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Abstract. Through a detailed numerical and experimentalrabterization of subsonic flow around a circuladioger,
the measurement capabilities of a wind tunnel asseased in this work. More specifically, computetidfiuid
dynamics (CFD) results are used to determine e finge in which the wind tunnel produces accurageilts, given
the current limitations of the instrumentation dahle in the wind tunnel. The influence of thregbtilence models,
namely shear-stress transport (SSTyp.kTransition SST and Scale-Adaptive Simulation }SAS the obtained
numerical results, is analyzed as well. For the atioal computations, a range of Reynolds numbessfdO to
1.4x16G is covered accounting for subsonic and incompbéssiow. For the experimental analysis in turnRaynolds
number range up to 1.2x18 studied in the wind tunnel. Aiming to reduce absociated computational cost, several
simulation strategies taking into account differeptution methods, under-relaxation factors andetidiscretization
schemes are studied as well. The influence of temice models on the obtained numerical resultsusslitptively
analyzed considering contours of velocity, voricishear layers, transition to turbulence, amondpeos. In
guantitative terms, the referred influence is dggad accounting for drag, lift and pressure coeffits, as well as for
the boundary layer separation angle. Variationgkey parameters as a function of Reynolds numberatomh their
frequencies spectra are properly discussed as Wellelative good agreement is noticed between tinel winnel
measurements and experimental measurements froltettagdure. A relative good agreement betweenrthmerical
results obtained here for the laminar regime andsth associated with similar studies carried outthe past is
observed as well. Nonetheless, larger discrepanewese found at turbulent regimes between the nwaleri
simulations and experimental measurements fromwbig and literature. The results from this workl\wie used in
future to specify new and more sophisticated imsémtation to be installed in the particular winchhel analyzed
here.
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1. INTRODUCTION

Conducting highly specialized research requiresoatimuous upgrade in instrumentation and computatio
resources. Because the processing capacity of dengpincreases continuously, the capability forrygag out
numerical simulations increases as well. This alofer instance, simulating wider Reynolds numleated flow
ranges nowadays. Besides, experimentation becoragsialy more sophisticated than ever and theunstntation
utilized is much more powerful every time. Sopltsted measurement techniques include, for instdase;, Doppler
velocimetry (LDV) (Molki et al, 2013), laser-induced incandescence (LIl) (Leiparid Sommer, 2009), volumetric
velocimetry (TOMO PIV) (Hegneet al, 2015) and laser-induced fluorescence (LIF) (Lobast al, 2017). It is
important therefore to assess the instrumentati@iladble in a test rig to determine the operatimgits in which
measurements are reliable.

In literature, there are a number of works dealimtp computational fluid dynamics (CFD) based siatidns and
circular cylinders. For instance, two-dimensionakteady Reynolds Averaged Navier-Stokes (RANS)utations
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using ak-w SST turbulence model and the viscous-flow solveFRESCO were performed by Rosettial. (2012).
Strict verification and validation (V&V) proceduresong with assessments of numerical errors andrtainties were
performed in the referred work. Discrepancies betwtheir numerical results and experimental date wéributed to
modeling errors. The ReFRESCO flow solver was frtexplored by Pereirat al. (2016) through the analysis of
transitional flow at a Reynolds number of 1.4X1@ this last work, different modeling approachesre considered
such as RANS, Scale-Adaptive Simulation (SAS), edaDetached-Eddy Simulation (DDES), eXtra LargehEd
Simulation (XLES) and Partially-Averaged Navier4&te (PANS). This comparison showed that in traorsiti flows
models based on RANS boundary-layer solvers prédictrectly the flow separation. Nevertheless,rapphes that
solve turbulence on the boundary-layer such as PpidSent better results. A comparison between anmcial and
an open-source solver results was performed bydsatret al. (2014). Six different Reynolds numbers ranging frén
to 10 were considered andkaw SST turbulence model was used in both solvers thighsame geometry and mesh.
Despite the similar configurations set up on ballvess, several differences were found in the tesiihe commercial
code turned out to be more suitable in high Reyaldmbers for drag, lift and Strouhal number corafpons, while
the open-source solver had a better agreementwirReynolds numbers for the same computed paraméte&s and
unsteady RANS based results for two and three-dsiaeal flows were assessed against experimentallgaloung
and Ooi (2007) for a Reynolds number of 3900. ~Adtadk- model was used for the unsteady RANS computations
and a dynamic Smagorinsky sub-grid scale modelusad for the LES approach. The CPU-time was algistered
there, where the three dimensional LES computatioois about 1784 CPU-hours, much higher than th€R@-hours
associated with the two-dimensional unsteady RAN&so The results from the three-dimensional LE® eéth 48
spanwise cells accurately reproduced experimeetallts for drag, lift and base pressure coeffisieas well as for
Strouhal numbers. LES cases with lower spanwide skebwed poor results, which suggested that LEBliseffective
when used with enough cells in the spanwise doedid be able to solve the smaller three-dimensieddies. The
Reynolds number equal to 3,900, which is intergstin study because of its flow characteristics {fteamboundary
layer, laminar separation, transition to turbulanthe near-wake and turbulent wake) was alsoestuay Pereir&t al.
(2015). In the referred work, hybrid models suctD&ES and XLES were compared with RANS simulatiars] a
better agreement with experimental data was foondhfe hybrid models. To unravel the widespreacdg@ion that
RANS simulations fail to adequately represent separflows, Palkiret al. (2016) performed simulations over a three-
dimensional circular cylinder with a Reynolds str@sodel (RSM) and a linear eddy-viscosity model\(MB. The
results for two Reynolds numbers, 3.9%khd 1.4x18 were compared with experimental data, LES andctlir
numerical simulations (DNS). Good agreement withSL®as gathered by RSM for high Reynolds numbers.
Nevertheless, for low Reynolds numbers, the ungtBa#dNS models did not result reliable for fully seated flows.

Similarly, several experimental works involving atitar cylinders and wind tunnels have been perfdrinethe
past. Achenbach (1968) made measurements of tseypeecoefficient (€ and the friction coefficient (§. From the
friction coefficient, the boundary layer separatmmgle §s) was calculated. Cantwell and Coles (1983) peréoira
shedding frequency and vortex formation analysithencylinder near wake and downstream regionsbé&igr(2003)
performed a transient analysis of lift coefficie(@). Roshko (1961) performed an analysis of the piresdistribution
for very high Reynolds numbers. Williamson (1996)ducted a study of vortex formation in the waka af/linder, as
well as of frequency spectrum as a function of Ré&&:m number. The referred experimental works acdelyiused in
different research efforts and can be thereforegted as trustable validation resources. More tscdor instance, a
methodology for wind tunnel experiments is propobgdLibii (2011). This last work describes procesiito study
fluctuations in a free flow stream, pressure disttions around a circular cylinder and viscous wekdth behind a
circular cylinder. Most of the experiments carrmd there were performed measuring pressure witessure probe
and estimating the flow velocity from those measwgnsts. Experimental studies at a Reynolds number B0 with
hot-wire anemometry (HWA) and particle image vehoeiry (P1V) were performed by Parnaudeaal. (2008). In this
last study near wakex/D < 3) and further downstream (3>¢D < 10) analyses were carried out. The agreement
between their experimental results and LES calianatperformed was satisfactory. The results ose¢heorks are
taken into account here as a reference for theunaagnts carried out in this work.

