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Abstract

Recent experimental studies have demonstrated that activew control (AFC)
has a potential to enable signi cant advances in many engireng applications.
Though demonstrated experimentally, unsteady separatiorow control remains a
challenge for Computational Fluid Dynamics (CFD). The maingoal of this work was
a computational study of the e ects of boundary-layer foraig on the mean ow and
turbulence using various methods for turbulent ow computéions: Large-eddy sim-
ulation (LES), Reynolds-averaged Navier-Stokes (RANS) a@nDetached-eddy Simu-
lation (DES), aiming also at mutual comparison of their featres and performance in
complex ow situations. Predictive capability of various D methods were evalu-
ated for the three representative complex separated ow cayurations without ow
control. A potential of the methods for unsteady ow computdions: LES, DES
and URANS was investigated by predicting the ow and turbulece eld for the
two experimentally investigated AFC con gurations. They nvolve the two recent
experimental works pertinent to AFC: periodically perturked backward-facing step
(BFS) ow at a low Reynolds number (Yoshioka et al. [77, 78]) ad high Reynolds
number ow over a wall-mounted hump (Greenblatt et al. [22, 3]). In general,
both the LES and DES computations have reproduced all impaaht e ects ob-
served in the BFS experiments. The imposed perturbation fggency corresponding
to St =0:19 was found to be the optimum one, leading to the maximum redtion
of the reattachment length. URANS underpredicts substantilly the intensity of the
reduction, exhibiting a very weak sensitivity to the pertubations. Beside a close
agreement with the experiment concerning time-mean behawir of the ow for all
perturbation frequencies, the extracted phase-averagedES results for the case with
the optimum frequency St = 0:19) compare well with the reference experimental
data. The LES and DES predictions of the main characterist&cof separated ow
over a wall-mounted hump, obtained on relatively coarse gi$ with respect to the
ow Reynolds number consideredRe, = 9:36 10P), are encouraging, outperforming
signi cantly the examined RANS models. The numerous simuteons of the ow con-
gurations pertinent to active ow control (AFC) have been carried out providing
a picture of the current status of CFD in AFC applications.






Zusammenfassung

Aktive Kontrolle der Str  emungsabl esung durch die
Grenzschichtbeein ussung: eine numerische Studie

Die neuesten experimentellen Studien veranschaulichenutdeh das gro e Poten-
tial der aktiven Stremungskontrolle @ctive Flow Control { AFC) und deren wichti-
gen Vorteile im Hinblick auf die Gewinnung von optimalen S®mungseigenschaften
in puncto der Verminderung der Druckverluste in unterschigdlichen industriellen An-
wendungen. Trotz der experimentellen Evidenz stellt die keekte Ermittlung der
Kontrollmechanismen der instatiomren Stemungsabbsung noch immer eine gro e
Herausforderung @ir die Methoden der numerischen Semungsmechanik Compu-
tational Fluid Dynamics { CFD) dar. Das Hauptziel der vorliegenden Arbeit ist die
numerische Untersuchung der E ekte der Grenzschichtbeeussung auf die mit-
tlere Stromung und Turbulenzstruktur. Dabei wurden mehrere Bereclumgsmetho-
den fur die Simulation turbulenter Stromungen, wie Grobstruktursimulation (arge-
eddy Simulation- LES), nach Reynolds gemittelte Navier-Stokes{sche Metke
(Reynolds-averaged Navier-Stok€ RANS) und die bekannteste hybride LES{RANS
Methode, die sog.Detached-eddy Simulatio{ DES, eingesetzt. Eine der Zielset-
zungen war auch die kritische Analyse dieser Methoden hiobilich ihrer Leis-
tungsfahigkeit in solchen komplexen Swmungssituationen. Drei unterschiedliche,
durch die intensive Abbsung gepagte und mit starker werdender Komplexiat
der Wandgeometrie bezeichnete Simungskon gurationen wurden herangezogen:
die Stremung eber eine zueickspringende Stufe (Experiment von Yoshioka et al.,
2001) bei einer niedrigen ReynoldszahRgy =3,700), die Stremung eber eine Se-
rie von symmetrischen, im regelmigen Abstand angeordneten Higeln bei einer
moderaten Reynoldszahl,Rey=10,595 (LES von Fmhlich et al., 2005) und die
Stremung eber einen nicht-symmetrischen kigel bei einer sehr hohen Reynold-
szahl von Re;=936,000 (Exp. Greenblatt et al., 2004). Die beiden experiemtell
untersuchten Stemungen wurden zustzlich durch unterschiedliche Kontrollmecha-
nismen { stationare Einsaugung sowie durch abwechselnde Einsaugung/Auwstiing
hervorgerufene Oszillationen der separierenden Scheishh { angeregt. Im Fall
der Stufenst®mung wurden mehrere, in Form der Strouhal-Zahl ausgettkte Fre-
quenzen der in die Stufengrenzschicht periodisch eingleften Sterung betrachtet.
Die zur maximalen Verkirzung des Eckenwirbelsefnrende Frequenz entsprach der
Strouhal-Zahl von 0.19. Wie erwartet, zeigten die im Rahmeder RANS-Methode
eingesetzten statistischen Turbulenzmodelle eine schiwadEmp ndlichkeit gegereiber
der Instationaritat der Stromung und verfehlten deutlich die experimentell ermit-
telten Ergebnisse. Im Gegensatz dazu gaben die LES und DESr&hnungen alle
wichtigen E ekte der Beein ussung der abzubsenden Scherschicht wieder. Neben
einer sehr guten®bereinstimmung der numerischen und experimentellen Erge



nisse im Hinblick auf die zeitlich gemittelten Stomungsfelder, zeigen Vergleiche
der phasen-gemittelten Daten ebenso ein hohes Ma dbbereinstimmung. Die
Ergebnisse der LES und DES Berechnungen der &tnung eiber einen in die Gren-
zschicht ohneau eren Druckgradienten positionierten, nicht-symmetrschen Hugel
resultierten in einem hohenWbereinstimungsgrad mit experimentellen Ergebnissen,
trotz eines relativ groben Gitters (4 Mio. Gitterzellen) in Hinblick auf die be-
handelte Reynoldszahl (ca. 1 Mio.). Dies gilt sowohluf die zeitlich- als auch
die phasen-gemittelten Ergebnisse.Ahnlich wie bei der Stufenstemung schnit-
ten RANS-Modelle in keiner zufriedenstellendefbereinstimmung mit Messungen
ab. Dies ist vor allem auf die Undhigkeit der RANS-Methode zueickzufehren,
die durch die hoch-frequenten Wirbelstrukturen hervorgerfene Instationaritat der
separierenden Scherschicht und deren Wechselwirkung mérdHauptstremung kor-
rekt aufzulesen. Diese umfangreiche Studie bietet einen detaillient&inblick in den
Stand der numerischen Aktivilten im Bereich der aktiven Kontrolle der Stemungs-
ablesung.

Vi
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Nomenclature

Latin characters

C,c cord length

Cs Smagorinsky constant

Cboes model constant (DES)

Cs time-mean skin-friction coe cient

<C; > phase-averaged skin-friction coe cient

Co time-mean pressure coe cient

<Cp> phase-averaged pressure coe cient

(oh coherent part of pressure coe cient,C, =<C,> C,
Gt ap cord length

Co1; Co2; Cv1; Cwi, Cw2 auxiliary relations and constants of the S-A model
D, molecular di usion of k

d distance to the closest wall

F* reduced frequencyF* = fcs=U,

f frequency

fe perturbation frequency, =2 f .t

f wall-damping function

furifuoifuw auxiliary relations of the S-A model

g auxiliary relation of the S-A model

H;h height of channel, hill, step

k kinetic energy of turbulence

L integral length scale

I characteristic length scale

Lx;Ly;L; computational box size inx;y and z direction

Ngrid number of grid points

Nyx; Ny; N, number of grid cells inx;y and z direction

P instantaneous pressure

p; P° time-averaged and uctuating pressure (RANS)
PP Itered and uctuating pressure (LES)

Re Reynolds number

Rey Re number based on bulk velocityRe, = U,H=

Re. Re number based on free-stream velocitRe, = U; c=
Rey ; Re, Re number based on step height

Re Re number based on friction velocityRe = u H=
Re Re number based on momentum thicknesRe = U; =
r radius, auxiliary relation of the S-A model

S magnitude of vorticity



2l )

