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Abstract

Fluid flow and heat transfer from a bluff body is a fundamental problem of academic interest
and has vast practical applications, such as, flow past buildings, offshore structures, cooling of
electronics equipment, heat exchangers, etc. The lives and performances of these structures and
devices depend on the flow dynamics and heat transfer characteristics near their surfaces. The
most common bluff bodies encountered in practical applications have a square or circular cross-
section. In particular, a bluff body with a square cross-section possesses interesting flow
characteristics due to the presence of sharp corners. It involves flow separation at the trailing
and leading edges with the formation of von-Karman vortices, three-dimensional transitions
with the formations of Mode A and Mode B vortices with an increase in Reynolds number.
The flow is highly influenced by nearby objects, such as, a wall and external forces, such as,
buoyancy. When a square cylinder is placed near a stationary wall, the flow is affected by the
confinement of the wake due to the presence of the wall, and interactions of the shear-layers
formed near the cylinder with the boundary-layer formed on the stationary wall. The resultant
flow is quite complex, and in order to reduce the number of parameters so that the influence of
each parameter can be observed clearly the conventional boundary-layer on the wall has to be
removed. It can be accomplished by replacing the stationary wall with a moving wall. With the
absence of the wall boundary-layer, the flow is relatively simple, and it can be studied
thoroughly. Therefore, in the present thesis the flow past a square cylinder approaching a
moving wall is considered.

First, a study on the effects of wake confinement and buoyancy on the onset/suppression
of vortex shedding and heat transfer is carried out for a two-dimensional flow past a square
cylinder placed near a moving wall. In contrast to the case of a stationary wall, the vortex
shedding in the present case is observed even for quite low values of the gap ratio (G/D = 0.1).
The critical value of Re for the suppression of the vortex shedding first decreases and then
increases with an increase in the value of G/D. The influence of buoyancy on the vortex
shedding for the given configuration is examined for 0.1 < G/D <1 and for —1 <Ri <1, where
the buoyancy effects are introduced by heating or cooling the cylinder. Unlike the case of a
stationary wall, dual roles of buoyancy have been observed. It acts as a stabilizing mechanism
at low gap ratios while it destabilizes the flow at large gap ratios. Interesting results are obtained
for G/D = 0.5, where the onset of vortex shedding is observed both for positive buoyancy
(heated cylinder) as well as negative buoyancy (cooled cylinder). It is observed that the

response of buoyancy is similar for a square cylinder and its circumscribed circular cylinder.



Temperature contours and Nusselt number for different values of G/D, Re, and Ri are
presented. The Nusselt number increases for a positive buoyancy (Ri > 0) and decreases for a
negative buoyancy (Ri < 0) at all the surfaces of the square cylinder except at the rear surface.
The time-averaged drag coefficient increases with Ri and the time-averaged lift coefficient
decreases with Ri except for G/D = 0.1.

Three-dimensional flow past a square cylinder placed near a moving wall is then studied,
where the effects of the gap-ratio on three-dimensional wake transitions are examined using
Direct Numerical Simulations (DNS). The value of G/D is varied from 0.1 to 4.0. Three
different values of Re=160, 180 and 200 are considered, which are slightly less than the
critical Re for different flow transitions corresponding to a free-stream flow past a square
cylinder. A suppression of the vortex dislocations is observed in the presence of the moving
wall. With a decrease in G/D, the transition from one flow regime to another takes place at
lower values of Re compared to a free-stream flow. At Re =160, with a decrease in G/D, an
onset of three-dimensionality in the flow with the formation of Mode A vortices takes place
due to an acceleration of the flow in the gap. At G/D =0.4, the streamwise vortices of the
wavelength 2.5D, called Mode S, appear in the flow. These vortices show period doubling
phenomenon. For G/D < 0.3, three-dimensionality in the flow occurs due to the interaction of
the shear-layers formed near the cylinder and moving wall. At low values of G/D, an initial
transition occurs from a two-dimensional steady-state to a three-dimensional steady-state.
Variations in Nusselt number with G/D and Re in the spanwise direction and along the surfaces
of the cylinder have been studied. Variation in the global Nusselt number on the cylinder
surfaces with G/D can be divided in three parts. For G/D > 0.5, Nu increases with a decrease
in G/D and is maximum at G/D=0.5. For 0.5<G/D<0.3, it decreases with G/D and is
minimum at G/D~0.3. For G/D <0.3, it again increases with a decrease in G/D. With an
increase in Re, the drag coefficient increases and decreases at high and low values of G/D,
respectively.