In order to make a fair comparison between numledca experimental procedures, the capabilitieghef
measuring instruments must be determined with gi@ti There are three basic instruments for meagyunctual
flow velocities, (i) the Pitot tube, (ii) hot-wiranemometer and (iii) laser-Doppler anemometer t(¥rjt1988/2007).
Regarding the Pitot tube, it is remarked that & gynolds number is required so that the theornoofviscous fluid
could be applied and the pressure could be retatéte velocity by the Bernoulli equation. Pitobéumain limitations
are its large size and its high time responsedsi ffressure variations. It is concluded thenftivaurbulent flows with
a Pitot tube is possible to measareragevelocities only. In contrast, the hot-wire anemienés relatively small and
capable of measuring high frequencies in transiiod turbulent regimes. Its main limitations are tieed to keep the
instrument always calibrated and free of problesmseiated with the presence of temperature vamstibinally, the
laser-Doppler anemometer measures the velocitynafl particles that travel with the instantanedowsfvelocity. The
laser-Doppler has a wide range of speeds that eandasured and it is able to measure values unaes1 It also
responds to rapid fluctuations in velocity so itsgitable to measure transitional and turbulentvdlolts main
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drawbacks are the complex installation in some exmmtal conditions and the presence of many ssuafe
inaccuracies.

In this work, the measurement capabilities of adaimnel are evaluated via a detailed charactevizaf subsonic
flow around a circular cylinder compared with nuio@r simulations. Initially, CFD based results femd-tunnel
conditions are compared with experimental datalabi@ in open literature. Once the accuracy ofrtheerical model
is assured, a comparison between numerical predgtnd experimental measures was done. The biersealts are
then used to determine the flow range in whichvtired tunnel produces accurate results, given tmeentilimitations
of the instrumentation available in the wind tuni@r the numerical computations, a range of Raisiaoumbers from
10 to 1.4x18is covered accounting for subsonic and incompbkssiow. For the experimental analysis in turn, a
Reynolds number range up to 1.2%i0studied in the wind tunnel. In order to reduoe associated computational cost,
several simulation strategies taking account difier simulation methods, under-relaxation factorsl ame
discretization schemes are studied as well. Thieen€e on the numerical results of the mesh refergnis also
analyzed considering the dimensionless parametemd the number of cells in the cylinder perimetdre influence
of three turbulence models, shear-stress tranép8) ke, Transition SST and Scale-Adaptive Simulation (A&
the obtained numerical results is analyzed qualéiyt and quantitatively. Qualitatively, comparisonf contours of
velocity, vorticity, shear layers, transition toliulence, among others, are performed. In quaivgtéerms, analyses of
drag, lift and pressure coefficients are carried Binally, variations of different parameters sachforce and pressure
coefficients, Strouhal number and boundary layamaaenent angles as a function of Reynolds numberatso
discussed.

Accordingly, after a brief introduction (Section, #)e governing equations and mathematical modefdayed in
this work are summarized in Section 2. Section Scdees in turn the experimental and numerical odilogy
followed here. The description and discussion ef thain results obtained in this work are preseirtefection 4.
Finally, the last sections include the main conclus drawn from these results.

2. MATHEMATICAL MODELING
2.1. Governing equations

The conservative form of the system of equationgegong the time-dependent two-dimensional flow aof
incompressible and isothermal fluid is accountedtiits work. An index notation with andj indexes is used here
wherex (i = 1, 2), or (X, y) are the Cartesian coordinates an(i=1, 2), or (u, v) are the Cartesian components of the
velocity vector. Mass and momentum conservationteeeefore expressed as, respectively (FerzigePanid, 2002),

ou;
0x;

=0, (1)

ou;  O(uu; 10 d (0u; Ou;
Ou, |, Otyu) _ _10p “—( + ]>+Sui' @)

at 0x; pOox; pdx;\0x; 0x;

wherep stands for density; is dynamic viscosityp is pressure ang,, is a source term. Different approaches to solve
these instantaneous equations such as RANS, LES,dDN hybrid as Detached Eddy Simulation (DESpeaadable.

2.2. Reynolds Averaged Navier-Stokes (RANS) forrtioha

The equations solved in this work are based orRisES formulation, which is the less computationaiénding
approach. Following this approach, Eqgs. (1) andf2)written as, respectively (Ferziger and P2062),

o7, _ .
ox; 3)
@ 9, . 10p pd (9w 0F

at + 0x; (ulu] twy)=- p 0x; + pOx; \0x; 0x;) (4)

The Egs. (3) and (4) terms come from accountingHerdependent variablesandp as u; = &, + u; andp = p +
p, respectively. Her@, andp are the mean values of andp, andu; andp’ are their fluctuating components it can

be noticed, the averaging process introduces ednables,u;u/, known as Reynolds stresses. This means that for
solving these equations further modeling is reqlire
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2.3. Turbulence modeling

The Boussinesq approximation, Eq. (5), expressesRétynolds stresses in terms of turbulent viscogjtynean
rates of deformation and turbulent kinetic enétdferziger and Peric, 2002),

S— o, 6u 2
Tij = —PU W = [ ax 6 X; Pkaw (5)

where k =+ 12 + v'2. The Boussinesq approximation implies an isotramésumption for the normal Reynolds
stresses, which means that the turbulent viscsitgnsidered to be the same in all directionanlién application is in
two-equation turbulence models like or k-w. Thus, expressions for modeling the turbulentosgy and the turbulent
kinetic energy are required. As described nexgatinrbulence models have been studied in this.vioitke following,
for the sake of simplicity, the mean values arefieed by dropping the over bar.

2.3.1 Menter shear-stress transport (S&&)model

This hybrid model, involving th&- (Jones and Launder, 197@)dk-w (Wilcox, 1988) turbulence models, was
originally developed by Menter (1994). In this mbdee best features of the Wilcéxw model in the near-wall region
and of thek-e model in the free-stream region are combined. fid@esport equations, Eg. (6) and (7), kaandw are
given by, respectively (Menter, 2003),

k) | d(kw) _ 9 (u+ut

at 0x; 6_x] p POy

)gk] + min(u.S2,108*wk) — B*kw, (6)
j

1 10k dw
]+ —min(u,S%,108*wk) — pw? + 2(1 — F)) ————, (7)

at 0x; 6x p po,/ 0x Oz W 0X; 0X;

a(w)+a(wu) ] [(,u_l_ )aw
]
whereg;, ando,are the turbulent Prandtl numbers kaindw, respectively, which depend on the wall distaiscis; the
magnitude of the strain rate= ,/25;;S;;; S;; is the strain rate tens8y; = 0.5(6ui/6x]- + au]./axi); B* is a function
that depends on the Reynolds numleandg are functions that relates andk-w constantsk; is a blending function
which is zero away from the surface and one inrthar-wall region and,, is a constant. A production limiter,
denoted by thenin function of the turbulence production term in #aequation, is used to avoid the overproduction of
turbulence in stagnation points. Over the yearsténes*and 5; have been modified from the original Menter’s
equation to be Reynolds number dependable.

Notice that in this model the turbulent viscogitypresent in the diffusive terms is obtained from,

pk 1

W=—"—"" "< 8
w max(l;&) ®)
a,w

whereF; is a second blending function amdis a constant. Default model configurations anastants were utilized in
this work, as recommended by the commercial saltitzed (ANSYS’ Fluent, 2017a).

2.3.2. Transition SST model

This model is based on the coupling of the Ment&3 k-« model with two other transport equations. Thet firs
one is the intermittengy, Eqg. (9), which is the parameter responsible igfgaring the transition process. And the
second one is the transition momentum-thickness\étdy numbeRe,,, Eq. (10), which is used to capture the non-
local effect of free-stream turbulence intensitg @nessure gradient at the boundary layer edget@vie?006),

o  aly 0 |(w me )0y Cery Cez¥
6t + (ax ) = 6_ P -+ p; 6 +C 1FlengthS[VFonset y3 [1 - - + CaZQFturb [1 - - ’ (9)
a(met) a(mgtuj) _ a 2 + He amet 1 oy
o ax o™ ( p ) ox; |© e (Rege = Reqe)(1 = Foo). o)
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Herea,, Co1, €y3, Cer, Cazs Cezs 0gty Coe @re model constants;,, ., Reg, are empirical correlations given by Langtry
and Menter (2009),,...; is @ function that controls the transition ongetis the vorticity magnitud@ = ,/20;;4;;;

0;; is the mean rate-of-rotation tensqy; = 0.5(6ui/6x]- —6u]-/6xi); F..p 1S a function used to disable the
destruction/relaminarization sources outside cdraithar boundary layer or in the viscous sublayes a time scale
included for dimensional reasons afy is a blending function used to turn off the soueren in the boundary layer
and to allow the transported scalar, diffusing in from the freestream (Menter, 2006).