Uc

UCV; Ucon

U,

O;

uj; ui®

u; u®

Uiqjj 0

ub® u?; uu; u?
ud® ud/® uv
Urms

u

Vv

Ve; Ve

v&/8 v2: vv; V2

Vrms

win©

auxiliary relation of the S-A model

ltered rate of strain tensor, S =q%((%i( )
characteristic rate of strain,jSj= 2S; S;
Strouhal number, St = f H=U,

time, time step

streamwise velocity

bulk velocity

centerline velocity

convective velocity

free-stream velocity

instantaneous velocity eld

time-averaged and uctuating velocity eld (RANS)
Itered and residual velocity eld (LES)
Reynolds-stress tensor

streamwise Reynolds stress

Reynolds shear stress component

root-mean square of streamwise velocity uctuations
friction velocity

wall-normal velocity

injection velocity peak, injection velocity, Ve = VeSin
wall-normal Reynolds stress

root-mean square of wall-normal velocity uctuations
spanwise Reynolds stress

coordinate component

reattachment length

reference reattachment length

non-dimensional wall distancey™ = yu =



Greek characters

hom

airfoil angle of attack

lter size

boundary-layer thickness
dissipation rate ofk

homogeneous dissipation ratesom = 0:5D,
Kolmogorov length scale, , = ( 3=)¥*
phase angle

constant in the S-A model, =0:41
molecular viscosity (kinematic)

modi ed turbulent viscosity (S-A model)
turbulent viscosity

sub-grid scale viscosity

vorticity (k ! model)

density

sub-grid stress tensor,; = Git; Uiy
wall shear stress

momentum thickness

auxiliary relation of the S-A model

Superscripts, subscripts

exp
int

osc
sgs
suc

normalized by 'wall units’ andu
experimental

interface

oscillatory

sub-grid scale

suction

Xi



Acronyms

AFC
BFS
CFD
DES
DNS
EVM
FTT
GL

HJ
LES
LS
MJIV G
MP]
N{S
PIV
RANS
RSM
SA,S{A
SGS
SIMPLE
SM
sSMcC
SST
Std
TLV
UAV
URANS
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ZPG

Xii

Active Flow Control
backward-facing step
Computational Fluid Dynamics
Detached-eddy Simulation
Direct Numerical Simulation
eddy viscosity model
ow-through time

Gibson, Launder

Hanjalc, Jakirlc

Large-eddy Simulation
Launder, Sharma

micro jet vortex generator
Message Passing Interface
Navier-Stokes

Particle Imaging Velocimeter

Reynolds-averaged Navier-Stokes

Reynolds-stress model
Spalart-Allmaras
Sub-grid Scale

semi-implicit method for pressure-linked equations

Smagorinsky model
second moment closure
Shear Stress Transport
standard

two-layer, velocity-scale-based model

Unmanned Air Vehicle

Unsteady Reynolds-averaged Navier-Stokes

zero-net-mass ow
zero-pressure gradient



1 Introduction

One of the most important tasks in the uid mechanics reseah; in general,
is to control turbulent ow evolution with respect to overall drag reduction. Flow
separation, often being consequence of an adverse presgmaglient, is certainly one
of the main ow phenomena contributing to increased pressarlosses. Therefore,
separation delay and resulting separation zone shortenirgge of great interest in a
number of industrial branches, e.g. turbomachinery, car ahaircraft aerodynamics,
etc. Although the passive ow control devices like airfoil ertex generators have been
proven to be quite e ective in delaying ow separation, unde some ow conditions
they may cause undesired e ects, e.g. drag increase in absenf the ow separation.
On the other hand, recent experimental studies have demonated that active ow
control (AFC) has a potential to enable signi cant advancesn many engineering
applications.

There are di erent ways of AFC; the most common are steady owsuction
and periodic ow perturbation at the natural separation pont. By means of steady
suction, the uid in turbulent boundary layer on the verge ofseparation is removed,
being replaced by the high momentum uid from the mean ow whth makes bound-
ary layer more resistant to adverse pressure gradient andoseation. Whereas steady
momentum injection (blowing) is not widely used mainly duea its ine ciency, nu-
merous experimental studies of unsteady ow control show #t periodic excitation,
l.e. an alternating zero-net-mass ux blowing/suction, ca be more e cient than
steady blowing and at least as e ective as steady suction. ®@ious advantage of
periodic forcing is lower energy consumption in comparisdn the other two meth-
ods. Oscillatory perturbation, if added into a separating wrbulent boundary layer,
is expected to increase turbulence level in the separatedesi layer; a higher level
of the shear stress implies a higher momentum transport a@®the shear layer and
consequently shortening of the recirculation bubble. Hower, the underlying ow
physics and di erent mechanisms responsible for an e cientow control are not
fully understood. One of the main questions which is to be awsred is what are
the optimal control parameters such as suction rate or pertbation frequency and
momentum input? At present, there is no accepted theoretitanodel that can ade-
quately explain or describe the e ects of these leading cant parameters. Knowing
that experiments are time consuming and expensive, in mangaasions not reliable
or even not feasible at all, numerical simulations are expted to be more extensively
used in near future, along with experiments, for design appations involving AFC.
Computational Fluid Dynamics (CFD) can be useful tool, if used knowledgeably,
for understanding and studying ow characteristics, in mag cases providing quite
credible predictions for real-world applications.

Reynolds-averaged Navier-Stokes (RANS) approach is the stowidely used
method for prediction of industrially relevant ows. The limitations of RANS tech-
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nigque are clearly recognized in many practical, complex osvsuch as the ones rele-
vant to AFC. RANS turbulence models are usually calibrateddr simple ow regimes
(e.g. thin shear layers), but even the most advanced and coteg RANS models
are unlikely to be capable of predicting a variety of practi&l ows like massively
separated ows. Direct Numerical Simulation (DNS) require no modeling but re-
solving all space and time scales in practical ows (high Replds number ows) is
not feasible. Large-eddy simulation (LES) has been proven be a powerful method
for prediction of the ows where RANS is de cient, however,tiis far from replacing
RANS as a daily design tool due to its prohibitive resolutiorrequirements in the
near-wall regions. Alternative strategies, which combineES and RANS (hybrid
LES{RANS) appear to be a compromise, which could eventuallyeplace RANS
in foreseeable future. Detached-eddy Simulation (DES) if©v¢ most known hybrid
LES{RANS method which seems to be very attractive and succssl in predicting
massively separated ows. Recently, DES was proposed to &ip the advantages
of RANS in the near-wall regions (‘attached' ow) and supeiority of LES in the
separated regions (‘detached’ ow) [68, 48].

1.1 Objectives of the study

Though demonstrated experimentally, unsteady separationw control remains

a challenge for numerical simulation strategies. The mainogl of the present work
is a computational study of the e ects of boundary-layer fazing on the mean ow
and turbulence using various methods for turbulent ow comptations, namely LES,
DES and RANS, aiming also at mutual comparison of their feates and performance
in complex ow situations. The selected ow con gurations nvolve the two recent
experimental studies pertinent to AFC: periodically pertubed backward-facing step
ow at a low Reynolds number (Yoshioka et al. [77, 78]) and hlgReynolds number
ow over a wall-mounted hump (Greenblatt et al. [22, 23]). Stady and unsteady
RANS computations of these cases have been reported in laarre, however, LES
and DES predictions are either scarce or not available as yetf performed on a
suitable grid, DES predictions are typically expected to besuperior to the ones
obtained by RANS. The issues of the grid design and LES{RAN®terface position
in DES are investigated in various ow con gurations.

1.2 Thesis outline

The introductory part of the thesis is followed by the reviewof previous work
pertinent to turbulent ow separation control. Afterwards, turbulence modeling
strategies and computer codes employed in this study are dabed. Implementa-
tion of the turbulence models is veri ed by computing a numbeof ow con gura-
tions. Several turbulent separated ows with increasing euplexity, both in terms
of geometry and ow physics, are scrutinized. LES and DES pdections for a plane
channel ow are discussed in the course of in ow data generah for the subsequent
backward-facing step simulations. Predictions of the twoetected test cases relevant
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to AFC applications are then presented. In particular, impaant issues in LES and
DES such as an inuence of subgrid-scale (SGS) modeling, maary conditions,
space and time resolution, are investigated. Computatiohaletails are discussed
along with thorough comparison of CFD results with the ava#ble experimental
data. Finally, concluding remarks and recommendations fduture work are given.
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2 Literature Survey

Flow control research dates back to the discovery of the bodary layer by
Prandtl (1904), thereafter it has been extensively studie@nd applied, although
primarily to military-related ow systems. Nowadays, the alvantages of separation
control application are expected to improve performance ofrious technologically
important systems involving uid ow such as air, land, and ®a vehicles, turboma-
chines, di users etc. In particular, ow separation contrd can lead to prospective
enhancements of airplane performance in landing and taketegimes. This chap-
ter presents recent developments in the eld of AFC. In line #h objectives of the
present work, an overview of selected experimental and nurneal numerical inves-
tigations relevant to ow control is given.

