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ABSTRACT bulent flow field. Predictions show that significant changes oc-
The current open literature carries numerous publications cur to cylinder hydrodynamics and Reynolds stresses due to FIV.

about the dynamics of single structures freely oscillating in re- Wake mixing is enhanced and kinetic energy production field is

sponse to flow-induced forces of a cross-stream. Influence of con-qualitatively altered. Heat flux results in a noticeable increase in

trolled oscillations on heat transfer for relatively low Reynolds response amplitude for FIV cases while surface temperature and

number cross-flow has been looked at previously, nonetheless,heat transfer coefficient undergo qualitative modifications in FIV

high Reynolds number measurements are difficult to obtain. scenario as opposed to a static cylinder. The variance of Nusselt

Studies on the flow field in the vicinity of bodies with Flow- number increases at parts of the cylinder’s circumference due to

Induced Vibration (FIV) and its interaction with surface heat FIV.

flux are what the current literature needs to enhance realiza-

tion of such phenomenon and advance equipment design. The

present study aims firstly at investigating the influence of cylin- NOMENCLATURE

der’s heat flux on (FIV) response and vice versa. Secondly, it f, Cylinder natural frequency.

explores the influence of high Reynolds numhidi0(000) both D Cylinder diameter.

on the cylinder’s response and on heat transfer. An unsteady UVv;p LES resolved "filtered” velocities and pressure respec-
numerical framework is employed for the simulations, incorpo- tively.

rating an Arbitrary Lagrangian Eulerian method for the asso- .o Kinetic energy of Subgrid Scale "unresolved” structures.
ciated grid deformation to simulate the coupled motion of the |, | aminar kinematic viscosity.

low mass-damping circular cylinder with a single degree of free- Cq
dom in the initial regime. Attention is paid towards resolving the g
large scales of the fluid motion and the inherent coupling of the 62 Cylinder time averaged separation angle.
cylinder's motion towards the associated evolution of the time ¢ Cylinder time averagetbtal lift fluctuation.
averaged flow field. The cylinder is assumed to have a constant

. . o Pry Prandtl Number at cylinder surface.
heat flux while Large Eddy Simulation is used to solve for the tur- Pre_p Kinetic energy production of resolved turbulent struc-

tures.