A separation-induced transition correction is aensidered in this model to avoid the transitidieafbecause of
the boundary layer separation. It allows the lactdrmittency to exceed 1 whenever the boundamgriagparates. This
causes an earlier reattachment by increasing th@uption ofk. The corresponding equation is given by (Menter,
2006),

Re

3235;696) - LO] Freattach' 2} th, (11)

Ysep = Min {Cslmax [(

where C,, is a constant that controls the separation bubitde,is the strain rate Reynolds Numbeéf, ;tacn IS @
function that disables the correction when the os8#y ratio is high enough to cause reattachmedt R, is an
empirical correlation that defines where the infélency starts to increase in the boundary layer.

The coupling of the two additional transport eqoiagi with the Mentek-o SST model modifies thke equation as
follows (Menter, 2006),

@Jra(kuj)_ 0 [(gﬂ%)ak
k

- = . * _ . . * 12
5% o o Oxj] + Verpmin(u,S02, 108" wk) mln(max(yeff,O 1),1)ﬁ kw, (12)

where y ¢, is the effective intermittency,,; = max(y,ys,). The last modification concerning the origingl
blending function and further details of the moaled provided in Langtry and Menter (2009). Alsturdulence energy

production limiter Kato-Launder, denoted @1 instead ofu,S?, is considered by default by the solver utilized to
reduce the kinetic energy production in the stagnaegions (ANSYS Fluent, 2017a).

2.3.3. Scale Adaptive Simulation (SAS) model

The SAS model is an improved URANS model which nedédferent turbulent scales without the needilbéring
the Navier Stokes equations as the LES approach dées model is based on the introduction of the arman
length-scale into the turbulent scale equation, (Z}}. as a source term. This model differs fromeottwo-equation
models focus, in the way that in classical two-égumamodels only one scale of turbulence is caleddfor instance,
the turbulent frequenay, proportional to the Strain Ra&in the case of the models based onkifagequations) and
the maximum turbulent length scalewill be always proportional to the thickness oe tturbulent layer;. This
approach is valid for steady shear flows, but isteady conditions, where instabilities occur, défe length scales
tend to appear. In the classical approach, sineg ilave the same turbulent frequency, differenteseddies tend to
merge in one unique large eddy. This aspect carotieed in thek-w SSTand transition SST models result obtained in
this work (Section 4.2). So, using higher derivaegivn the source terms, different Strain R&ean be achieved in the
domain (Menter and Egorov, 2010). The source @gazused is defined by,

2 2pk 1 0k 0k 1 0w dw
) ,0f, (13)
k2 0x; 0x; w? 0x; 0x;

L
Qsas = max [PTIZKSZ (L_) - CSASO__maX

vK [}
wheren,, k, Cs4s andao,, are constantd, is the length scale of the modeled turbulence Igjpdis the von Karman
length scale. This term is added as an additianaice term in the right side of thetransport equation, Eqg. (7). In this
work the source ter,s is considered as an extension of the transitioh 188del. The terms appearing in Eq. (13)
are defined as described in ANSYBluent (2017a) and are equivalent to those prapbgéventer and Egorov (2010).
3. METHODOLOGY
Both numerical and experimental methodologies ¥odld in this work are described in this section.

3.1. Numerical methodology

To manage the different steps of the simulatiorcgss, such as the creation of geometry, mesh gemersetup,
solver monitoring and post-processing, the ANSY\Workbench 19.0 (ANSY% Workbench, 2017) commercial
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software was used as a versatile platform to Oistei the grids, cases and data generated throffghedi processes. In
particular, the numerical simulations were carried using the commercial solver ANSY&luent 19.0 (ANSY$
Fluent, 2017b). The geometric configuration wasngef accounting for the computational domains aered in
similar studies (Franke and Frank, 2002; Parnauééal, 2008; Rosettet al, 2012). The geometry of the circular
cylinder studied was obtained from the physical ehodvailable for experimentation. More specifically
computational domain of 8Dlong and 20 wide, with a circular cylinder of 72.6 mm diame{By), placed at a
distance of 10D from the inlet, was simulated iis thiork. Computational grids were generated follayva multi-block
approach using ANSYSICEM CFD 19.0 (ANSY$8 ICEM CFD, 2017). Figure 1 shows the structured hmek
1.6x10 elements utilized. Fluid properties, such as airsity and dynamic viscosity, were determined aierig the
atmospheric pressure, temperature and humiditiie@fdind tunnel studied. The domain inlet boundamydition was
considered as velocity-inlet with a constant velpeiector in the x-direction. A turbulent intensity 0.5%, which
corresponds to that specified by the wind tunnehurfecturer, was considered at the inlet to maintae similarity
with the experiments. Also, a turbulence lengtHesof5mm, 7% of the characteristic length (ANSYSBuent, 2017a),
was considered at the inlet. The outlet boundanglition was set up as pressure-outlet with a zaumg pressure. The
upper and lower boundaries were set up as walls zéto shear stress values (slip condition). Thelization of the
domain was carried out with a hybrid configuratiarnich is a set of recipes and boundary interpmtathethods that
improve the initial calculations (ANSYSFluent, 2017a).

Globally scaled residuals were considered for kel simulations, with a scaled residual of #0r the unsteady
cases and 18 for the steady cases. The drag coefficiens) (@d the lift coefficient (Q are integral values of the
pressure field around the cylinder wall. The boupdayer separation angl®§) is computed from the wall shear stress
at the cylinder. This is when it changes of sigonfrpositive to negative. The base suction coefficieGyg) is an
indicator of the behavior of the vortices sheddiglliamson, 1996) and is calculated as the statéssure at the rear
of the cylinder wall. The velocity at the outletd}f) is thex-velocity at the midpoint of the outlet boundarydda an
indicator of the domain convergence. From the tealpeariations of ¢, the vortex shedding frequencies and the
Strouhal number (St) were derived with a fast Feuriansform (FFT) algorithm. Also, data samplingtime statistics
was performed during the last 50 non-dimensioma tunits of the unsteady simulations to obtain taveraged fields
comparable with experimental data.
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Figure 1. Left: Computational domain and detailthef mesh utilized (162,342 cells). Right: Zoomaawof the mesh
resolution around the cylinder.

3.2. Experimental methodology

To carry out the experimental tests, a subsonidviimnel, Figure 2, belonging to the LaboratoryEwsfergy
(LABEN) at the Pontificia Universidad Catdlica d&ru (PUCP) was utilized. The blower tunnel featwenaximum
air speed of 30.5 m/s according to the manufactpecifications. The air speed of the tunnel wagraally controlled
by a throttle valve on the fan inlet. Later modifions involved the installation of an electric wrotontroller, so the
throttle valve is now left completely open and teeolutions per minute (RPM) of the electric motwe adjusted
through a control panel. The tunnel’s availablérimaentation for the interest of this work incluge®itot tube, a low
frequencies Delta Ohm hot-wire anemometer HD 2108t2 a resolution of 0.01 m/s, a TecQuipment ARABee-
component balance, two TecQuipment AFA5 differdri@ssure transducers with a range of 1 to 7000Qvita a
resolution of 1 Pa and a TecQuipment VDAS-F (mkhipdule allowing real-time data acquisition with @ximum
digital sampling frequency of 2 Hz. Higher frequiesccan be monitored and stored via an analogiqaltiproperly



17th Brazilian Congress of Thermal Sciences and Engineering
November 25th-28th, 2018, Aguas de Lindéia, SP, Brazil

configured. The software used to store and manhgedata is VDAS (TecQuipment, 2017), which includes an
integrated interface to manage all the instrumesésl in the wind tunnel.