2.1 Experimental Investigations

The rst experimental investigation of turbulent separation control in a plane
asymmetric di user by means of periodic perturbation was pérmed by Obi et al.
[51]. It was found that application of periodic suction/injection through a slot on
the wall upstream of the separation point did not a ect the time-averaged location
of the boundary-layer separation, whereas a reduction of éhreattachment length
occurred for a certain range of the perturbation frequence

An experimental study of the periodically perturbed sepatad ow over a
backward-facing step was conducted by Chun and Sung [11]. dibations were intro-
duced to separated ow by means of a sinusoidally oscillatinet issuing from a thin
slit (1 mm wide) near the separation line. The Reynolds numibéased on the step
height varied from 13000 to 33000, expansion ratio at the step being 2 : 3. The
e ect of local forcing on the ow structure was investigatedby altering the forcing
amplitude and frequency. Small localized forcing near thegaration edge enhanced
the shear-layer growth rate and produced a large roll-up vtax at the separation
edge. A large vortex in the shear layer gave rise to a higherteaof entrainment,
which led to a reduction in the reattachment length as compad to the unforced
ow. The most e ective forcing frequency was found to be congrable to the shed-
ding frequency of the separated shear layer. Chun and Sun@]ktudied e ects of
the spanwise-varying local forcing on the same ow con gutan by altering the
spatially banded blocking width and the open slit distance.The e ect of such a
forcing on reattachment length was slight compared to the sa of two-dimensional
forcing.

Yoshioka et al. [76, 77, 78] performed an extensive study oénmodically per-
turbed turbulent separated ow over a backward-facing ste@t Re = 3; 700 based
on the step height, with the expansion ratio of 2 : 3. It was reaaled that the large
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scale vortices were introduced into the shear layer by the pedic perturbation [76].
According to the investigation on the phase-averaged montem transport in terms
of the phase-averaged Navier-Stokes Equation, momentunairsfer across the shear
layer was enhanced by the introduced vortices. The measuréatbulent statistics
showed that there existed an optimum frequency for the prontion of the reattach-
ment [78]. When perturbed at the optimum frequencyst = 0:30 (Strouhal number
based on the centerline velocity and the step height), the agachment length was
reduced by 30 %. The promotion of the ow reattachment in timeaveraged ow
was well correlated with the increase in the production of B@olds shear stress
[77]. The optimum-frequency perturbation increased Reyids stress near the reat-
tachment region. The lower-frequency{t = 0:08) perturbation increased Reynolds
stress more then the optimum one but increase was observedmigtream of the
reattachment region. The region where the higher-frequendSt = 0:30) pertur-
bation increased Reynolds stress was limited to the earlyagje of the recirculating
region. The authors concluded that the change in the mean wality eld due to the
organized uid motion altered the production rate of Reynalls stress, which was a
key e ect of the perturbation on turbulent separated ow.

An interesting experimental study of turbulent backward-&cing step ow un-
der two-frequency forcing was conducted by Jin et al. [32].Ié6w Reynolds number
was Re=27,000 based on the step height. The reattachment ggh was found to be
signi cantly dependent on the phase di erence between theamo forcing frequencies.
Within a certain range of the phase di erence, the reattachment length became
smaller than that of the single frequency forcing.

All aforementioned experimental investigations are pemient to low-Reynolds
number ows. The following experimental works deal with AFCapplications to
the high Reynolds number ow con gurations relevant to airecaft aerodynamics.
Oscillatory blowing as a tool to delay boundary-layer sepation was studied by
Seifert et al. [60, 62]. They carried out experiments on a Hol, apped NACA
0015 airfoil equipped with a two-dimensional slot over theihge of the ap [60]. It
was demonstrated that the e ciency of apped airfoils could be greatly increased
by the addition of relatively low momentum oscillations tha were superimposed
on a small amount of steady blowing. The enhancement of liftnd concomitant
reduction in drag was achieved at all angles of incidence (up 40 ) and Reynolds
numbers considered (10< Re. < 1(P). Experiments performed on di erent airfoils
revealed that oscillatory blowing could delay separation ore e ectively than the
steady blowing used traditionally for this purpose [62]. Té ow was found to
be dependent on many parameters such as the location of theowing slot, the
steady and oscillatory momentum coe cients of the jet, the fequency of imposed
oscillations and the shape of the airfoil. Optimum gains inigfoil performance were
obtained at reduced frequencies, based on the ap cor&{ = fcs=U, ), of an order
of unity.

Seifert at. al [63] used piezoelectric actuators to excitdé turbulent bound-
ary layer upstream of separation. The actuators have proveio be e ective as well
as energy e cient. Application of active separation contrd to a small unmanned
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air vehicle (UAV) was examined by Seifert et al. [61]. The re#ts of the exper-
iments demonstrated application of active separation cordl to a UAV using a
self-contained perturbation system.

Control of ow separation on an unconventional symmetric afoil using syn-
thetic (zero-net-mass ux) jet actuators was investigatedoy Amitay et al. [4]. The
experiments were conducted over a range of Reynolds numbbeetween 31 10°
and 725 1C. When synthetic jet control was applied near the leading edg up-
stream of the separation point, the separated ow reattacltecompletely for angles
of attack upto 17:5 and partially for higher angles of attack. It was found that
the momentum coe cient required to reattach the separated ow decreased as the
actuator was placed closer to the separation point.

Seifert and Pack [65] investigated active ow separation ctrol on a wall-
mounted hump at high Reynolds numbers (2 1(° < Re. < 26 1(f) and a
Mach number of 0.25. The Reynolds number had a negligible €eon the ow and
its control. AFC using periodic excitation was found to be okimilar e ectiveness
as steady suction and signi cantly more e ective than steag blowing. The e ect
of sweep on active separation control was studied as well [66-or the sweep an-
gles considered (Oand 30), it was found that the excitation had to be introduced
slightly upstream of the separation region regardless of éhsweep angle, as in the
two-dimensional ow. The e ectiveness of AFC was not reduakby mild sweep, and
the e ective frequencies did not change.

Tuck and Soria [74] applied AFC to a NACA 0015 airfoil using ze-net-mass
ow (ZNMF) jet. The optimum frequencies for AFC to be implemented using a
ZNMF jet, located at the leading edge of a NACA 0015 airfoil, ere identi ed to be

* =0:70rF* =1:3. The airfoil stall angle was mitigated from =10 to =18,
resulting in a maximum lift coe cient increase of 46 % above lte uncontrolled lift
coe cient.

Recently, Greenblatt et al. [22, 23] studied experimentallthe control of sepa-
rated ow over a wall-mounted hump by means of steady suctioand two-dimensional
ZNMF perturbations, in order to generate a data set for a wodhop aimed at vali-
dating CFD turbulence models. More details about these expments will be given
in later chapters through a detailed comparison of the compational results with
the available experimental data.

Nowadays numerous studies focus on a strategy to develop Af@sign tools
to enable transition of AFC from the laboratory to applications [34]. Smart control
of separation around the wing was demonstrated by Nishizawet al. [49, 50]. A
new smart control system to suppress ow separation around &wing model was
investigated. The system comprised of a separation discimator, an intelligent
controller and a row of disturbance generators. As soon astidiscriminator detected
a harbinger of separation, the controller with separationantrol algorithm activated
the generators, which simultaneously injected periodic sturbances from the leading
edge. It was shown that the smart control system managed by amputer e ectively
delayed the occurrence of stall. Abe et al. [1] developed aamg-jet vortex generator
(MJVG) in order to establish smart control system for wing sparation. MJVG was
found to appreciably enhance the lift performance.
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Collis et al. [13] provided a perspective on the current stas and future direc-
tons for AFC technology with particular emphasis on oscil@ry control. Certain
issues that are often neglected in studies were highlightstowing their importance
or impact on the reported observations and outcomes.

2.2 Numerical Studies

Rhee and Sung [55] performed unsteady RANS simulation of &ly forced
separated ow over a backward-facing step. A version of thk f  model
was employed, in which the near-wall behavior without refence to distance and
non-equilibrium e ects in the recirculation region were igorporated. The model
predictions were shown to be generally satisfactory compat to the experimental
data of Chun and Sung [11]. However, the fact that a numericaimulation of an
unsteady ow with RANS approach is always questionable washewn in the nu-
merical study of Schatz and Thiele [59]. No satisfactory RASI predictions could be
obtained for a two-element high-lift con guration at stall condition with separation
control by periodic excitation.

Neumann and Wengle [47] investigated controlled turbulenbw over a rounded
step by means of large-eddy simulation. Three variable pareters were the fre-
quency, amplitude and position of the oscillating jet. The ES results of the turbu-
lent ow at Re, =9; 100 revealed importance of properly chosen control paranses
which could lead to signi cant reductions of the size of theecirculating ow region.
For su ciently optimized control parameters, the back ow region could not only be
reduced signi cantly in size, it could even disappear enty.

Dejoan et al. [15, 14] used LES and statistical turbulence rdels to investigate
the e ects arising from the unsteady perturbation of a sepated backward-facing
step ow. The LES and RANS computations were reported for theptimum fre-
quency con guration (Strouhal number of 0.2) examined expenentally by Yoshioka
etal. [77]. Ata global level, the computations correctly pedicted the substantial re-
duction in the size of the recirculation zone - around 30 % wlve to the length in the
unperturbed ow. However, statistical models underestimid the shear stress en-
hancement in the separated shear layer. Comparisons repaxtin Jakirlc et al. [30]
showed that RANS computations returned only a modest reduicin in the length of
recirculation region. The unsteadiness and peak shear stsein the separated shear
layer could not be captured by statistical models.