Cylinder time averaged drag coefficient.
Cylinder Strouhal number.
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INTRODUCTION heat transfer. Park and Gharib [6] carried out another study for
It is widely recognized that Flow-induced Vibration (FIV) the effect of transverse oscillation on convective heat transfer for
is a major concern in the design of modern mechanical equip- a single circular cylinder in cross flow. In their study, an experi-
ment among which subsea risers and cross flow heat exchangersnental study was undertaken in water for a range of forced oscil-
were given major attention. It is in fact no surprise to report lation frequencies and at two amplitudes (0.1 and 0.2 of cylinder
that decades of recent research regarding the flow-structure in-diameter). The Reynolds number was varied among 550, 1100
teraction were essentially due to the significant damage causedand 3500. A Digital Particle Image Velocimetry and Thermom-
by this very phenomenon. In particular with regards to cross- etry technique was used to gather data on flow field and heat
flow heat exchangers, the Electrical Energy Research Institute transfer from the cylinder surface. It was found that besides the
(EPRI) stresses that for large Heat Recovery Steam Genera-increase in heat transfer at the oscillation frequency correspond-
tors (HRSGs), flow-induced vibration constitutes a major cause ing to the Strouhal shedding frequency, there were other higher
of equipment damage [1]. The current open literature carries frequencies, namely super-harmonics, at which there was a large
numerous publications about the dynamics of single structures increase in the heat transfer. In particular, there was a large in-
freely oscillating in response to flow-induced forces of a cross- crease in heat transfer at approximately three times the unforced
stream. Nonetheless, studies on the flow field in the vicinity of vortex shedding (Strouhal) frequency for amplitude ratio of 0.1.
such bodies are what the current literature needs to achieve an enAlso, there were large increases at approximately two and three
hanced realization of such phenomenon and advance equipmentimes the frequency for an amplitude ratio of 0.2. Although the
design. This comes in special regard with high Reynolds number increase in heat transfer happened when the wake was in a state
applications for which the interested community inquires about of synchronization with the oscillating frequency, the increase in
its influence on the single cylinder’s response. heat transfer was essentially found to correlate inversely with the
Studies for heat transfer around circular cylinders are ex- distance at which vortices roll up (eddy formation length). This
tensively discussed in the literature [2]. It has been realized for matter is thought to be a necessary condition even if wake syn-
decades that forced oscillations on a heated cylinder do enhancechronization was achieved. As a result of the shortening of eddy
the heat flow from or to the cylinder surface; a phenomenon that formation region, the stagnant and low heat convecting fluid at
relies on the fluid and temperature boundary layers around the the rear of the cylinder is refreshed. Finally, it was added that the
cylinder. Pottebaum and Gharib [3] published a recent exper- large increases in heat transfer appeared to be the result of coher-
imental study to further the investigations on the heat transfer ent motions of the wake, not turbulent or incoherent motions [6].
from a single cylinder in cross flow from only transverse oscilla- Pioneering work of Govardhan and Williamson [7] confirms
tions imposed on the cylinder. The enhancement in heat transferthat the maximum amplitude of a cylinder in transverse FIV in-
was found to strongly depend on synchronization with harmonics creases as the Reynolds number increases. Following on this
of the natural shedding frequency, the cylinder wake mode and influence, a fluid-structure interaction scenario is investigated
the cylinder’s transverse oscillating velocity. This was accompa- numerically herein for a turbulent flow past a circular cylinder
nied by the fact that the eddy formation region was shortened; at a very high subcritical Reynolds number. For validating an
this is one of several factors affecting heat transfer as also high- isothermal flow, two main experimental attempts by Cantwell
lighted in Zdravkovich [4] . Also, the effects of vorticity rollup ~ and Coles [8] and Perrin et al. [9] were undertaken for a baseline
and trajectories of shed vortices were found to affect heat transfer Reynolds number of 140,000. This involves a stationary cylinder
significantly in that such details explain how free-stream entrain- to study in detail the near wake mean flow and turbulence charac-
ment occurs. The velocity of the transverse oscillation was seen teristics. These selected experiments conclusively show that the
to affect greatly the heat transfer for it adds to the circulation and turbulent wake displays significant coherent structures of large
vorticity on the cylinder surface, and that does indeed enhance eddies, possibly with stronger periodicity if the cylinder under-
heat transfer. goes FIV as noted for a lower Reynolds number in Govardhan
In a complementary effort, Fu and Tong [5] numerically ex- and Williamson’s work [10]. Constant heat flux is then applied
amined a similar case of a single heated cylinder with vertical to the cylinder surface to investigate the subsequent effects on
oscillations in cross flow. The variations of the flow and thermal the vibration response and wake dynamics.
fields were classified into a class of moving boundary problems. Large Eddy Simulation (LES) is employed with dynamic
An arbitrary Lagrangian - Eulerian kinematic description method sub-grid scale modelling of Kim and Menon [11] for a two di-
was developed to describe the flow and thermal fields, whereasameter span cylinder on static and freely rigid oscillating scenar-
a finite element formulation was applied to solve the governing ios. With a single degree of freedom, the cylinder is modelled
equations. The results showed that the interaction between theas a non-homogeneous mass-spring-damper system. The flow
oscillating cylinder and vortex shedding dominates the state of field and the cylinder are coupled in a fully explicit approach
the wake and that when the flow and thermal fields approach where a 4th order Runge-Kutta scheme is programmed to solve
lock-in periodic regime, there was a remarkable enhancement in the cylinder system such that flow forces are fed to the cylin-
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der lively through out the unsteady calculation. The simatati is the SGS stress defined by
is undertaken by the commercial code Ansys-FLUENT where

an Arbitrary Lagrangian Eulerian (ALE) deforming mesh tech-

nique is effectively incorporated to simulate a fluid-structure in-

teraction problem. The cylinder response is compared against

benchmark experiments of Brankovic and Bearman [12] for a

single reduced velocity value of (2) in the initial regime. Struc-

tural properties are the same as that of Brankovic and Bearman oF ARAN
[12]. In this work, the definition of reduced velocity as function g ERNENENEEREEEN
of free stream velocitWin, diameteD and natural frequenc H T os
follows as:Vy = Uj,D/fy. Details on the general dynamics of a 1 X L os
freely oscillating single cylinder are discussed in Blevins [13]. e