Pg: Differential static pressure

of contraction cone \]
Supports for Three

Component Balance:

C and Cp
Vref: Reference velocity ol e}
— Confract Electric Motor
. N ) ontraction Diffuser Control Panel:
Mobile support ‘& o cone RPM
for Pitot tube, Pp,,
[0
Rotary cylinder
with static
pressure output
Pg
L

Figure 2. Scheme of the wind tunnel of the LABENa@#ing the sources of the input parameter RPMaartplut
parameters® Py, Ps, C.and G.

From the instruments available, the three-compobaft#ince was used to obtain the drag and lift imdefits. For
the balance related measurements, a continuousaléetion of drag and lift forces was carried vatying the tunnel
mean flow velocity at the highest sampling frequerft the same time, the base suction pressureobt@éned at the
rear point of the cylinde@=180°. Figure 3 shows the cylinder angles distributionoainted for velocity-based of the
flow direction. The differential pressure transdsceere used to measure the Pitot tube dynamisymesThe Pitot
tube experiments were done by locating the Pitbe tat the location of interest inside the workiregt®n and
measuring continuous data at the highest sampi@ggiéncy, as the velocity was varied. The stagssure around the
cylinder was measured by varying the position anflbe static pressure intakenaintaining a constant flow velocity.
In parallel, the differential static pressure betwehe inlet and outlet of the tunnel's contractamme was always
monitored and registered during the experimenthae a reference of the flow mean velocity. Coroectactors
defined by Allen and Vincenti (1944) and used byngnather authors (Roshko, 1961) were also consideege for
correcting the drag and pressure coefficients @uéhé blockage ratio between the cylinder and tired viunnel
working section height (BR=0.159).

Upstream
Flow velocity

Static

pressure
intake O

Downstream
Flow velocity

270°

Figure 3. Scheme of the circular cylinder angleth wéspect to the flow direction and static pressatake.

A verification of the wind tunnel velocity was perined prior to the experimentation to get a genided of the wind
tunnel capabilities and calibration factors. A tieiaship between the Pitot tube dynamic presyend the velocity

Veiror =+/Pp/(0.5p) and a relationship for the pressure at the cordracconeP, and the veloCityV, ¢ cone =

\/Ps/(O.Sp(l — (4,/4,)?)), whered, /4, is the area ratio of the contraction cone equ#l.158, were defined. Both

equations were defined considering the Bernoulliatign and the continuity equation for a steadwfl@hen, by
setting up a relationship between the rotationakdpof the electric motor (RPM) and the free streetocity of the
wind tunnel obtained with the hot-wire anemometetibration factors were defined f@p;.,; andV, . nicone- TUs, by
monitoring the differential pressure of the conti@t cone, accurate free-stream flow velocity cobél measured.
Figure 4 shows the relationship between the RPMthadReynolds number, as well as the flow velogitbtained
from the hot-wire anemometer, the calibrated Pitdte and the calibrated contraction cone as a ibmaf the
Reynolds number. The maximum velocity reached lgywind tunnel was 23.1 m/s. This means that a maxim
Reynolds number based on the cylinder diametebaiital.1x18 can be achieved. Due to overcharging risks ankl hig
currents consumption only short tests were cawigdat the maximum flow velocity. On the other haadninimum
Vet Of 7.7 m/s, corresponding to a Reynolds numberrofired 37,000, is considered as acceptable for measunt.
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This accounts for the minimum resolution of thdfaediéntial pressure transducers of 1 Pa. Lower itgtscmeasured
with the Pitot tube drastically increase the measignt uncertainties. In the working range, a fl@logity average
fluctuation of 1.4% was obtained following the pedare suggested by Libii (2011), which was an iattic of the low-
turbulence characteristics of the wind tunnel.
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Figure 4. Left axis: ¢-) Electric motor rotational speed. Right axis-§-Wind tunnel mean flow velocity measured
with a hot-wire anemometer, (---) corrected floioaity measured with the Pitot tube and (---) ccied flow velocity
measured at the contraction cone. All as a funafdReynolds number.

4. RESULTS

A set of eight different Reynolds numbers rangirant 10 to 1.4x19Dwere simulated numerically and a Reynolds
number range from 3.7xi0o 1.2x16 was studied experimentally by the variation of fhee-stream velocity.
Reynolds numbers of 10 and 40 are expected to dtimwacteristics of steady laminar flow, where asoeat
recirculation bubble is expected to appear forhilgher value. Re = 100 and 200 are expected to owmar unsteady
characteristics such as the Von Karman vortex tsteeea result of instabilities in the recirculatiength. Despite
Zdravkovich (1990) and Williamson (1996) define theginning of turbulence effects around Reynoldsiloers of
150-300, in this work is considered that Reynoldsber of 200 is still laminar, as considered bydRwgt al (2012).
Three-dimensional effects start to appear around R80 (Williamson, 1996), where dislocations aldhg spanwise
should cause a reduction of the base suction caeffi (-Gg) and an increase of the formation region. Nevéstise a
two-dimensional approach is considered here dutiegnumerical simulations, so the absence of timeensional
effects needs to be taken into account. Threerdiffeturbulent models where considered for the BlEggnumbers
1,000, 3,900, 40,000 and 140,000, which are insid¢éhe subcritical regime (Williamson, 1996). This where
transitional effects from laminar to turbulent aepected to occur in the free shear layer. Fronsethieeynolds
numbers, Re = 1,000 and 3,900 are both in the Tisi2regime defined by Zdravkovich (1990), whesnsitional
vortices are expected in the shear layer. The BigReynolds numbers numerically analyzed, Re =000athd 140,000,
as well as the experimental range, are part offtls.3 sub-regime, where the shear layer is expdctéthave fully
turbulent from the beginning. Table 1 summarizes16 different cases numerically studied in thiskwo

Table 1. Summary of cases numerically simulated.

Cast Re V m/s Model % As (mm)
1 10 0.00215 laminar Steady - 0.300
2 40 0.00860 laminar Steady - 0.300
3 100 0.0215 laminar Unsteady - 0.300

L4200 00430 laminar Unsteady S 0.300

5 k-o SST

6 3,900 0.839 Transition SST 1.02 0.300
7 SAS

8 k-o SST

9 10,000 2.15 Transition SST 0.98 0.120
10 SAS

11 k-o SST

12 40,000 8.60 Transition SST 1.00 0.034
13 SAS

14 k-o SST

15 140,000 30.1 Transition SST 0.94 0.010

[y
(@]

SAS
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4.1. Preliminary results
Several preliminary tests involving studies of gridependence and simulation strategies werellgiparformed.
4.1.2. Mesh independence

A set of seven different grids were created in otdeevaluate how the domain spatial discretizatdfacts the
numerical results. A constant flow velocity corresging to a Reynolds number of 1.4X10as evaluated. This
Reynolds number is the critical one studied in thizk since it is the maximum possible value todaghered
according to the wind tunnel manufacturer spedifices. Notice that thidRRe value is lower than the upper limit
defining the subcritical regime related range (Regim and Bernitsas, 2011). A constafitof 0.94 was kept in all
simulations so the viscous sub-layer could be sohredY* independence could be achieved (ANSYuent, 2017a).
The k-w SST turbulence model is considered in this setegh independence related simulations. Since all th
turbulence models used in this work are based enWicox k-« model, it seems reasonable to assume that the
achieved grid independence will be valid for thensitional SST and SAS turbulence models as watoAdingly,
Table 2 summarizes the mean values obtained foChe-G-gz and 6s, as well as the amplitudes of the unsteady
behavior of the g C. and —-Gg, and the Strouhal number. Figure 5 illustrates whgations of some of these
parameters with respect to the grid refinementeNbat mean values for the lift coefficient @ere not considered
since all of them are around zero.