RANS computations of the separated ow over a wall-mounted ump with
AFC were reported by laccarino et al. [27] and Spall et al. [TO The results of
both the baseline and steady suction ow control cases wereund to overpredict
the experimentally determined reattachment length.

The ow over a hump model with no- ow control, steady suctionand oscillatory
control served as a test case for the 2004 CFD Validation Washkop on Synthetic
Jets and Turbulent Separation Control [58]. It was discoved after the workshop
that the side plates used in the tunnel caused blockage thaif, not included, re-
sulted in relatively minor, but noticeable overpredictionof the pressures over most
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of the hump. Overall, CFD could only qualitatively predict the ow physics. Predic-
tions of the separation point were satisfactory, howevergattachment location was
consistently overpredicted, regardless of turbulence meldor method used. Inside
recirculation bubble, most computations predicted veloty pro les in reasonably
good agreement with experimental data, but turbulent sheastresses were under-
predicted in magnitude.

Krishnan et al. [38] reported detached eddy simulation (DESredictions of the
baseline and steady suction cases. While DES predictionstb& baseline con gu-
ration were encouraging, the disagreement with experimeaitmeasurements for the
steady suction case was signi cant. Neither the pressurestiibution nor the mean
streamwise velocity in the separated region were predictéd similar accuracy. The
relatively shallower separation as compared to the basedirton guration was found
to pose a great challenge to hybrid LES{RANS methods. 2D ursady RANS was
also used to predict the case with oscillatory suction/bloimg. Overall poor predic-
tions were obtained providing impetus for further developent and application of
hybrid LES{RANS simulation strategies such as DES.

Recently, You et al. [79] employed LES to predict the turbulet ow separation
and its control by synthetic jets over a wall-mounted hump. These computations
have actually followed the present study and reproduced to large extent its main
results. Particularly encouraging is agreement among thesults obtained applying
di erent inlet boundary conditions and subgrid-scale modeng.
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3 Turbulence Modeling

This chapter describes turbulence modeling strategies whiare commonly used
in the eld of Computational Fluid Dynamics (CFD). Depending on the physical
phenomena and ow con gurations of interest, a proper seléon of modeling ap-
proach and turbulence model itself is essential in order tochieve as accurate and
reliable solutions as possible, yet at an a ordable computi@nal cost. One has
to be aware not only of advantages but also of drawbacks andnitations of the
computational method employed. Potential uncertaintiesunderlying assumptions
and approximations must be kept in mind while interpreting he results of CFD
calculations.

3.1 Direct Numerical Simulation (DNS)

Direct Numerical Simulation (DNS) involves the numerical slution of the equa-
tions governing the uid ow, i.e. the Navier-Stokes (N-S) guations, without re-
course to any modeling whatsoever. Assuming that the uid desity is constant,
the incompressible N-S equations can be written as:

@, @) 1@, @0, (3.2)
@t @x @x  @yx@x

where the hat denotes the instantaneous value of velocity @ressure in the con-
tinuity (3.1) and momentum (3.2) equations. This type of diect solution of the
N-S equations is limited in its accuracy only by the numeridanethods employed.
Resolving all the time and length scales of the motions coniteed in the ow re-

quires extremely high grid resolutions. In order to assurehat all of the signi cant

structures of the turbulence can be captured, the computainal domain must be
at least as large as the largest turbulence eddy that is comadle to the geometry
scale of the problem (the integral scald,), and must capture all of the kinetic en-
ergy dissipation that occurs on the smallest scale (the Kolmgorov scale, ). The

relation between the integral and Kolmogorov scales can b&peessed in terms of
the Reynolds number ad = Re3*, so that the number of grid points required
for the three dimensional simulations iNgiqg Re%>* [72]. It is well-known that

DNS is limited to the ows involving relatively simple geoméries and low Reynolds
numbers. DNS remains a powerfull research tool that provideus with an extremely
detailed description of the ow eld. Indeed, it is sometime even more practical to

11
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accurately simulate the ow by means of DNS than to try to obseve it in the ex-
periment. Obviously, DNS is of great value for theoreticalnvestigations and model
testing.

3.2 Reynolds Averaged Navier-Stokes (RANS)

. . N .
One can decompose instantaneous values of velocity and gree * into average
and uctuating parts ¢

0i(xi;t) = Ui(xi; 1) + ul(xi;t) (3.3)
p(xi;t) = p(xi;t) + pAxi;t) (3.4)

The time-averaging procedure results in the so-called Reylds-averaged Navier-
Stokes (RANS) equations that read:
@y _
ax 0 (3.5)
@J_I_ @Uin) _ 1@[34_ @Ui @EUJO

& Tax T @x’ @@x @x (3.6)

Their form is similar to that without averaging except the lsst term in (3.6). The

term ulu? is called Reynolds stress and it is responsible for momentutmansport

by the turbulence. It appears as a consequence of the timeeaaging operation on
the N-S equations, which actually throw away all details carerning the instanta-

neous uctuations. The Reynold stresses represent the imfoation lost and must

be closed before solving the RANS equations. For most enggnieg applications
it is unnecessary to resolve details of the turbulent uctuaons, only the e ects of

turbulence on the mean ow are required. It is for this reasothat RANS is used as
a daily design tool. Currently, a variety of simpler (eddy \scosity models - EVM)
and more complex RANS models (Reynolds stress transport nmaeld - RSM) is avail-
able to the CFD users. These models are calibrated for speciclasses of ows and
typically are de cient when the ow conditions depart from the range of calibration.
Nevertheless, the RANS approach is attractive since many gauction-type codes
exist within various industries, which can provide cost-eective solutions in many
design applications. However, in numerous complex ow cogurations RANS mod-
els have been applied with a limited success. One of the quess that remain open
is whether RANS approach can be used in AFC applications.

3.3 Large-eddy Simulation (LES)

With regard to the computational cost, Large-eddy Simulatn (LES) is a com-
promise between RANS and DNS. The larger three-dimensionatsteady structures

12
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are resolved (as in DNS) whereas the e ects of the smaller &aotions are modeled
(as in RANS). In LES one lIters (space or volume average) the 48 equations; the
velocity eld is decomposed into Itered (or resolved) compnentt and residual (or
subgrid-scale, SGS) component’:

0i(xi;t) = (x5 t) + u(xi;t) (3.7)
the Itered velocity being de ned by:

Z
u(x;t) = G(r;x)a(x rt)dr (3.8)

Upon ltering, the constant-density, incompressible N-S guations take the following
form:

(@

o 0 (3.9)
@ e aer o @10

where the SGS stresses are given by:
j = Wly UG (3.11)

This appears analogous to the RANS decomposition but impamt di erences are
that the Itered variables are function of space and time, ad that the Itered
residual is not zero (9x;t) 6 0). In most nite volume codes implicit ltering
is employed, where the lter volume is actually equal to the antrol volume. The
in uence of smaller turbulent scales which can not be resad by the computational
grid needs to be modeled. The task of SGS modeling is, fortualy, not as di cult
as in the case of RANS due to relatively universal characterf the ner scales.
Consequently, even simple models employed on the proper rencal grids can ful ll
the main task of a SGS model, which is providing a proper engrgascade from larger
to smaller scales.

Advantages of LES over conventional RANS are clearly recagable if one is
to tackle complex ows with pronounced vortex shedding or sgxial in uences of
buoyancy, curvature, rotation or compression. Unlike RANSLES gives access to
the dominant unsteady motion so that it can be used, for exanhg, to study aero-
acoustics, or AFC by an appropriate unsteady forcing. Noways, the number of
successfull LES applications in more complex geometriesimgreasing. However,
in handling wall-bounded ows, LES still remains limited to the low-to-moderate
Reynolds numbers. The grid density increases witRe®* and Re!® in regions away
from a solid wall, and in near-wall regions, respectively $2 Due to its prohibitive
resolution requirements, both in space and time, it is dicut to expect that LES
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will replace RANS as an industrial standard in the foreseeébfuture.

3.4 Hybrid LES{RANS Methods

Keeping in mind LES limitations, the only realistic solution appears to be a
sort of combination of LES and RANS strategy. The numericalask of solving the
LES equations is substantially the same as that of solving R4S equations. Hence,
the identical forms of equations for RANS and LES (noting dierent meaning of
variables) make it convenient to combine both approachestma hybrid LES{RANS
method. Various hybrid LES{RANS concepts that have been pmosed recently can
be classi ed as zonal or non-zonal techniques. A zonal appeh implies that LES
and RANS regions of the ow are de ned in advance, which is ofh di cult to
carry out for unknown ow con gurations. On the other side, anon-zonal approach
chooses (more or less) automatically the suitable simulat technique, thus avoiding
the prede nition of RANS and LES regions of the ow. Dependig on the numerical
grid, a gradual transition between both methods takes placehich weakens the
problem of setting up an appropriate coupling strategy at th interface between
RANS and LES zones.