Tij = pUitj — pUl;. @)

0.2 Oﬂ 0.6 0.8

MODELLING ASPECTS & :
A cell-centred finite volume method is used where gradients ' e B
at cell centres are calculated via the Green-Gauss theorem as in 1 e st
Holmes and Connell [14]. Diffusive fluxes are discretized using M i . i 3 H
a central differencing scheme. A bounded central differencing E T
scheme is used to calculate the Navier-Stokes flow equations as 2 b b b
applied by Leonard and Mokhtari [15]. First order backward- x/D
difference implicit time integration scheme is used with a non-
dimensional time step of.0021 achieving a maximum value of
one for Courant number. Discretized governing equations are
solved using a point-implicit Gauss-Seidel relaxation, along with

FIGURE 1: GRID TOPOLOGY FORLES SIMULATIONS (2D SLICE).

an algebraic multi-grid method as applied in Fluent code docu- The SGS stresses are modelled based on the Dynamic Ki-
mentation [16]. A rectangular domain withS3diameters up-  netic Energy SGS Model devised by Kim and Menon [11] in
stream of the cylinder,.8 diameters downstream andb4diam- which the turbulent viscosity is calculated from the SGS ki-

eters on the top and bottom sides is utilised as in Fig. 1. The petic energksgsas

spanwise domain length is two diameters and the blockage ra-

tio is 111%. The boundary layer zone of quadrilateral cells 05

moves as a single entity with the cylinder when oscillating. It He = Cicksgdt (3)
is designed to eliminate the need for turbulence wall functions

and has a maximum circumferential wall non-dimensional dis- and the SGS stresses are calculated from

tanceY* of one. This zone is followed by pyramidal elements

for what is termed the dynamic mesh zone that is essential for - _ 055 =

the dynamic mesh motion incorporated herein. For the thermal T — (2/3)ksgdhj = —2Ciksgir S, ()
boundary layer resolution, the definition of Nusselt nuntbeat

the cylinder surface entails thdt = D/Nu, wheredr is the ther- andksgsis found by solving its transport equation iteratively with

mal boundary layer thickness. For the current simulatiopss the flow equations,

represented with at least five grid points based on the maximum

Ioca::I_\lltu. Tglbll\el 1 _shogvts Iihe grid rei_solution ef;f_ect_f. . Okeg  OUijKgs ~ ﬁ Oksgs - iSS . 6_[] -
iltered Navier-Stokes equations, continuity and energy . —0x,- = t o y ij o’

transport equations are solved iteratively along with the equation
for the Subgrid Scale stresses (SGS) [11]. For the incompressible
flow assumed herein, the filtered Navier-Stokes equation is The rate-of-strain tens@; is based on the resolved filtered ve-
locity gradients. The filter sizA¢ is equivalent to cube root of
op ot cell volume. TheCy andC; are model constants determined dy-
(Wij) — Pl 6—J (1) namically [11]. As the boundary layer mesh is fine to resolve the
X X laminar sublayer, the wall shear stress at the wglls simply
determined as equal fou/y; wherey; is the height of the first
whereyj; is the stress tensor due to molecular viscosity and cell.

w0
ot 0Xj B 0Xj
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FIGURE 2: CONTOURS OFK.Esgg/K.E s MADE FOR THE 18tgrid.

Furthermore, the internal energgquation with a turbulent
Prandtl numbePr; (here defined equal ta&6), thermal conduc-
tivity k and specific heat, is represented as

) ®

((k+

The fluid used in the simulation is water with a reference
temperature of 300 K; the Prandtl numberis about 6 while
Richardson numbeRi approaches.7e=%". The specific heat,
thermal conductivity and viscosity are all temperature dependent
as follows:

0

ot

0

6Xj

Cpkt

Cope T
Pri

an

(p1)+ d

% (uipl)

Cp = 49535 — 5.04T + 0.0082r2, (7)
k = —0.484+0.00585T — 7.34e %672, (8)
p =0.01278—6.5e7°°T + 8.45¢7%8T2, 9)