Table 2. Mesh and flow characteristic parameters

No Total Circunf. Mear Co C. Mear -Cep St Mear
mesh cells Cells Co Amplitude Amplitude -Ceg Amplitude O<
1 9,88¢ 31¢ 0.921 0.201 2.3¢ 1.2¢ 0.77( 0.24¢ 76.2
2 41,22¢ 65( 0.861 0.14: 1.9¢ 1.0¢ 0.56¢ 0.24¢ 78.7
3 91,074 96¢ 0.85( 0.13( 1.87 1.0¢ 0.52( 0.25( 79.1
4 162,34z 1,28¢ 0.84¢ 0.12: 1.81 1.0¢ 0.49( 0.25: 79.2
5 24¢€,92¢ 1,597 0.84¢ 0.12¢ 1.8 1.0t 0.49: 0.25¢ 79.1
6 354,82( 1,90¢ 0.85¢ 0.13( 1.8¢ 1.0¢ 0.50¢ 0.25¢ 79.1
7 49€,074 2,25¢ 0.86¢ 0.14( 1.91 1.0¢ 0.54¢ 0.26: 78.¢
1.05 - 80.0

_1.00 - i —@—MeanCd 795 | .. 792 791 —®— Mean s
So.95 || 0.861 '

£0.90 -

£0.85 -

[}

30.80 -

g0.75 - 0.850 0.844 0.849 0.856 0.869

S0.70 -

0.65 . ; . . /X 108 76.0 . . . . X 106
0 1 2 3 4 5 0 1 2 3 4 5
Total mesh cells Total mesh cells

Figure 5. Left: Mean drag coefficient and amplitydertical bars). Right: Mean boundary layer sefiansangle. Both
graphics are plotted as a function of total donmagsh cells.

From the obtained results, grid independent ones e@nsidered for the fourth mesh, which featuG5342 total
cells and 1,289 circumferential cells. In formsedults, the discrepancies of this mesh with thesti one accounted
for here are about 3% for the drag coefficient,f6%4he lift coefficient and 2% for the Strouhalmber. Considering
that these differences are acceptable, and dire tsignificant computational cost associated withrhost refined
mesh, the fourth mesh was considered for the nealesiudies carried out in this work.

4.1.3. Simulation strategies

Strong dependence between CPU-time and spatiaktiztion was noticed during the grid independertated
simulations. Since several simplifications are ab@r®ed in this work such as two-dimensional domd@ANS
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equations, incompressible and subcritical flowyéhie a particular interest in analyzing differsirhulation strategies
by monitoring CPU and wall-clock times. Differeterative and non-iterative solution methods wetes ttompared for
a Reynolds number of 3,900. Time-step variatior@nfcoarse to fine, were also performed during soaheulations.
The non-iterative methods were found to be the @&B%)-demanding methods. The Courant-Friedrich-LEL)
number was considered as an indicator of time-glizeition and stability. Accordingly, several si@tibn strategies
for steady and unsteady state situations were zetly

Developing a simulation strategy for steady statses is important when considering the solutiofReynolds
numbers below 49, where the laminar steady flowwageloped (Williamson, 1996). Moreover, steady thohs are
important as well because they represent a gotdlination for unsteady simulations due to its sasMCPU-time cost.
Table 3 details the results obtained from steaale stimulations using segregated methods (SIMPICESANIPLEC),
where pressure and momentum equations are solpedasely; and coupled methods, where pressure amdemtum
equations are solved together. It was noticed fegregated methods have a tendency to divergehvdgems
reasonable because of the unsteady nature ofaweafl higher Reynolds numbers. On the other h&red¢cdmputations
based on coupled methods do converge and take fearations but consume more CPU-time to do so.ekibeless,
the coupled pseudo-transient method shows the rbssits since it only requires 120 iterations withe others
methods need more than 1400 iterations to achesrduals convergence (when possible). The CPUisastthis case
much lower than the others and computed paramatengery similar to those obtained using the caliptethod.

Table 3. Steady state simulation methods compafsca Re = 3,900.

Max.

No Solution Method Convergence Absplute It ;gﬂ ns Ti%PeU( s) Mg:n Mgian I\_/Ig;n
Residual

1 SIMPLE Divergec 2.8E-04 200( 3122 0.757 -0.077 0.37i

2 SIMPLEC Divergec 8.9E-04 200( 312¢ 0.757 -0.07¢ 0.37i

3 Couplec Converge 1.0E-0% 145¢ 435¢ 0.80¢ 0.00C 0.53i

4  CouplecPseud-Transien Converge 1.0E-0% 12C 554 0.817 0.00C 0.54(

Unsteady state simulations present additional ceritgs due to their fluctuating characteristicsieQf them is
their convergence criteria. Since the velocitydieind pressure distribution are continually chaggthe residuals
monitoring is not a good convergence indicatorinathe steady state related simulations. A wayetdize if the field
has converged is observing the nature of the solukor instance, alternating shedding of vortioesnsteady RANS
cross flows tends to behave with a given frequemzy amplitude. Thus, velocity, pressure and integrdables such
as the lift coefficient can be considered as caye@rwhen their alternating amplitude and frequebelgavior is
stabilized (present constant values). For convem@urposes, in the comparison of the differenukition strategies
studied, the velocity in the center of the domaitiet V,; was considered in this work. The convergenceraoitefor
each time step was based on globally scaled rdsigfidx10° for each transport equation. lterative methodsh sis
SIMPLE, PISO and coupled, were compared with the-itevative time advanced (NITA) method fractioss¢p and
the numerical results are shown in Figure 6 whike hain results are summarized in Table 4. Contamhat one
could expect, the unsteady simulation initializethva steady field (option 2 from Table 4), presemhigher CPU cost
than that using a hybrid initialization only (optid). It seems that the steady-converged fieldnesithe unsteady state
in more time than in the case of unsteady initiian because the convergence criterion (Axifulfilled from the
beginning in fewer iterations. The PISO methodi(wpB) seems less attractive because of its higd @#t, resulting
from the extra steps for skewness and neighboectons carried in this method, which does not seenessary for
the type of flow analyzed here. Although the codpheethod (option 4) has a lower computational dbsipes not
show great improvements. Besides, this method coeswa large amount of memory because it solves firesure
and momentum equations at the same time. Lower gtatipnal costs were found varying CFL numbersrduthe
simulation (option 5 and 6). However, the most -&fictive method resulted to be the NITA fractibsiep (option 7),
with a computational cost of about ten times less tthe iterative methods. Because an under-resaxaictor equal to
1 (associated with the update of the computed blmsafor all the equations solved) has been coreidéor the
fractional step method, high Courant numbers tendliverge easily. The best simulation strategy tbuvithout
affecting the numerical accuracy is the fracticstap method with variable time step size (optianv@Yyiations of time
steps are made automatically in this work usingesomacros. This means that the change is madespedific time
step without the need to configure it manually.
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Table 4. Unsteady state strategies comparison R& a 3,900. Default under-relaxation factors zedi.
Calculations performed using double-precision awl tomputer nodes.

Total Wall-clock CPU Co C. -Ces

Option  Method (Initialization) CFL Number Time'Step?terations time (s) Time (s) Avg Amp Avg

1 SIMPLE (Unsteady) 5 7000 157235 61576 288844 1.64 3.36 1.03

2 SIMPLE (Steady) 5 10000 179162 69133 312904 1886 1.94

3 PISO (Steady) 5 10000 202008 91212 397995 1.684 31.93

4 Coupled (Steady) 5 10000 90436 63252 281912 1%33 1.03

5 SIMPLE (Unsteady)625-125-25-5 3500 149055 64806 287939 1.64 3.35 1.93

6 SIMPLE (Steady) 625125-25-5 3620 112532 41814 192064 164 3.36 1.94

7 NITA Fractional Ste 5 7000 ; 6999 37414 1.63 3.37 1.92
(Unsteady

8 NITA Fractional Ste 255 4500 ; 4112 24280 1.63 3.37 1.91
(Unsteady)

Further insights about the simulation strategiesoacted for can be obtained by analyzing the tiraeet results
shown in Figure 7, which presents a comparisonhefdonvergence behavior considering a non-dimeakitme
t* = tV,.r/D. It can be noticed from this figure that in thmslations starting from a steady state, the st&athavior
is strong until almost 100 time units and seembBetaesponsible for its high CPU cost. On the otieerd, unsteady
state simulations have a peak from the beginnimbhave a fluctuating behavior throughout all tmeetj which seems
to help reach its stabilization in about half theet In this work thus, a fractional step approaets utilized for the
most CPU-demanding cases such as the turbulentlsncol®parison at Re = 140,000 and all the Reynoldabers
with the SAS model. For the other cases simulateg la SIMPLE method starting from an unsteady state
considered. A second order spatial discretizatimh @ bounded second order implicit transient foatioh was used
for all the cases.

