
intermittent fluctuations shown in (a,c) for H, = 6L suggest the presence
of vortex dislocations in the flow field, which are suppressed for H, = 3L.
[so-surfaces of streamwise vorticity at ¢ = 1.0 shown for cylinder span-

lengths of H, = 9L, 6L and 3L at Re = 130 (a,c,e) and Re = 205 (b,d,f).
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Here, yellow and blue colors denote positive and negative values respectively. 111
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6.6

6.7
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A2

A3

A4
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A6

B.1

The C', spectra at € = 1.0 for cylinder span-lengths H, = 6L and H, = 3L
observed at Re = 130 (al,a2), Re = 205 (b1,b2) and Re = 210 (cl,c2).
The variation in the dominant vortex shedding frequency, i.e., the Strouhal
number, is shown for both span lengths. . . . . . .. ... ... ... ..
The time-averaged enstrophies at ¢ = 1.0, with the increase in periodic
span length, shown in the £ — H, plots at (a) Re = 130 (Mode-D), (b)
Re =205 (Mode-DD*) and (¢) Re =210 (Mode-D*). . . ... ... ...

Iso-contours at ¢t = 500 of positive (light yellow) and negative (blue)
streamwise vorticity €2, with M = 0.1 and M = 0.5 for Re = 250 us-
ing PVU-M+ scheme (a,c) and PVU-FI scheme (b,d). . . . . .. ... ..
At Re = 250, pressure contours around the cylinder at mid-span (z = 3)
for M = 0.1 and M = 0.5 using PVU-M+ scheme (a,c) and (b) PVU-FI
scheme (b,d). . . . . ..
Transverse velocity (v) contours around the cylinder at mid-span (z = 3)
for M = 0.5 and Re = 250 using (a) PVU-M+ scheme and (b) PVU-FI
scheme. . . . . L
For Re = 500 and M = 2, pressure contours around the cylinder at mid-
span (z = 3) employing PVU-M+ and PVU-FI schemes with enlarged
(a,b) and magnified view (c,d). . . . . ... o Lo
Time history of force coefficients for M = 0.1 and Re = 250 using PVU-
M+ scheme (a,c) and PVU-FI scheme (b,d). . . . . ... ... ... ...
Frequency spectra of lift coefficients for M = 0.1 and Re = 250 using (a)
PVU-M+ scheme and (b) PVU-FI scheme. . . . . . ... ... ... ...

Profiles of N=uS at Re = 500 and € = 1.0 for various meshes refined in (a)
the £ —n plane and (b) z—direction. Here A, B, C, and D denote the sharp
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