The inlet section has a constant velocity applied uniformly with-
out any turbulent disturbances. A no-slip adiabatic condition is
specified for the cylinder surface that is assumed to be perfectly
smooth. At the outlet boundary, a fixed pressure value is main-
tained while all other flow variables are extrapolated from the
interior. Symmetry condition is applied at the top, bottom and

4

TABLE 1: LES GRID STRUCTURE FOR SENSITIVITY ANALYSIS

Grid  Grid Cylinder's ' cell Radial cell size
Pants x/D,y/D,z/D increase ratio

15t 1013868 13%,0.016% 5.5% 11

2 2161391 (96% 0.016% 4% 107

side boundaries such that gradients normal to their planesare

to zero. To study heat transfer effects on the wake and on the vi-
bration response of the cylinder, a study heat flux.85MW /n?

is applied to the cylinder surface.

TABLE 2: PARAMETRIC COMPARISON OF GRID SENSITIVITY EX-
PERIMENTSA AND B REFER TO REFERENCEE8] AND [9]
RESPECTIVELY THE EXPERIMENTAL RANGE IS TAKEN
FROM REFERENCE[4] EXCEPT FORCq THAT IS FROM
[8]. VALUES ARE NOT CORRECTED FOR EXPERIMENTAL

SETUP
Grid Gy 82  Le/D G St
1t 0.9 877 157 035 0239
2nd 112 838 143 037 0216
1StHeat 0.83 887 164 0235 025
Flux
Exp. A 1237 - 11 - 0.179
Exp.B 144 - 123 - 0.21
Range 0.85~145 ~80 — 0.3~0.6 0.18~0.2
(Exp)

CYLINDER AND MESH MOVEMENT

An Euler integration is used to update the location of the
cylinder as in the following equation:
X3y 1 Xy +Vegdt . The vectorXeg indicates the position
of the cylinder centre of gravity while g indicates its velocity.
With a single degree-of-freedom, the cylinder position is solved
for the transverse direction. A fourth order Runge-Kutta inte-
gration scheme is used to solve the cylinder equation of motion
with constant coefficients. They, ¢ andks are the cylinder
mass, damping and stiffness coefficients respectively as used in
the equation of motion

Mgyl Y + ¢y + Ksy = Ftiuid—y—direction- (10)

Copyright © 2010 by ASME
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FIGURE 3: TIME AVERAGED LOCAL NORMALIZED NU AGAINST
DATA FROM [20]. SoLID LINE (LES-STATIC); DASHED
LINE (LES-FIV); ¢ Re= 170000 [20];= Re= 140000
[20].

The cylinder location is determined after fully solving for
the flow field at every time step. The cylinder acquires its motion

150

FIGURE 4: TIME AVERAGED NORMALIZED WALL TEMPERATURE.
SoLID LINE (LES-STATIC); DASHED LINE (LES-FIV).

RESULTS AND ANALYSIS

Numerical predictions for a freely oscillating cylinder are
compared against lab-based measurements of Brankovic and
Bearman [12] with and without the cylinder’s surface heat flux.
The specific mass for the experiment of Brankovic and Bearman
is 0.82 while the damping ratio is.3e—*. Beforehand, however,

from integrated pressure and shear stresses of the fluid domain@ study for a stationary cylinder is presented also with isothermal
as seen on the right hand side of the equation above. Parametergnd heat transfer scenarios. This is to establish credible grid sen-

for identifying the structural properties and their relations are as
follows:

e Specific massn* = 4mgy /(D?Priuial), Wherel is the
cylinder’s length.

e Mass dampingn*(, ¢ is the damping ratio that is related
to the cylinder’'s damping coefficient by the expressios:

254 /ksmcy|.