One of the most popular hybrid LES{RANS approaches is Detaell-eddy Sim-
ulation (DES) proposed by Spalart et al. [68]. A DES techniqel is de ned as a
three-dimensional unsteady numerical simulation using angjle turbulence model,
which functions as a SGS model in regions where the grid ddpss ne enough for
LES, and as a RANS model elsewhere. This is a hon-zonal appioathe two regions
are not explicitly distinguished or coupled; there is a sirg velocity and model eld.
DES was originally conceived for wings at very high angles aftack and has been
successfully applied mainly to external aerodynamic owsThe idea was to exploit
the advantages of RANS in the near-wall regions (‘attachedbw) and superiority
of LES in the separated regions (‘detached’ ow).

Many hybrid LES{RANS methods are currently explored in attenpt to solve
the problem of wall modeling in LES, and extend its applicatins to practical engi-
neering and aeronautical ows at high Reynolds numbers. A ogectured prospect on
utilization of the available computing power by di erent canputational approaches
was recently presented by Hanjalc [25]. With the rapid deglopment in computing
power, hybrid methods are expected to be used more frequgntParticularly, it is
realistic to expect that more advanced RANS models will be hyidized with LES
in near future.

Basic approaches to turbulence modeling were outlined wiht going into de-
tails regarding the speci c turbulence models. Simulatiostrategies and correspond-
ing turbulence models employed in this study will be descréal within the subsequent
chapter.
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Two di erent in{house computer codes based on the nite{volime method were
used in this work to solve numerically governing equationsr@sented in the previ-
ous chapter. The main features of the codes are brie y preged next, afterwards,
the turbulence models that were implemented in the codes adescribed. Imple-
mentation of the models is veri ed by computations of the sp@ c test cases and
comparison of the results with the available reference comational data.

4.1 Computer Codes

FASTEST-3D (Flow Analysis Solving Transport Equations Simalating Turbu-
lence) is the code used to predict majority of the ow con guations investigated
in this study [17]. The code is based on a nite{volume numecal method for
solving both three-dimensional Itered and Reynolds-Avexged Navier-Stokes equa-
tions on block-structured, body- tted, non-orthogonal mehes. Block interfaces are
treated in a conservative manner, consistent with the treaent of inner cell-faces.
A cell{centered (collocated) variable arrangement and C&asian vector and tensor
components are used. The well-known SIMPLE algorithm is afipd for coupling
the velocity and pressure elds. The convective and di usig transport of all vari-
ables is discretized by a second-order central di erencirsgheme, whose stability is
enhanced through the so-called deferred correction appobe[18]. Time discretiza-
tion is accomplished by applying the ® order implicit Crank-Nicolson method.
FASTEST-3D is parallelized based on domain decompositiom ispace using the
MPI message passing library. Message Passing Interface (M currently the
most popular parallel programming model which has been agted as a standard.
The user is expected to decompose computational domain intmbdomains with
preferably equal number of grid cells. This enables an e ci@ parallel computation
on PC clusters which usually contain a number of processorsthvthe same speed
and available memory.

Yet another code, FAN-3D (Flow Analysis Numerically), verysimilar to FASTE-
ST-3D but originally developed for RANS calculations, wassed to compute some
ow con gurations [53]. Unlike FASTEST-3D, it has not been cesigned for parallel
computations, furthermore, the boundary conditions avadlble in the code are typ-
ical for RANS applications. Therefore, FAN-3D was mainly wsd in order to test
capability of a typical RANS code to predict some ows by LES rathod.
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4.2 Turbulence Models

4.2.1 Smagorinsky SGS Model (LES)

In order to close the equations for the ltered velocity, a mdel for the subgrid-
scale (SGS) stress tensor is needed. The very rst and simpleSGS model was
proposed by Smagorinsky in 1964 and is still widely used. I§ian eddy viscosity
based model, which relates the residual stresseg;”, to the Itered rate of strain,

Sij .

§0= 2 5gsSi (4.1)

The eddy viscosity of the subgrid-scale motionsgs, is modeled by analogy to the
Prandtl's mixing length model:

sgs = 1%S) = (Cs) ?S] (4.2)

The characteristic length scalé is related to the Iter size through the Smagorin-
sky coe cient Cs and the velocity scale is given byjSj, where:

q
jSJ = ZSij Sij (43)
= 1 @ @
Si = =(=— + =— 4.4
The Iter width is taken as the local grid size, i.e. =( x vy z)%. Altough

theoretical values ofCs  0:17 for homogeneous, isotropic turbulence can be found
in the literature [54], usually smaller values are appliedni LES computations of
non-homogeneous and non-isotropic ows leading to impraveresults. Cs = 0:1
or even lower valuesCs = 0:065, are typically used for practical applications of
the Smagorinsky model. The disadvantage of the model is th#te coe cient Cg is
actually not constant but ow-dependent. Close to solid wds 45 has to be reduced
to account for the anisotropy of the turbulence. Most oftena Van Driest damping
function known from statistical models is used:

+

f =1 e= (4.5)

The Smagorinsky model is most widely used SGS model for itegilicity. Beside the
fact that the optimal values of Cs may vary with the type of ow, Reynolds number
or discretization scheme, the kind of damping to be applied ia further point of
uncertainty. Its drawbacks are that it is strictly dissipative and does not allow for
backscatter, i.e transfer of energy from ne to coarse scaleFurthermore, it is not
appropriate for simulating transition since it yields podive values of subgrid-scale
turbulent viscosity even in laminar ows. In order to get rid of these limitations
and de ciencies, Germano et al. [20] have proposed the dynanprocedure which
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Figure 4.1: Schematics of the backward-facing step ow (left) and 2-D hil ow (right).

determines the coe cient Cq as a value changing in space and time. The parameter
of the Smagorinsky modelCy is no longer required from the user but is determined
by the model itself. It is automatically reduced close to wé and vanishes for
well-resolved laminar ows.

4.2.1.1 Verication of the Smagorinsky Model Implementati on

The standard Smagorinsky SGS model is implemented in FAN-3Bode and
tested on the unperturbed backward-facing step ow. The owcon guration con-
sidered corresponds to the experiment of Yoshioka et al. [7#vith the channel
expansion ratio of 3:2 as shown in Fig. 4.1-left. A descripgth of the experiment
along with the computational details will be subject of theater chapters. Here, the
model implementation is veri ed by comparing LES predictios of FAN-3D to the
reference results obtained by FASTEST-3D. It is important ® note that the same
computational domain, numerical grid and unsteady inlet bondary conditions are
used in both computations. The codes employ virtually the $ae numerical method,
the only di erence pertains to the outlet boundary conditims and boundary con-
ditions in the spanwise direction. Instead of periodic bouwtary condition, FAN-3D
employs symmetry plane in the spanwise direction, whereasra gradient at the
outlet is applied instead of the convective out ow commonlysed in LES computa-
tions. LES predictions of the mean streamwise velocities dfiReynolds stresses are

2 —_— 2
15 15+
1L XIH=2 | x/H=4 | x/H=6 1L XIH=2 x/H=4 x/H=6
I I )\
B B
05 05+ I NG
0 _— — of
05t / 4 05} = =
\ #  FASTEST-3D P
- L FANSD o . ‘ - i
0.0 0.0 00 02 04 06 08 1.0 0. 0005 0 0005 0 0005 001 0.015
u/Ug —u'v'/UC2

Figure 4.2:LES predictions of the backward-facing step ow; comparism of mean streamwise
velocity (left) and Reynolds shear stress (right) pro les obtained by FASTEST-3D
and FAN-3D.
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Figure 4.3:LES predictions of the backward-facing step ow; comparism of normal Reynolds
stresses (u'u' and v'v') obtained by the two di erent codes.

compared at the three stations downstream of the step as show Figs 4.2 and 4.3.
Interestingly, despite di erent boundary conditions in the spanwise direction, which
could be expected to be quite in uential, agreement betweehe two simulations is
almost excellent. A small di erence in back ow velocity canbe observed ak = 6H
(Fig. 4.2-left), whereas minor discrepancies in turbulenstresses are visible at the
last two stations. In uence of the exit boundary condition & not expected to be
signi cant for the exit plane is placed 30 step heightsH ) downstream of the step.
Hence, these small discrepancies could be associated witlerént boundary con-
ditions in the spanwise direction (spanwise computationdlox size wasL, = H ).
Evidently, though a typical RANS code, FAN-3D is successfiyl applied to pre-
dict the ow over a backward-facing step by means of LES empting the standard
Smagorinsky model. At least for this ow at the Reynolds numbr Re = 3;700,
based on the step height and centerline velocity upstream tie step, it appears
that symmetry boundary condition has a minor in uence on thepredictions of mean
velocity and turbulence elds.