Further, simulations are also carried out to study the three-dimensional wake transitions
for a rectangular cylinder near a moving wall at the gap ratio G/D = 0.4, 0.5 and 1.0 for
0.5 < AR (aspect ratio, width/height of cylinder) < 2.0 at a constant value of Re = 160 using
DNS and the linear stability analysis. Mode A vortices for all G/D values, Mode B
for G/D = 0.4 and Mode C for G/D = 0.4 and 0.5 are observed for different values of AR. A
change in the flow rate near the cylinder and shear-layer interactions are identified as the causes
of the wake transitions. Interaction of shear-layers is a dominant factor for low values of G/D
and high values of AR. For low values of the gap-ratio, the transition is supercritical and the
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flow is non-hysteretic and with an increase in the gap-ratio the tendency of the flow to become
hysteretic increases. Similarly, for low values of the aspect ratio the tendency of the flow to be
non-hysteretic is large and it decreases with an increase in the aspect ratio. For G/D = 0.5, the
three-dimensionality first decreases for AR < 1.25 and then increases with AR. The flows are
periodic at low values of AR and become quasi-periodic at high values of AR. The wavenumber
of the unstable mode has been obtained using Floguet analysis and is quite close to the DNS
results.

In the last part of the study, flow past a square cylinder near a moving wall is investigated
for 0.1 <G/D < 1.0 at a constant Reynolds number of 22000 using large eddy simulations.
Unlike the case of a stationary wall, no ground vortex is formed in the present case. It is
observed that for G/D <0.3, a regular Karman vortex shedding from the cylinder gets
suppressed which causes a large change in the flow dynamics. For G/D = 1.0, turbulence is
strong in the near wake region and for low G/D values (< 0.3) it gets weaker and shifts
downstream. With a decrease in G/D, an early reattachment of the lower shear-layer with the
bottom surface of the cylinder occurs while the upper shear-layer is deflected, and K-H
instability occurs away from the top surface. The so-called ‘extreme events’ which contain
high-frequency fluctuations are observed forG/D=1.0 and these disappear for
low G/D values. Large coherent structures are observed for high values of G/D (> 0.5) while
for low values of G/D uniformly distributed small structures are formed. Evolution of
enstrophy has been examined for G/D=0.1 and the role of the strain-rate tensor in the
enstrophy production has been investigated. The lift coefficients are negative for all G/D values
while the drag coefficients decrease with a decrement in G/D and are nearly constant
for G/D <0.3. Unlike the case of a laminar flow, Nusselt number on the cylinder surface
monotonically decreases with a decrease in G/D.
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HI{
SIh-a¥q ¥ ¢d YaTg 3R AT gEAIcRUT hieiateh el T Teh HTs[d THEAT & 3R g8
faerrer caragTRe IV §, S8, ARG & U HT Yalg, U EEAY, Folaciioad
3YRIUT & 38T Flal A, Bl TFIS H, 3| 37 TXIAT 3R 3UHOT &7 SifaeT 3R
Ucelel, gdtg i Iifaeiierdr 3R 3l Tdel & U1 3SAT gEATeROT faQvd3i 9 R &ear
€| SATEGIRe TNl & HH 3o dTel TG ITH selh-aE]  SelellhR AT TR ]I
hIC T Bl ¢l TaY &7 &, Teh qahN IS dlel seith-a&d & oy il S 3ueAfa
F FRUT, ey yarg i /AT gy § | 388 Karman A & [A0T & @r mr
W%?WWWC{W, ﬁTReynoldsmTﬁqﬁ'ﬂ?HTH -3 Mode
A 3R Mode B #ffiel & I1&eT QAMAS &1 Talg M-I & a&g3il, o4, U B dar
3R T T AV, 3ccoad g T ISR TIAT BT ¥l ST TP FINFR SofeT R
R aR & U @r ST €, o SaR B 3uRRAfT F FROT aF-AfAG, 3R ST F arg
Fol IIFIUT-FR R AR W da7 IRAAT-TR & WER AT & HROT Jarg gaifad grar
g1 R yarg sy Sfee § 3R W & gEam # FH A & @ e a3d
WA T THG FI TISC FT T ¢@T ST b, GAR W dol IRIETAT-TA FI gerAT 33|
Ig TR rar & afaeliel QAR @ seee QU fhar S Gl §1 IREAT-TR Hr 3reqaieaia
A, YaTg IUeTehd el §, 3 SHHT 3eqTeT faEaR @ fohar ST @hell &1 s@fT, add=
N{T & arfaefier far & T @ T JEMER ol & I Jdlg FT 3T fhar a3 g