The Arbitrary Lagrangian-Eulerian (ALE) technique han-

sitivity while isolating the influence of dynamic meshing. Grid
sensitivity studies are shown in Table 2. The drag coefficient is
better predicted by the fine grid and this is more likely due to the
finer spanwise resolution as also noted by Breuer [18] in a sim-
ilar LES study. For the two LES grids tested, there is a general
tendency to over-predictthe time averaged separation angle at the
middle section of the cylinder span. Such overprediction has also
been reported for an LES study [18] although it was stressed that
a significant scatter exists with a nonlinear relationship between
Re and6y at high precritical Reynolds number. The overpre-

dles the mesh motion where grid points are realized as springsdiction of the recirculation lengthec is a result of the delayed

with fictitious stiffness and updated at every time step. If the

separation and the consequent higher base pressure. The coex-

updated cell size or skewness is less or greater than the set lim-istence of highst, low mean drag and longékec has also been

its, the cell is agglomerated or split "re-meshed” respectively. A
limit is set that adopts 50% allowable deviation for the cell shape
from an equilateral triangle. The minimum and maximum cell
sizes are 2% and 45% of the cylinder diameter respectively.
Mesh deformation is not allowed in the boundary layer zone sur-
rounding the cylinder in order to avoid possible interpolation er-

reported by Travin et al. [19] in their coarse DES studies on the
same Re number. There is a reasonable prediction of the fluctuat-
ing lift G; it is important to note here that the values of fluctuat-
ing lift here aretotal and based on the entire span of the cylinder
model. The Strouhal numbé&t is better predicted by the finer
grid; its overprediction by the coarse grid agrees with the find-

rors around the area where delicate separation occurs. The Spacégs of Breuer [18]. The authors suppose that the differen&e in
Conservation Law (SCL) is applied as demonstrated by Farhat et prediction is mainly due to the better spanwise resolution offered

al. [17]. When cell deformation occurs, field values are derived
by spatial interpolation; this would provide the initial values be-
fore iteration takes place at every time step.

by the fine grid.
Heat flux scenario is only applied on the coarse grid show-
ing significant differences from its isothermal counterpart. Mean

Copyright (© 2010 by ASME
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FIGURE 5: NORMALIZED TIME-AVERAGED VELOCITIES AT X/D = | iy
1.5 AND 2.0 (FROM TOP TO BOTTOM RESPECTIVELY I i
COMPARED AGAINST EXPERIMENTAL DATA. SOLID I :
LINE (LES-sTATIC); DASHED LINE (LES-STATIC- °T .
HEATED); DASH-DOT LINE (LES-FIV-HEATED); = St N
CANTWELL AND COLES[8]; e PERRIN ET AL. [9] 2 o 1Y g
[ "'.,'.""-
drag and fluctuating lift have decreased while there is an increase o a
in Staccompanied by longérec that is also caused by the SGS r
viscosity generated in the immediate wake. For the coarse grid, o
Fig. 2 shows the percentage of SGS kinetic energy to the re- T
solved (filtered) kinetic energy in order to indicate regions of S N :
high SGS viscosity generation. Meanwhile, for better compu- ©

tational efficiency out of the tested grids, the following discus-
sion exclusively concentrates on the first grid (i.e., coarse grid) FIGURE 6: NORMALIZED TIME-AVERAGED REYNOLDS STRESSES

for studying the effects of heat transfer and FIV response. The AT X/D = 1.5 AND 2.0 (FROM TOP TO BOTTOM RESPEE

Nusselt number in the front stagnation point is equal t0.911 TIVELY ) COMPARED TO EXPERIMENTAL DATA SOLID

if calculated for the static cylinder from the empirical relation LINE (LES-sTATIC); DASHED LINE (LES-sTATIC-

[2]: Nuss = 1.11Ré)'5Pr0'35(Pr/PrW)°'25. The current simula- HEATED); DASH-DOT LINE (LES-FIV-HEATED); =

tion gives 870. CANTWELL AND COLES[8] (global); e PERRIN ET AL.
[9] (global)

6 Copyright © 2010 by ASME



TABLE 3: CHARACTERISTICS OF FLOWINDUCED VIBRATION RE-

The average Nusselt number equals .383if calcu-
lated -also for the static cylinder- empirically [2]Nu =
0.26R&5PrO37(Pr/Pr,,)%25, The current simulation shows a
value of 74812. Figure 3 shows the local distribution of time
averagedNu around the upper surface of the cylinder compared
to two other experiments made with @, = 0.7, by Giedt [20].
It is shown that the LES results for a static cylinder capture the
overall trends showing maximum heat transfer following sepa-
ration in the high precriticaRerange. Furthermoreé\u of the
freely oscillating cylinder shows a value of 88@xceeding that
of the static cylinder. It is also evident how transverse oscillation
alters localNu distribution both quantitatively and qualitatively
showing a predominant increase post separation. Subsequently,
Fig. 4 shows temperature distribution around the circumference