4.2.2 Spalart-Allmaras Model (RANS)

The Spalart-Allmaras (S{A) model is a one-equation RANS maal designed
speci cally for aerospace applications involving wall-binded ows [67]. Itis usually
used with ne mesh as a low Reynolds number model but it is su iently robust for
relatively crude simulations on coarse meshes as well. If\ss a transport equation
for the variable ~which is dependent on the turbulent viscosity. The model isatived
based on empiricism and arguments of Galilean invariancenensional analysis and
dependence on molecular viscosity. It includes a wall desttion term which reduces
the turbulent viscosity in the laminar sub-layer and trip terms to provide smooth
transition to turbulence. The trip terms are not used in the pesent investigations
and are therefore not included in the model. The transport etion for the working
variable ~is written as:

D~ 1 @
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The auxiliary relations are functions of ~and velocity gradients:

3

~

=y, fu= T‘ﬁ/l; ; = (4.7)

S=S+ 2—d2fV2; fV2:1 m (48)
_o1+cs T _ 6 : _ -

fw= Fr . o g=r+cp(re r); r= s 2@ (4.9)

where S is the magnitude of vorticity, and d is the distance to the closest wall.
The wall boundary condition is ~= 0 and the model constants are:c,; = 0:135 ,

=2=3,0p =0:622, =0:141,Ccy1= C=2+(1+ Cp)= ,C2=0:3,Cu3=2
and ¢,; = 7:1. The S{A model has been calibrated on 2-D mixing layers, wek
and at-plate boundary layers. It yields very good predictons of boundary layers
in pressure gradients.

4.2.2.1 Verication of the S{A Model Implementation

The S{A model is implemented in both FAN-3D and FASTEST-3D. implemen-
tations are veri ed by computing the backward-facing step ow mentioned previ-
ously, and separated ow in a channel with streamwise periadconstrictions. Both
ow con gurations served as test cases at the!™® ERCOFTAC workshop on re ned
turbulence modeling [30].

FASTEST-3D —
FAN-3D -

XH=2, x/H=4] x/H=6

0+t
-05 +

—/

0.0 0.0 00 10 20 30 40 50 60
n/n

Figure 4.4:Turbulent viscosity distributions for the backward-facing step ow obtained by
FASTEST-3D and FAN-3D employing the S{A model.

Turbulent viscosity predictions of the backward-facing sgp ow obtained by
FASTEST-3D and FAN-3D codes employing the S{A model are prested in Fig.
4.4. These steady 2D-RANS computations are performed emylag the same turbu-
lence model, numerical grid and boundary conditions. It cabe seen that both codes
produce practically the same results. In order to verify thenodel implementation,
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Figure 4.5: Streamwise velocity (left) and Reynolds shear stress (righ) predictions of the
backward-facing step ow; comparison with the reference cmputations of ECN,
Nantes [30]

the FASTEST-3D results are compared to the computational da of Queutey (Ecole
Centrale de Nantes - ECN). Details of the reference computahs can be found in
the authors contribution to the 9" ERCOFTAC workshop on re ned turbulence
modeling [30]. At this point, one should note that the same & case is computed
employing di erent codes and numerical grids. In ow boundeay conditions corre-
sponding to a fully developed channel ow, though producedybdi erent statistical
turbulence models, are virtually the same. Comparison of reiamwise velocity and
Reynolds shear stress pro les is displayed in Fig. 4.5. Agmment between the two
independent computations is excellent. Small deviations ishear stress at the last
two stations are presumably caused by slightly di erent skeamwise resolutions in
this ow region.

The next case to be considered is separated ow in a channelthvstreamwise
periodic constrictions. The popular 2-D hill ow was one of lhe test cases at both
the 9" and 10" ERCOFTAC workshops [30, 41]. Flow separates in a channel con
stricted by periodically distributed hill-shaped protrusons on one wall that obstruct
the channel by 33% of its height and are arranged 9 hill heightapart (Fig. 4.1-
right). The Reynolds number based on the hill height and the ddk velocity above
the crest is 10,595. The length of computational domain is 18Il heights (H)and
the conditions at the inlet are taken from the reference LESofution of Leschziner
et al. [30, 41]. Rumsey (NASA) has performed computations dhe same hill
ow con guration using the S{A model. Description of the coce employed and
speci cs of the computations can be found in the authors corbution to the 10%
ERCOFTAC workshop [41]. As compared to FASTEST-3D and the aoesponding
numerical grid, the code CFL3D with signi cantly di erent structure and numerics
is employed on the grid which is about four times ner. Figs. 4 and 4.7 display
velocity and Reynolds shear stress predictions of these twadependent computa-
tions. Almost excellent agreement between the velocity andirbulence pro les is
encouraging. Deviations in the normal velocity componenttahe rst two stations
arise from di erent applications of the model, i.e. di ererces in computational grid
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Figure 4.6: Axial (left) and normal (right) velocity pro les for the 2-D  hill ow; comparison with
the computations of Rumsey (NASA, Langley) [57]
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Figure 4.7:Reynolds shear stress distributions for the 2-D hill ow; camparison with the com-
putations of Rumsey (NASA, Langley) [57]

and numerical method. The foregoing comparison of the prations of the two ows
featuring separation demonstrates reproducibility of theesults, from code to code
and grid to grid, obtained by the S{A model.

4.2.3 Detached-eddy Simulation (Hybrid LES{RANS)

The S{A turbulence model is employed in this study to model imence of the
smallest, unresolved scales on the resolved ones in the feavork of the detached-
eddy simulation (DES) computational scheme [68]. It is retlad that the S{A
RANS model determines the modi ed turbulent viscosity () from the corresponding
transport equation, whose destruction term (q,\,lfwdlz) is modelled in terms of the
distance to the nearest wall. The DES formulation is obtairgeby replacing the wall
distance byd; which is de ned as:

d= min (d, Coes DES) (410)
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4 Numerical Method

where a somewhat modi ed length scale ('a DES lter') valid n the 'LES part' of
the ow eld is introduced as pes = max( x y 2z). This modication of the
destruction term in Eq. (4.6) tunes the model to function in @&RANS mode in near-
wall regions (‘attached' boundary layers), whereas awaydm the walls, in ‘detached’
regions of the ow, the closure reduces to a (one-equationjrfagorinsky-like model
for the SGS eddy viscosity. The original value of the correspding model constant
Cpes = 0:65 is used in the present work.

Motivated by the excessive LES cost in boundary layers and pp RANS ac-
curacy after separation, DES has been conceived to tacklepaeated ows at high
Reynolds numbers. It is the most widely used hybrid LES{RANSnethod with
increasing number of successful applications, particulgrin complex vortical and
massively separated ows. However, the issues of grid designd position of the
LES{RANS interface remain a point of interest in DES.

4.2.3.1 DES of the 2-D Hill Flow

Upon the aforementioned modi cation of the S{A model, DES o®-D hill ow
is performed. Results can then be compared to the computatial data of Breuer
(LSTM Erlangen) who obtained DES predictions for the same w con guration
with the curvilinear nite-volume LESOCC code [75]. Since he same computa-
tional grid and boundary conditions are used in both simulabns, it is not only
possible to verify model implementation but also to invesgjate code dependence.
Figs 4.8 to 4.10 compare DES predictions of the hill ow con gration obtained by
FASTEST-3D and LESOCC. The pro les of mean streamwise and mmal veloci-
ties show excellent agreement. The same holds for Reynoldi®ess and turbulence
kinetic energy distributions noting that minor deviations may have resulted due to
di erences in numerical methods applied and integration thes used to obtain the
ow statistics.
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Figure 4.8:Mean streamwise (left) and normal (right) velocity proles for the 2-D hill ow;
comparison with the DES results of Breuer (LSTM Erlangen) [§
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Figure 4.9:Normal Reynolds stress u'u' (left) and v'v' (right) proles for the 2-D hill ow;
comparison with the DES results of Breuer (LSTM Erlangen) [§
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Figure 4.10:Reynolds shear stress (left) and turbulent kinetic energy (ight) predictions of the
2-D hill ow; comparison with the DES results of Breuer [8]

It is interesting to see the performance of the S{A model in tavdi erent com-
putational frameworks; RANS vs. DES. Breuer [8] has recemtlreported a highly
resolved LES (1% 10 grid cells) of the periodic hill ow, which is here used as a fe
erence. DES of the hill ow is performed employing 960,000idrcells (160 100 60),
the size of computational domain beingl9 3:0358H 4:5H. Periodic boundary
conditions are imposed in the streamwise and spanwise diieas. At the walls the
no-slip boundary condition is applied for the velocity and he modi ed turbulent
viscosity ~is set to zero. Streamwise pressure gradient is imposed ardjusted in
time to provide a target mass ow rate corresponding to the av Reynolds number
of 10,595. Evaluation of DES for predicting the ow over peadic hills will be pre-
sented in the next chapter. Without going into further compuational details, DES
predictions are here compared to the reference LES, and 2DARS results already
presented in section 4.2.2.1.