T TEol, HTHS TG & YE3NA/GHA R 3AT FEATROT R IF-WAT AR Sccarashar
% JHTEl H EIIA, Ueh Ifafel SIAR & 9T W IR Sefed & e ar-3MI#AT Jdig
F foT, o = 8 v R &R & A & JQula, ¥f@d ad\ T J@FS # 3R
ATl (G/D =0.1) & bt e A=A & fow o a@r arar g1 4ffer 987 & gAa & fav Re
T HEcdqUT Al Ygol Tedl § 3R T G/D & A # gig & A1y doar g1 #AT 78T W
3cCelTaehdT &1 9T feT I FifemiReT & fow 0.1<G/D<1 3R -1<Ri<1 & fov o=
$r 5 §, STET WelsT FI I3 AT 33T aP 3cCaiadhdl T der fFar Jrar g1 2R §ar
& A & faul|, Sccemasmdr H aed HFF S S §| FH R AT R Ig T
R & & & & $ a1 §, Safh Tg 93 T Iura # Jag H AJER AT B
G/D=0.5 & fav feeaes oRomA grcd @1 § STl #iAd 951 f e FPRIcHD
3ccaldehdl @ i) 3R HUMcA® Iccadadr (337 f@a=w) al & fov 2@ ardr &
Ig 3@ a7 § T Sccarraehal T Tiafshdl Teh qaifhR el AR 38 aRaE declpR defel
& fow gAe gt 81 G/D, Re, 3R Ri & faffiesy @@l & fow amoe=r sw@n 3R 8o
TEIT (Nu) fe@mar aram §1 a9k dolel I WSl Tdg I DIsH T Tdgl W, ThRIcHS
3cCelrashdr (Ri > 0) & faT Ny s ST § 3R HoTcA® 3cta@sdr (Ri<0) & v ac
ST 81 THI-IAFT FYOT IUTh Re & AT ol § IR FAI-3HFT 3cU9 IOk, G/D
=0.1 FT BISA, Re & AT T gl
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sg% qI¢ AN AR & T W JIHR S0 & ohe FAAT Yag T 37eqTqT
SRR ~gARDe AR (DNS) earT fhar arm g, 187 F-3maredy deh FshaAor W HR-
3feqaTel o yeTTal T Sfrer T 91 § | G/D 1 AT 0.1 § 4.0 T e fohar arr g1 Al
f= Re=160, 180 3iR 200 foram oM &, S #Fod URT # W MR doiel & fo¥ehe
AT yarg AT & T Re & HAgea ol AT & M3 & g1 aifahe dar & ureafa
# HfAST cITEAIHT AT SHT QT ST g1 G/D H HAl & A, Teh Yalg TaedT § i
JaTg STaEAT H HhHAUT Hobcd URT ST Jolell A Re & HH A W gl g Re =160 |,
G/D & & & WY, IRl &F H Yalg & cal0l & HROT, F-30gel garg Hi o3
Mode A SRS & 6T & AT g &1 G/D =04 R, 2.5D TGS dTel ORI & 3FTAR
gfaa . T Mode S Fgd &, 9a® # G@E ¢ &1 ¥ sfAa 3afo-grediewor $r gear
fara €1 /D <03 & fav, yag F F-3marelar so 3R AR & Ade §o 3awqor-
AU & T WER foRAT & FROT gl 81 G/D & AT AT 9, Ueh YRTAS ThHAUT gfa-
T EuR-3rgedr & BA-3maret R-3maear & giar 81 dod Fr adel W], G/D 3R Re
& Y TAargel AT # FThoc AT A IRAcT H HEAT fhar arar g1 FfelsT T Fcglt
W G/D & 1Y Tl Jdec HEAT A deord H died HET A [Qenfara fohar S derar g
G/D>0.5 & oW, G/D & &#T & T Nu ST &, IR G/D = 0.5 W ATWHdH gIar gl
0.5<G/D<0.3 & AT, Ig G/D & &Y "edl § AR G/D =~ 0.3 W gAdH gl g1 G/D <
03 & faT, I8 G/D A F&r & AT T & Fedr &1 Re # I & @Y, G/D & 3=7 3R
fore=T AT 9 FWOT IUTF FAA: TeaT IR T B