SPONSE
Case ycy| /D ACDO fos(J fn
Brankovic and
Bearman [12] 0.13 (0% 0.47
Heated Oscil.
Cyl.(CFD) 0.12 (03 0.414
Oscil. Cyl.(CFD) 0.12 0 0.41

of the cylinder showing a decreased surface temperature at thefrom the lower mean velocity deficit (peak variation along the
rear end of the cylinder when it undergoes flow induced vibra- cross-section). The shortefc agrees with what Govardhan and

tion.
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FIGURE 7: STANDARD DEVIATION OF LOCAL Nu. SOLID LINE
(LES-STATIC-HEATED); DASHED LINE (LES-FIV-

HEATED).

Williamson [10] found for a FIV cylinder in the initial regime.

The turbulent flow around the cylinder is decomposed, as an
arbitrary instantaneous quant#yinto a global average, a phase
average and an instantaneous or random component as

s(x,y,t) =S+8+8 (11)

For the LES results herein, resolved stresses or velocity fluc-
tuations combine both the phase average and the instantaneous
for what is termedjlobal. LES computations do not capture the
whole spectrum of energy for the fluctuating velocities, however,
Fig. 2 shows thaSGScomponent is vanishing downstream the
near wake. Comparisons are hence made also at wake cross-
sections 15D and D shown on Fig. 6. For the streamwise
stresses, LES static predictions generally follow the trend in Per-
rin et al. [9] due to the high blockage ratio and subsequentlonger
Lrec Shown in [9]. Accord is enhanced atOP, perhaps due to
the higher effect o6GSviscosity at 15D that may have directly
decreased the width of spreadingmfacross the wake. At.3D
the transverse stresses approach the values in [8] while they are
underpredicted with respect to Perrin et al. [9] data. Better agree-
ment, however, is shown atGD channel. Taking into account
the longer recirculation bubble, it is noteworthy to indicate that

Average streamwise and transverse velocity profiles at near such wake spatial difference would certainly affect the results.
wake cross-sections are shown on Fig. 5. Overprediction of It may be expected to see tfre stress closer to Perrin et al. [9]
the recirculation bubble results in LES values showing devia- due to that the current computational domain does not offer the

tion from both experimental attempts.

tends to be closer on theéD2cross-section. Here the effect of

However, agreements same span and blockage as in [8]. With this rationatés likely

underpredicted by SGS viscosity produced near the base of the

heat flux shows greater velocity deficit that coincides with the cylinder. At 20D, LES static results fall closer to Perrin et al. [9]
longer recirculation bubble predicted (Table 2). LES predictions but is higher than that in [8]. This overpredictiorimcompared

for transverse velocity show better agreement on tBB than-
nel, yet, a sustained overprediction a2 due to the longer re-

to [8] has also been reported by Breuer [18]. The LES static
results for shear stres® is generally higher than that reported

circulation bubble. For the heat flux scenario, transverse flow- in [8]. The overprediction of shear stress iR is due to that
Induced Vibration (FIV) has caused a significantly shorter recir- this distance falls at the end of the recirculation bubble.
For the static cylinder, heat flux reduces the peaksilof —

culation bubble with more free-stream entrainment as inferred
7
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777777777 e exhibit almost the same dominant frequency, heat flux causes the
eat Fux Response | response to exhibit secondary -although minor- responses at dif-
ferent frequencies.
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FIGURE 8: TIME SERIES OF NORMALIZED FIV DISPLACEMENT o8 “g’c‘\i{ ]
AND LIFT FORCE PREDICTED BY LES. SOLID LINE | ||| 7777777 o
(LES-FIV-HEATED); DASHED LINE (LES-FIV). oo 200 300 400 500 600
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FIGURE 9: FFT ANALYSIS OF DISPLACEMENT AND FORCE SPEE
TRA PREDICTED BY LES. SOLID LINE (LES-FIV-