Mean streamwise and normal velocity pro les are displayediFig. 4.11. Un-
like RANS, which returns velocity distributions satisfacorily only at the rst two
stations, DES predictions are in very close agreement witthé reference LES data,
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Figure 4.11:Axial (left) and normal (right) velocity pro les for the 2-D  hill ow; S{A DES vs
S{A RANS predictions
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Figure 4.12:Turbulent shear stress distributions for the 2-D hill ow; S {A DES vs S{A RANS
predictions

predicting also closely the location of ow reattachment. Wdsteadiness of the large
scales in the separated shear layer is captured by DES as shaw Fig. 4.12. Ex-
cept at the rst station, DES yields the correct level of turbulent shear stress, and
therefore mixing, in the separated shear layer which is criat for capturing the
reattachment location. However, DES overpredicts the oweattachment at 512H
as compared to the reference value of6®H (LES). This could be explained by
inadequate resolution in the shear layer just after separan, which is responsible
for underprediction of the shear stress peak at the rst stabn (x = 0:5H).

Flow structures can be discerned in Fig. 4.13 which displagsthree-dimensional iso-
surface plot of the instantaneous pressure uctuatiop®. Organized vortical activity
in the hill ow can be observed, consistent with LES treatmenof the largest por-
tion of the computational domain. Near-wall region of the av treated by RANS
includes 7-9 cells in the wall-normal direction at the lowewall, and 4-5 cells at
the upper wall. This ow con guration features separation fom a curved surface
with the strong spatial and temporal uctuation of the sepaation line. Hence, it
is possible to distinguish attached boundary layer and sefied ow regions only
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4.2 Turbulence Models

Figure 4.13:Visualization of coherent ow structures in DES of the hill ow: isosurface of the
instantaneous pressure uctuation p°.

in the time-averaged sense. Such an internally separatedwomay seem not to be
attractive for DES that, as a hybrid LES{RANS method, relieson the RANS model
in predicting the location of boundary-layer separation. kschziner [41] observed
that in LES even slight changes in the time-averaged locatioof the separation line
result in substantial changes in the reattachment behaviofthe ratio being around
1:7). The RANS solutions indicate this sensitivity as wellalbeit less distinctly.
Nevertheless, knowing that generally all RANS models perfa poorly in this ow,

it is challenging to test the capability of DES to predict theperiodic hill ow, yet
at an a ordable computational cost. Compared to the referete parallel computa-
tion (LES employing 136 1P grid cells) DES is performed on a 14 times coarser
grid using a single PC. Recall that the S{A RANS model capture boundary layer
separation closely (QL8H , reference value being:Q9H ) but fails to predict the ow
reattachment at all. On the other hand, DES predicts recirciation bubble and main
ow guantities close to the reference LES results. It is shaw for the considered hill
ow con guration, that DES can produce results comparable ¢ the ones obtained
by LES, but employing substantially coarser space and timeesolution.

Implementation of turbulence models used in the frameworkf ES, RANS
and DES was veri ed by computing the two geometrically sim@, but complex ow
con gurations involving separation from a xed point (backward-facing step) and
separation from a curved surface (periodic hill ow). The avs feature separation,
recirculation, reattachment, recovery and strong accelation within the statistically
homogeneous spanwise domain. Close agreement between #silts obtained by
the independent simulations is encouraging indicating a ¢jih level of delity of the
predictions obtained by the codes. Finally, FASTEST-3D and~AN-3D codes were
validated by applying DES and LES to the turbulent separatedows.
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5 Prediction of Separated Flows

This chapter tends to scrutinize some generic turbulent sapated ows with
emphasis on the ow physics and predictive capability of vamus CFD strategies.
Predictions of the ows featuring increasingly complex sepation phenomenon will
be evaluated. Despite relatively simple ow geometries, thseparation process and
its complexity is strongly a ected by geometry of the surfaes where the ow de-
taches. Only the baseline cases (without any ow control) & investigated here in
order to provide an insight in the ow physics and identify sone issues which may be
important for successful computations when tackling the sae con gurations with
ow control.

5.1 Separated Flow over a Backward-facing Step

Due to its geometrical simplicity, separated ow over a backard-facing step
is most often selected as a starting benchmark for testing ioulence models. Sep-
aration point is xed by the geometry, yet this ow is quite complex featuring
di erent ow regimes (boundary layers, separated shear lar, ow reattachment
and recovery) in the presence of a strong adverse pressuradient. The simulated
ow con guration corresponds to already mentioned experirant conducted by Yosh-
ioka et al. [76, 77, 78]. Some details and description of thgperimentally studied
backward-facing step ow will be presented later in the foiwing chapter. Accord-
ingly, the computational method along with features of the prformed simulations
will be discussed thoroughly.

Two dimensional, steady RANS computations considered in ¢hcomparison
that follows were performed using the one-equation model I8palart and Allmaras
(S-A, [67]) andk ! SST model due to Menter [45]), the two most popular sta-
tistical turbulence models in aerodynamics, both allowingntegration to the wall.
Additional results are available from the  ERCOFTAC workshop [30], where this
experimental con guration served as one of the test cases. h& aforementioned
RANS results are representative of the predictions obtaideby the variety of sta-
tistical models noting that the workshop results exhibiteda certain scatter and are
probably not suitable for a very detailed comparison.

RANS calculations have been performed on the computationateshes which
are demonstrably adequate to provide essentially grid-iegpendent solutions. Details
aboutthek ! SST computations can be found in the Queutey (Ecole Centratie
Nantes - ECN) contribution to the 9" ERCOFTAC workshop on re ned turbulence
modeling [30]. The unsteady computations are summarized ifable 5.1 showing
the main parameters of the performed large-eddy and detacheddy simulations of
a backward-facing step ow. The computational domain adomd behind the step
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5 Prediction of Separated Flows

Table 5.1:Backward-facing step computations (unperturbed ow)

LZ tUC + + +

Run H H X y z

min min

max max
14 014

LES 220 82 32 0047 = == 185
25 014

DES 142 82 16 0047 = =5 37
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Figure 5.1:Separated ow over a backward-facing step. Computational @main and grid around
the step.

(Lx Ly L,=30H 3H H)and a blow-up of the mesh are shown in Fig. 5.1.
The instantaneous in ow velocity pro les (obtained by a seprate LES of a fully
developed channel ow) were imposed just upstream of the gteat L; = 0:5H.

Mean velocity and turbulence pro les are compared in Figs..8 and 5.4. The
predicted reattachment points lie aroundx=H = 7 being considerably larger than
the measured valueXr=H = 6:0 (this value represents a corrected value, Obi [52]);
the originally reported value corresponds t&Xg=H =5:5, Yoshioka et al., [77, 78]).
Regarding the experimental con guration, particularly important is the aspect ra-
tio based on the channel height after expansion KB) and its spanwise dimension,
which was only 1 : 4. This is regarded as too short for providina 2-D ow in the
mid-span plane. Hence, the side walls might have contamireat the experimental
results. For example, Kasagi and Matsunaga [35] performegperiment at a compa-
rable Reynolds number Rey = 5;540) for the same expansion ratio. However, the
above-mentioned aspect ratio was 1 :Band, consequently, the reattachment length
was substantially larger ¥g=H = 6:51). In favor of the computational results ob-
tained here is the LES of the same case performed by Dejoan dreschziner [15]
who reported the reattachment length ofXg=H = 7:0. Discrepancies in the back-
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Figure 5.2:LES and DES vs. statistical models of turbulence: streamwie velocity and shear
stress pro les (unperturbed ow over a backward-facing step)
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Figure 5.3:LES predictions of the mean streamwise velocity and shear s¢ss at di erent stream-
wise locationsx=Xro (unperturbed ow over a backward-facing step)

ow velocity predictions are observed at the stationsx=H =2 and 6 (Fig 5.2-left).
The aforementioned 3-D contamination can be compensated bgmewhat di erent
representation of the results. For instance, comparison @Elocity pro les at the
selected streamwise locations normalized by correspomglireattachment length (in-
stead of step height) shows very good agreement between LE®]a&xperiment in
the region of ow reversal (see Fig. 5.3-left). Shear stregso les displayed in Fig
5.2-right agree reasonably well with the experimental dateegardless of the method
applied. If the same pro les obtained by LES are compared atanmalized positions
x=XRro, almost excellent agreement with the experiment data is edent (Fig 5.3-
right). Reynolds stresses obtained by LES and DES exhibitader agreement with
the measurements as compared to the ! SST RANS model as shown in Fig 5.4,
clearly demonstrating capability of LES and DES to resolvetiess anisotropy.

In summary, all computations of the baseline backward-faagy step ow return
an excessive reattachment. Due to possible problem of 3-Dntamination in the
experiment, it is not possible to reliably judge performare of the methods applied.
Despite the ow complexity, a reasonable representation ¢fie ow can be obtained
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Figure 5.4:Normal stresses (streamwise and wall-normal components)rpdicted by LES, DES
and k ! SST RANS model (unperturbed ow over a backward-facing step
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Figure 5.5:Iso-surfaces of vorticity colored by pressure obtained by ES of the unperturbed ow
over a backward-facing step)

by RANS approach due to the fact that detachment of the ow is stirely deter-
mined by geometry. However, predictions of the stresses indte that only unsteady
calculations, i.e. LES and DES, can resolve the dynamics d¢fet ow which is highly
dominated by large-scale vortices. Flow topology is repmsed in Fig 5.5 which
shows iso-surfaces of the vorticity magnitude colored by gssure coe cient. The
separated shear layer, which is initially very thin and higly strained, reattaches
and strongly interacts with the wall. Tendency of the ow to reorientate a spanwise
vorticity eld into streamwise vorticity can be observed. k is expected that the
same con guration subjected to ow control will be more chdenging since external
forcing gives rise to modi cations of coherent structuresrad turbulence eld.