2.0
18

{W’\N\HN\'\NN\l\l\NW\l\N\Hl\l\'\l\!\l\l

oefficient (Cd)
i i
oN MO

{

Q06 SIMPLE (Unsteady)
S04 —— SIMPLE (Steady)
062 —— Coupled (Steady)
0.0 —— Fractional Step (Unsteady)
0 20 40 60 80 100 120 140 160 180 200

Non-dimensional time t*
Figure 6. Time trace comparison of unsteady statalation strategies for a Re = 3900.
4.2 Qualitative analyses

Qualitative results such as contours, streamlimelsvactor fields are a good way to characterizeb#teavior of a
flow. In experimentation, this kind of informati@an be gathered through flow visualization techesgsuch as direct
injection of smoke and particle image velocimetRI\{) (Risti¢, 2007). Since instruments related to visualization
techniques are not available in the LABEN, sigmifitinformation was gathered through numerical fatrans. This
includes velocity fields comparison consideringfatiént laminar Reynolds numbers and an assessmefitferent
turbulence models.
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4.2.1 Laminar regime

Figure 7 shows the normalizeevelocity contours for laminar steadgd=10 and 40) and unsteady (Re = 100 and
200) regimes. A symmetrical velocity field can b@served in the steady regimen, as it is expectéidws below 49
(Williamson, 1996). Also, a larger recirculationhbble, denoted by the negative x-velocity valuesphiserved to
increase in the near wake region of the cylindghasRe increases from 10 to 40. Unsteady effeetalso visualized
in Figure 7, where velocity periodic fluctuatiorre ahowed at the particular time step whensGnaximum. It is worth
noticing from these plots that, for a Re = 200 hleigvelocities tend to be more pronounced at thiadsr wake and its
width tend to be narrower in comparison to Re=100.

Figure 7. Top left and right plots, Re = 10 andr8pectively: contours of instantaneous normalbzeelocity (V =
VIVges) for the converged solution. Bottom left and righdts, Re=100 and 200, respectively: contourssiaintaneous
normalizedx-velocity when the lift coefficient is maximum.

4.2.2 Turbulent regime

For the analysis of turbulence characteristics,highest Reynolds number assessed in this work 1(#a&d was
accounted for. The vorticity field is a good indaraof the vortex shedding. Thus, Figure 8 showsodé& eddies,
where the red and blue fields denote the clockeasd counter-clockwise rotating eddies, respectiv@imilar vorticity
contours can be observed in Figure 8 between th&ET and the transition SST model since the tiansibodel only
affects the near wall regions. Nonetheless, theS&T model shows more vortices at the wake thatransition SST
model, which is an indicator of a higher sheddimgjfiency. Secondary vortices at the near wall regim be observed
for the three turbulent models. The small secondariices tend to merge with the biggest scaleesdftir the ks SST
and the transition SST models. Nevertheless, diffevortices-scales are visualized at the wakb@AS model. This
behavior appears to be more realistic since diffeseales with different frequencies are obseribateover, the SAS
model shows larger differences in comparison ofkteSST and transition SST models, where the vortidtysed by
the vortex shedding is not periodically arrangeghaore.
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Figure 8. Full domain contours (left plots) andmeal (right plots) of instantaneous normalized etistiwvhen the lift
coefficient is maximum. Top plots: &-SST model. Middle plots: Transition SST model.tBot plots: SAS model.

The turbulent viscosity ratio, as it is shown igifie 9, is a good indicator of the transition betwéhe laminar and
turbulent regimes. The free-stream region (greeld)fishows a constant turbulent viscosity ratidoRethe free stream
region, low turbulent viscosity ratios are obserwedr the wall regions. Higher values of this rétiellow and red)
denote a high turbulent viscosity, which indicétest the field is completely turbulent. The compliear wall regions
are very different for each turbulence model. At dylinder upstream region, thakSST model shows high viscosity
ratios, while the transition SST shows a gross fi@mregion, where the air dynamic viscosity playses role. The
SAS model shows an intermediate behavior betweerkth SST and transitional SST models at the upstregiome
The SAS model seems to be characterized by lowesadfi turbulent viscosity ratio at the upstreanmiaregnd laminar
regions going further downstream of the flow. Sitiis Reynolds number Re = 140,000 is a charaemy a fully
turbulent free shear layer and wake, it can be sa@tvance that the SAS model does not captungepothe near
wake region.

Figure 9. Contours of instantaneous turbulent giggaatio when the lift coefficient is maximum. gidk-w SST
model. Middle plots: Transition SST model. Bottolotg: SAS model. The contours scale is logarithmic.
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4.2.3. Transition to turbulence.

The four turbulent Reynolds numbers consideredhis tvork are within the subcritical flow regimenh&
subcritical regimen has been extensively charaedrin literature and has very marked regions agka laminar
boundary layer, laminar separation, transition udulent flow in the shear layer and completelybtlent wake
(Williamson, 1996). Moreover, Zdravkovich (1990assifies the subcritical regimen into three difféneegimens. The
first one, denoted by TrSL1, and ranged from Re56-800 to 1,000-2000, is characterized by the dgveent of
transition waves in the free shear layer. The samgimen, called TrSL2 and ranged from Re = 12000 to
20,000-40,000 is characterized by the formationtrahsition vortices in the free shear layer and tthied one,
characterized by a fully turbulent shear layer, 13, 3etween Re = 20,000-40,000 to 100,000 to 2@0,00

The Figure 10 shows basically three important atterestics of the flow around the cylinder. Thesfione is the
boundary layer, represented as an iso-line at@citglequal to the 99 percent of the free-streatocity. The second
one is the separation of the boundary layer (B&presented as an iso-line where theelocity is equal to zero. And
the third one is the differentiation of the lamim&d the turbulent regions, where the laminar regan be estimated as
the region where the turbulent viscosity ratjfu, is less than 1, the low turbulence region betw#&gand 100 and the
fully turbulent region as more than 100. Followithgs considerations, it can be said that the ST model fails to
represent the subcritical regime in a Reynolds rermob 40,000 and 140,000 because the BL separatiours in the
transitional region (white). On the other hand, tilaasition SST responds accurately to the TrSleBatteristics at the
same Reynolds numbers. For instance, the boundgey separation occurs in the laminar region (bline) transition
begins just after the BL separation and the tremsih the free shear layer results to be compfetebulent. The SAS
model accomplishes the laminar separation, but doeseem to have a fully turbulent free shearrlayeither a fully
turbulent wake region. Although the results obtdif Re = 3,900 and 10,000 are not shown in tlugkwthe three
turbulence models show similar characteristics dach Reynolds number. Moreover, thes KSST achieves the
expected characteristics for a TrSL2 regime, whenesition can be observed in the free shear |aitee. similarities
between these characteristics explain the similaults of G, C, -Cpg, St and separation angle obtained. This implies
that there is no need to use the more complex ma&deh as Transition SST and SAS in low Re tramsittgimes and
a k-w SST model suffices for these regimes.