g% 3@, UHh aliad SR & 9 Ush AR {eist & far F-3maeh aw
HHHUT &I YA IeRTe-3770Td G/D = 0.4, 0.5 3 1.0 W 3R 0.5 < 9ge] 31I0Tdl (AR)
< 2.0(9ge 3ieurdd, fAeisy #r wisig/Far$) o Re =160 & faw DNS 3R @ Fuzar
faeeivor ganrt fhar s &1 Mode A siffier @t G/D #=ir & fow, Mode B &iffer G/D =
0.4 & faw, 31K Mode C 8@ G/D=0.4 3iR 0.5 & fow, AR & Rafdes @t & fow o
T g1 RSt & 9 gag X H Radsd 3R IOwIU-ERY & i e fRar @ 9
HHHAUT & FROUN & & H TgIET AT §1 G/D & f@FT A 3R AR & 3=g #@&1 & fow
IUEIU-RAT F dT RER fHAT Th 97T FRF &1 G/D F et A= & fow, dsharor
sfa-fopfesrer 8 3R yare IR-foeeeifes & 3R HAW-3(Id & g & A Jarg
RERRF et 1 ygfed d¢ Srar &1 3 THR, AR & oot A6 & fov yarg $r vdfea
IR-feweifes & 3R g5 vafed AR # gfig & &y "ear &1 G/D=0.5 & fau, F-3mamear
gl AR<1.25 & faw g I § 3R X AR & Ay 9 It §1 9aE AR & &H AW
W 3mafde 3R AR & 3=I #AE W 3T-3a¥% 9T STd &1 Fellade [A2eVuT &l 39T
Fh AW AS T dgaieR  IIod fohdm 3= § AR g aRome DNS & T e g

g & 3ifaw wer #, v afaefier AR & 9 te EeR dod & 9IS gdg v
S 0.1<G/D<1 3R Re=160 & AT large eddy AT garr & 71 &1 v R
daR & AFS & AU, T\ AFS F FIg ST AR AT 9IaT §1 Tg @I IAT &
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fF G/D<0.3 & fau, ezt @ Awcr arer T AIRT Karman $fAT &1 g1 8 S,
St varg &1 Afagiierar # 93 edg T FRUT §9dT &l G/D=1.0 & fov, FFe 3 a3 &
faefter #STET giar & 3R &7 G/D AW (<0.3) & AT Ig HAGN & el § AR 31e9ars
$r IR RAFe g Jar g1 G/D & Fr & Ty, el HUFIUT-FR H1 {eisy i e
g & A My QST g1 ST 8, STl FU8 HORIU-ER fAaia g Sl 8, 3R
K-H &R 398 &g & ¢ 8l &1 duef¥d  “=RA gean” [Se#d 3= 3gicd 3dR-
Jerd AT & G/D=1.0 & o0 ¢&T 31 §, dUT G/D & AT AT & o sme g Jrar
€l G/D (=0.5) & 3=d A & AT 98 FHIT FEAC @l el §, St G/D & et
AT & OT FA & F FaRT B T@AT d90dT &1 G/D=0.1 & AT vererhr e
N ST # A §, I TSR Iculeed H deAd-gY S T HfAST Y S f IS F
3CUI9 90T G/D & T Al & T RUTcA® ¢, Sdich HY0T 0T G/D H HAl & Ay
"ed § 3R G/D<0.3 & fow oemser R gid g1 9eeliy yarg & A & A9dd, o=
T FAE W Hec H&AT G/D # HAT & WY TH drel ¥ 9 el &
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