without other marked influences am or uv. For FIV scenario HEATED); DASHED LINE (LES-FIV).
with heat flux, there seems markeelaksdecrease dafit, increase
of vv-as expected from the transverse motion- and a limited de-
crease iruv for 2.0D. It is evident here how the spreading of all
fluctuations is enhanced along the cross-section; this indicates Lo X
better mixing and entrainment. Unsteady heat transfer is very IWeen current LES predictions and results from Brankovic and
important for the determination of effectiveness and structural B&arman [12]. Itis essential to note here that Brankovic and

integrity for heat transfer equipment. In Fig. 7, the standard devi- B€arman [12] made their test Be~ 4000 for the reduced ve-
ation ofNuis plotted for both the static and FIV scenarios. Most 10City of concern herein (i.e., 2). Favourably, the predicted phase

of the fluctuations ifNu occur in the rear part of the cylinder. It ~ 2n9I€A®° in between the fluid force and the cylinder vertical
is interesting to see the onset of sharp increase in fluctuations at'€SPONse is zero. Also, the amplitude at the dominant harmonic
boundary layer separation with even a maximum at the rear stag- isin cloge accord Wlth its experlmentgl counterpe}rt, however, the
nation point. Such behaviour does not qualitatively differ for the M€ Series show instantaneous amplitudes as highea®@nd
oscillating cylinder in the initial regime with®shedding pattern.  0-3D With and without heat flux respectively. Frequency ratio
Quantitatively, oscillations greatly improve heat transfer around 'S underpredicted by around 13% compared to the value experi-
the entire surface. Interestingly, the sudden increasaygfor mentally obtained; it is either Reeffect or modelling error that

the FIV cylinder does not match with the averaged separation an- '€€dS to be investigated further. ,

gle listed in Table 2. In fact, this occurs in more thar @rlier Turbulence productioR e p) is evaluated from the main
than mean separation. Although it remains higher than its static Stréam to the resolved eddy motion, watly 0x being flow gradi-
counterpartgy profile shows a downward slope at FAntil it ents andiu; being the time averaged resolved Reynolds stresses,
rises again at 142 The LES results of the cylinder's response to & follows:

FIV are shown in terms of normalized transverse displacement

and lift force on Fig. 8. Itis peculiar to see that despite the lower = _ _Wﬁ (12)
fluctuations in lift force exhibited by a static heated cylinder, heat (ke=p) ox;

flux increases fluctuations in lift force in FIV situation. Conse-

quently, this results in higher peaks of transverse displacement

time series for what is termed the heat flux response. Figure 9 Figure 10 shows the contours of LES resolved turbulent en-
shows the Fourier Fast Transform (FFT) spectral analysis of the ergy production for the static and oscillating heated cases respec-
displacement signal with and without heat flux. While both cases tively. The qualitative and quantitative distribution of turbulent

Table 3 shows the response characteristics compared be-

=
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FIGURE 10: CONTOURS OF TIME AVERAGED NORMALIZED KF FIGURE 11: CONTOURS OF TIME AVERAGED NORMALIZED Kl
NETIC ENERGY PRODUCTIONP(kLLp) BY LES. Tor: NETIC ENERGY OF FLOW PREDICTED BYLES. TOFP:
STATIC CYLINDER; BoTTOM: FIV-CYLINDER STATIC CYLINDER; BOoTTOM: FIV-CYLINDER.

energy production differs significantly nearer the cylinder bound- bration response of the cylinder. In the studied "initial regime”,
ary layer than is the case further downstream. For the static case flow-induced vibration enhances heat transfer significantly and
the thin boundary layer before separation -perhaps not quite clearespecially in the rear half of the cylinder. Furthermore, signifi-
here- has positive energy production, the maximum of which lies cant changes in kinetic energy and its production occur around
in the separated shear layer, augmenting the eddy structures. Théhe cylinder boundary especially in the separated shear layer and
base of the cylinder has a region of negative production zone that at the cylinder base.

serves as a sink for the energy of the resolved eddy structures.

Contrary to such, for the oscillating case, the thin boundary layer

area is almost dominated by negative production (destruction of ACKNOWLEDGMENT
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