Low turbulence

Transition Begins Transition Ends i
\ region

)

BL separation
BL separation

Low
turbulence
region

ansition Begins

4

A

BL Transition
separation Ends

Transition
Begins
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and reattachment

Figure 10. Details of the transition from laminartairbulent corresponding to the TrSL3 regime. Rel8, 000 (left)
and Re = 40,000 (right). Blue contour: laminar oegiRed contour: turbulent region. Black iso-lingternal boundary
layer (BL) and shear layer limit Green iso-liner@g-velocity.
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4.3. Quantitative analyses

Besides carrying out qualitative analyzes, it ipantant to compare the numerical results quantghti computing
for instance parameters such as the drag andefticients. Integral parameters such as drag a&smlto be verified
by analyzing the pressure distribution around tladl of the cylinder. Table 5 shows a comparisomwmerical and
experimental results for the different Reynolds bars corresponding to the laminar and turbuleritrreg analyzed in
this work. The turbulent models show similar reswdt each Reynolds number up to 10,000. Severfratiices
between the turbulent model's simulations and tinel tunnel measurements are noticed at Reynoldserg0,000
and 140,000.

Table 5. Comparison of numerical and experimergsuits for different Reynolds numbers.

Re Model G Avg. G rms - Gg Avg. St 0s
10 laminar Steady 3.03 - 0.686 - 150.9
40 laminar Steady 1.61 - 0.493 - 126.9
100 laminar Unsteady 1.38 0.226 0.686 0.166 116.8
200 laminar Unsteady 1.38 0.490 0.951 0.199 111.8
k-o SST 1.64 1.19 1.93 0.241 98.4
3,900 Transition SST 1.60 1.17 1.85 0.231 98.4
SAS 1.64 1.23 1.91 0.223 100.9
k-o SST 1.74 1.34 2.13 0.244 99.0
10,000 Transition SST 1.71 1.33 2.07 0.234 98.1
SAS 1.70 1.32 2.00 0.247 99.7
Wind Tunnel 0.96 - 0.93 - 80
40.000 k-a? _SST 1.16 0.848 1.39 0.237 88.6
' Transition SST 1.70 1.47 2.08 0.230 95.4
SAS 1.64 1.36 1.92 0.208 93.7
120,000 Wind Tunnel 1.06 - 1.04 - -
k-o SST 0.84 0.631 1.04 0.251 100.8
140,000 Transition SST 1.15 0.997 1.48 0.217 88.2
SAS 0.43 0.451 0.471 0.309 98.7

4.3.1. Pressure distribution around the cylinder.

Force parameters such as lift and drag coefficidapend directly on the pressure and friction idhistion around
the cylinder wall. For Reynolds numbers within Tr&L2 sub-regime the effects of the viscosity aggyvow, and for
higher Re the viscous effects are null (ZdravkoyitB90). Thus, in such conditions, the viscous atdfecan be
neglected and the turbulent flow regimes can besidened as being influenced by pressure effectg. ditlerefore,
plotting the pressure distribution around the @ginlet to verify if the lift and drag values olstad from the numerical
simulations are consistent with those obtained rexgatally.

A comparison between experimental and numericakgore distribution at a Re = 40,000 was carried on.
Experimentally, the pressure distribution was messevery 5 and 10 degrees, depending on the refiaterest, and
40 data points were measured at each angle tonotitai pressure fluctuations. Numerically, the stgtiessure
coefficient was obtained from the time-averagedsguee field. Figure 11 shows a comparison betwkerpbtential
flow, the experimental measurements and the tuniselenodels simulated. A normalization of the resulas made to
coincide the numerical and experimental values Withpotential flow at the zero angles. It is clieam the figure that
the potential flow does not represent adequatedypitessure distribution. On the other hand, nuraesinulations
have a quite similar tendency to the actual expemial values. All three turbulence models followexy similar
tendency to the experimental values up to 60°. FGfimto around 90 degrees all the models underestire
experimental minimum pressure, although the SASahsidows better agreement with experimental measnts by
Weidman (1968). After 90° a negative slope of thesgpure coefficient is noticed in the wind tunnelasurements and
in Weidman (1968) measurements. From 120° to 18@° ke SST model seems to fit in the experimental
measurements. It can be noticed that the experaher@asurements in the wind tunnel were able ttucaghe slight
pressure drop around 180°, which is highly undemeged by the transition SST and SAS models. By tbmparison,
it can be noticed that the simulated models doremtesent adequately the whole experimental digtab around the
cylinder wall.
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Figure 11. Distribution of pressure coefficient&ound the cylinder for Re=40 000 (Normalized g0 at 0°). &)

present wind tunnel measurements; (----) present o SST turbulence model; (——-) present work, traosi®ST

turbulence model== =) present work, SAS modek=() potential flow; (- --) experiment of Weidman (1968 Re =
43,000.

4.3.2. Velocity distribution at the cylinder wake

Another indicator of the flow behavior can be obtal through the analysis of the wake. Data was uned®very 5
or 10 mm in they-direction behind the cylinder at a distance of &ntl 3 diameters. A total of 20 data points were
measured at each point to obtain the velocity dlattons. For the numerical simulations, a line disvn at a distance
of 1.1 and 3 diameters behind the cylinder, anicha-averagec-velocity field was calculated at the lines. Figa
shows a comparison of the wind tunnel measurenagrttshe three turbulence models considered.
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Figure 12x-velocity distribution at the wake of the cylindgrdistance ok=1.1D andx=3D. The horizontal bars show
the maximum and minimum velocity fluctuations attepoint. (Normalized t&/Vref= 1 aty/D = 3). () present wind
tunnel measurements; (---)&kSST turbulence model; (——-) transition SST turbaotemodel; 4= =) SAS model
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A normalization of the free-stream velocity fronetbxperimentation and the free-stream from the Isition was
made forV/Vger = 1 at a distance gf=3D. The free stream velocity measured was about 1@¥ehthan the free
stream velocity expected at a distancé.dD and 6% at a distance 8D. This means that the cylinder confinement in
the wind tunnel caused a free stream velocity imerg around the cylinder because of the sectiaral @eduction. As
the measurements are further from the cylinder 8D=case), the free stream velocity tends to balaguhe reference
flow velocity. The Figure 12 left plot shows thhetnumerical models fail to represent the recittiazone (negative
velocities at the wake) in the near-wake regiothefcylinder. Nevertheless, the experimental deltigeaes to represent
adequately the slight velocity incread8\rer > 1) in the same plot 8D = 1 and -1. The U-shape of the velocity
profile is also captured by the present experimieneasurements (Parnaudesial, 2008). Further experimentation at
the near wake region (x=1.1D) should consider tiesgnce of the velocity drops at a distancg£0.5 and -0.5. The
last mentioned effect could be an indicator oftiimbulent free shear layer. In the wake regiorheftylinder (x=),
the transition SST model represents better theredteegion up to y=-0.5 and 0.5 but underestimtitesrelocity in the
internal region. The SAS model shows an incre®$eé£r > 1) at a distance of y/D=1, which is more charastic in
near-wake regions. The SAS model also overprethetselocity behind the cylinder. Pressure dropsawoted in the
further wake region at a distanceydd=0.1 and 0.8 approximately, which could be causetbWw-pressure regions at
the wake.

4.3.3. Time traces and Strouhal number

The time evolution of monitored parameters shovesuhsteady characteristics of the flow. For instartiee ke
SST and transition SST models time traces showguar€ 13 a periodic behavior with an apparent @mtsamplitude.
For these models, the frequency spectrum showsatigit one Strouhal frequency is dominant. Higherntanic
frequencies, three times the main one, are notigeconsidering a smaller power spectral densitjescehis refutes
Rosettiet al (2012) who notes harmonics of twice the main desgpy. The harmonics can be related to secondary
vortices at the near wall regions of the cylindehjch periodically appear and tend to disappeahatnear wake,
primarily by the convection and merge with largddies with smaller frequencies (Brazal, 1986). Power Spectral
Density is related to the amplitude of the sigrelPSD = A/(3Af), whereAf is the frequency resolution. The SAS
model shows a non-periodic behavior with differantplitudes for all the monitored parameters. Thisvidenced by
the Strouhal frequency spectrum, where one domifneqtiency withSt= 0.309 and three secondary lower frequencies
with St= 0.0245, 0.0678 and 0.111 are apparent. The ltwwguencies of the SAS model can be noted in the ti
traces, where the mean signal has a wave behdwiar.higher frequencies appear in the SAS model &k with a
Strouhal frequency of 0.505 and 0.563. These higljuencies are related to secondary vortices. €éughectral
analysis at the wake could be of special interestvaluate the development of the secondary eddiesidering
different turbulence models. Considering all theesa large amplitudes can be noticed, especiallih®lift coefficient
in Figure 13. This effect was noted by Young and 607) as well, where three-dimensional simuladiovith few
spanwise cells showed large amplitudes of drag ldindoefficients. These amplitudes were diminisheten the
spanwise resolution was increased. By this, theetidimensional analysis is recommended to be cerexidn further
assessments.

4.3.4. Effects of Reynolds number op, &Cpg, St ands.

The numerical results obtained show a good agreewién data obtained in similar studies (Rosettial, 2012),
but show several disparities with literature expental data at the turbulent regimes. The expetimheasults obtained
in this work have an acceptable agreement withalitee data, nevertheless, only represent a fracficthe complete
range analyzed in this work. Figure 14, Figure Bigure 16 and Figure 17 show drag coefficiengs liase suction
coefficients -Gg, Strouhal number§t and separation angl@s, respectively. Notice how the disagreement of the
numerical data with literature experimental dagatstaround Re=260, the point where three-dimeasigifects start to
appear (Williamson, 1996). The laminar steady amsteady regimen of the drag coefficient, from Fegli, show that
the numerical results follow relatively well theetids characterizing the literature experimentah @&thlichting and
Gersten, 2017). The laminar Re = 10 where a 10%atien is noticed may be caused by discrepanciésdan
different experimental measurements. For turbuRenynolds numbers, a good qualitative approachuisddut several
discrepancies between the numerical results andxperimental data appear. Firstly, all the dragffaents obtained
by the models differ from the literature experingnnformation. Although the Re=40,000ckSST model fits in the
literature and present experimental data, it wasvehthat the pressure distribution is not represgiatiequately by the
model (Figure 11). Secondly, the transition SST 8A& models delay the drag coefficient fall at R&680 of the ke
SST model, but they all finally fall below the ligg¢ure and actual experimental data at Re=140;0@®fall of the drag
coefficient is a characteristic of the critical iragn (Re>140,000). Nevertheless, as it was analyzédgure 10, the
turbulence models do not show the characterisfitheocritical regimen, such as a boundary layeattachment. By
the other side, the experimental drag coefficiatigined with the three-component balance showitarbegreement
than the simulations, with an underprediction aftall0%.
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Figure 13. Time traces (left curves) and spectralysis based on the lift coefficient with two s=a(right curves) of k-
® SST (Upper), transition SST (Mid) and SAS modetsaer) for Re=140,000. Each time trace graph shibwdime
trace of G (upper red curve), Qmid blue curve) and &g (lower green curve).

The pressure suction coefficient in Figure 15 shawgood agreement between numerical results aerdtlire
experimental data for the laminar regimen, up to=RR90. The transition SST and SAS models tencetaytthe ke
SST model pressure suction coefficient to fall at=R40,000. Re = 3,900 and 10,000 show the bigtjestepancies
with experimental literature, with an error of amdul120% for both cases. For Re = 40,000 and 1408e@
amplitudes are apparent, especially for the SASaiso®n the other hand, the experimental measuitsrobrtained in
the wind tunnel underestimate the literature datbout 25% (Williamson, 1996).
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Figure 14. Drag coefficient ( as a function of Reynolds humbes) present work, with laminar viscous model; (---
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Figure 15. Base suction coefficient {gras a function of Reynolds humbes) present work, with laminar viscous
model; (---A---) present work, ke SST turbulence modek-+{ A —) present work, transition SST turbulence model;
(= A=) present work, SAS model; (—+—) present work, wind tunnel measurements; (—X—) numerical of Rosettiet al

(2012); (———) experiment of Williamson (1996).

The Strouhal number was only calculated through erigal simulations. Notice how well the laminar dsinal
frequencies fit between the experimental measuresenrough and smooth cylinders (Lienhard, 1968).the other
hand, the numerical turbulence models overestirthediterature data over the smooth cylinder expernital curve.
Nevertheless, a better agreement seems to apped&tefe= 140,000, where the transition SST model ifitshe
experimental data and the SAS model seems to adwhroexperimental measurements for a smooth efinihus,
experimentation and simulation taking into accoilvet roughness of the cylinder at unsteady regiraemdo be an
interesting topic to understand the vortex shedd&tgnd the cylinder.
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Figure 16. Strouhal number (St) as a function ofrfeéds number:«) present work, with laminar viscous model; (---
A ---) k-0 SST turbulence model; (-&—-) transition SST turbulence mode&=@& —) SAS model; (—-X-) Roset#t
al. (2012); &=) compilation of Lienhard (1966) for Smooth cylimdapper limit) and rough cylinder (lower limit).

The separation angle was measured in the wind ftinyrtaking into account the inflection point oktpressure rise
around the cylinder (Weidman, 1968). In this waylydwo Reynolds numbers were considered, Re =0ghd Re =
100,000, from which good agreement with the litematis encountered. To obtain more accurate measmts in
further investigations, skin friction measuremernha wall of the cylinder would be necessary. Oagain, the laminar
regime has a reasonable agreement with the nurhemcalations and experimental literature. On thieeo hand, the
turbulence models appear to overestimate the titeraxperimental data about 20 degrees for R®603and 10,000.
From the turbulence models used, the transition S8Wws the best approach to experimental measuterfe@na
Re=140,000.

Weidman (1968)
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Figure 17. Separation anglgs) as a function of Reynolds numbes) present work with laminar viscous model; (---
A ---) k-0 SST turbulence model; (-&—-) transition SST turbulence mode&=@& —)SAS model; (—X—) Rosettiet al
(2012); =) experiment of Weidman (1968) and (- - -) experinoéiu et al. (2004)

5. CONCLUSIONS

A comparison between results obtained experimgntsing a subsonic wind tunnel and numerically a@ering
different turbulence models was carried out. It baen shown that our wind tunnel has the potemtiadarry out
specialized research accounting for external flblae results associated with velocities and presdime fields at the
cylinder wall and wake, and the forces appliech® ¢ylinder model, proved the capabilities of oumdsmunnel and its
current instrumentation to characterize exterraidl with enough precision. Nevertheless, diffelenitations were
found in the spatial and temporal resolution of #vailable instrumentation. Thus, in the short team upgrade to
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high-frequency hot-wire anemometry is considerekeq aspect. This will provide a higher spatial aethporal
resolution to the measurements carried out and/aépturing more properly transitional and turbtileffiects.

In form of results, the different simulation stgitss analyzed in this work showed that the comjartat cost can
vary significantly (up to ten times), dependingtba approach utilized. In addition, good agreenbetween this works
numerical simulations and experimental data from litkerature was found at laminar regimes. Althodgiger
discrepancies were found at turbulent regimesgmwfit avenues were left open to continue carryiagwork on
numerical approaches such as a three-dimensioallseés) SAS model considerations as a substituteEt® and an
analysis of higher Reynolds numbers involving thitical and supercritical regimes. Qualitative agnent was
achieved by comparing the results obtained from rbmerical simulations and the wind tunnel expentake
measurements, even though several numerical siogpidns were introduced. In addition, the numérgmulations
showed that regimes which the wind tunnel is npgtde to reach, such as the laminar steady andadhstegime, can
be computed accurately.

Finally, as a comparison of experimental and nucaéninethods, it was noticed that perform variatiohdlow
parameters, for instance, the Reynolds numberdeaimple using the experimental capabilities efwind tunnel;
nonetheless, data acquisition can be complicateédrins of instrumentation. On the other hand, th&t-processing
capabilities for numerical simulations are exteasivevertheless, it can be limited to a specibwftegime defined by
the Reynolds number or to a specific geometry mdeefform variations of the mentioned parametensumerical
simulations can demand high computational effoteréfore, the complementary work between both nastho
experimental and numerical, is of the utmost imgooce for the realization of more complex investayes.
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