5.2 Separated Flow over a Wall-mounted Hump

The turbulent ow over a wall-mounted hump (simulating the upper surface
of a Glauert-Goldschmied type airfoil at zero angle of attdgd at a high Reynolds
number of Re; = 9:36 10 (based on the free-stream velocityJ; = 34:6 m=s
and the chord lengthc = 0:42 m), situated in a plane channel (height ®0%) was
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5.2 Separated Flow over a Wall-mounted Hump

experimentally examined at the NASA Langley Research CemtéGreenblatt et al.
[22, 23]) for the purpose of the CFDVAL workshop on computadnal methods and
turbulence models validation (Rumsey et al. [58]). The santest case was studied
at the 11" ERCOFTAC workshop on re ned turbulence modeling (Johanssoand
Davidson [33]). Detailed description of the experimental easurements and ow
control cases will be presented in the next chapter. Herei@FD predictions of the
baseline ow con guration will be evaluated. Unlike backwad-facing step ow, the
ow over a wall-mounted hump is characterized by much more oaplex separation
which now occurs from a smooth surface. A blow-up of the comational grid
with the geometry of the hump model are displayed in Fig 5.6. Ae approaching
boundary layer accelerates as it is subjected to a strong taable pressure gradient
over the hump fore-body. The ow separates in the region ofiging convex curvature
atx/c  0.67, separation bubble is formed over the concave ramp otthump, and
reattachment occurs just downstream of the trailing edge ax/c 1.1. Time-
averaged streamlines obtained by LES (see Fig 5.7) illusteathe baseline ow eld
in the region of separation.

xlc

Figure 5.6: Blow-up of the grid (x-y plane) used for the 2d-hump computations

xfc

Figure 5.7: Time-averaged streamlines obtained by LES of the baselineow over a wall-mounted
hump

The solution domain for the hump geometry (dimensions: :$4C  0:91C
0:152C) was meshed with almost 4 Mio. (426 145 64) grid cells for LES compu-
tations, while the domain for DES with somewhat larger spanse dimension (2C),
was meshed by approximately 1.7 Mio. (426145 28) grid cells. RANS computa-
tions have not shown signi cant di erence in solutions obt&ed if the computational
domain was extended further upstream (89C) as in the experiment. Furthermore,
it has been demonstrated experimentally that the ow is insesitive to the upstream
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Figure 5.8:Mean streamwise velocity

boundary conditions. Therefore, in all LES and DES computa&ins available steady
pro les (the mean experimental velocity pro les) were impged at the inlet plane
placed at 214C upstream of the hump leading edge. The focus region, just dow
stream of the slot including the region around reattachmentvas meshed to provide
the wall-unit resolution of x* =80; y* =1 80 and z* = 150 (maximum

values for DES grid). Compared to DES, LES resolution in thepsinwise direction
was ner providing z* =50.

Comparison that follows includes 2D-RANS results obtainedn the grids of
size 426 145 and 422 75 for the low-Re and high-Re model calculations, respec-
tively. Various statistical turbulence models were examigd including the standard
high-Reynolds numberk " model and its near-wall adaptation due to Launder and
Sharma (LSk " [39]) as well as the low-Reynolds number Reynolds-stress aebd
developed by Hanjalc and Jakirlc (HJ RSM [24]) employing the homogeneous part
of the total viscous dissipation rate as a scale-supplyingsable (Jakirlc and Han-
jaltc [29]) and its high-Reynolds number asymptote due to @son and Launder (GL
RSM [21]). The Reynolds-stress model computations requireore elaborated pro-
les of all turbulence quantities including dissipation rdae of the turbulent kinetic
energy at the inlet cross-section (note that only the pro Is of mean velocity and
streamwise stress component are available from the refecerexperiment). For this
purpose, the in ow data were generated by carrying out a sepgte computation of
the zero-pressure gradient (ZPG) boundary layer with the sae free-stream velocity
U; = 34:6 m=s, using the near-wall second-moment closure model by Hargand
Jakirlc (HJ low-Re SMC). Finally, in all RANS computation s the generated in-
ow velocity and turbulence pro les were imposed at the inleplane of the solution
domain. RANS predictions of streamwise velocity are comped in Fig. 5.8 with
the measurements at eight positionsx=c = 0:65; 0:66; 0:8; 0:9; 1.0; 1:1; 1.2 and 13
During the initial phase of ow reversal up tox=c = 0:8 (about 90% of the entire
geometry expansion occurs up to this length) a strong advergpressure gradient
dominates the ow. This fact is responsible for the good ageenent of the mean
velocity pro les at x=c = 0:8 with respect to both the intensity of back ow and the
thickness of separation zone, despite the poor predictiof the shear stresses shown
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Figure 5.9: Shear stress pro les

Table 5.2: Separation and reattachment locations

(x=0)s (x=0r

Baseline Exp. 0.673 1.110
LES 0.667 1.114

DES 0.663 1.121

S-A 0.667 1.259
Std. k 0.672 1.125
LS k 0.670 1.125

GL RSM  0.670 1.158
HJ RSM 0.660 1.195

in Fig. 5.9. Further downstream atx=c = 1:1 the shear-stress gradient overweighs
signi cantly the mean pressure gradient in the momentum ecation. A fairly weak
gradient of the shear stress components at this location, asconsequence of a gen-
erally low shear-stress level in the shear layer being aligphwith the mean dividing
streamline, causes a longer recirculation region. The lattis a typical outcome of
the RANS method, with a fairly weak dependence on the modetinevel adopted.
All models capture separation point correctly but the reathchment location is over-
predicted downstream of the experimental value of=c = 1:1 as summarized in
Table 5.2. As far as these gross ow parameters are concernéds interesting to
note exceptionally good performance of botk " models. This happens to be fortu-
itous, presumably due to the correct level of the wall-normastress as shown in Fig.
5.10, which appears to in uence the ow reattachment signicantly. However, down-
stream of the reattachment RANS underpredicts the level ourbulence resulting in
too slow recovery. By closer inspection of Figs. 5.10 and 5,lone can see that
stress anisotropy is reproduced only to a certain extent byne Reynolds stress trans-
port models. Still, the level of turbulence is insu cient, dl RANS predictions being
far from capturing the peak values (and their positions withrespect to the wall) of
streamwise and shear stresses in the separated shear lay@nlike 2D-RANS, LES
and DES return much better ow representation and close agesnent with the ex-
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Figure 5.11:Streamwise stress pro les

perimental data. Streamwise velocity pro les obtained by ES and DES are plotted
in Fig 5.12 showing that separation and reattachment, but ab ow representation
within the recirculating region, are captured correctly. 1is interesting to see that
DES predictions are even better than the ones obtained by theonventional LES
(see also the shear stress pro les in Fig. 5.13). Feasibjlibf the DES as a hybrid
LES{RANS approach (designed to operate as the RANS method thin attached
boundary layers and the LES method in detached, separatedgiens of the ow) is
further expressed through the fact, that these results wergbtained using a coarser
grid (1.7 Mio. in total vs. 4 Mio. for LES). The Reynolds sheaistress evolution
presented in Fig. 5.13 demonstrates how crucial it is to capte the level of turbu-
lence in separated shear layers with respect to the mean owdtures downstream,
especially to the reattachment location. The correct LES ahDES predictions of
the shear stress in the region aligned with the mean dividingfreamline lead to the
accurate reattachment length. Noteworthy is a close agreemt of the wall-normal
stresses with the reference data as demonstrated in Fig 5.1Einally, due to the
correct turbulence level in the near-wall region, LES and D& yield an excellent
representation of ow recovery downstream of the reattachemt.
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Figure 5.12:Mean streamwise velocity

0.16 |
0.14
012 | ;

201}
0.08 | |
0.06 | :

004 |
exp. O
0.02 | LES ‘
DES =mrmmim s s 4 3
0 1 1 1 1 <

0 001 0 0.01 0 001 0 001

-u'v'/U¥2 (baseline)

Figure 5.13:Shear stress pro les
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Figure 5.14:Reynolds normal stresses
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Figure 5.15:Iso-surfaces of vorticity colored by pressure obtained by BS of the ow over a
wall-mounted hump (baseline case)
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Figure 5.16:Reynolds stress components in the near-wall region

Despite the fact that the hump geometry still has a signi cahin uence on the
ow separation, which is proven by broadly correct separatin obtained by RANS
models, the only way to predict the ow characteristics dowstream is to resolve
large-scale structures which are dominant in this region dhe ow. The three-
dimensional instantaneous ow structures are elucidatechiFig 5.15 showing iso-
surface of vorticity colored by pressure obtained by DES ohé baseline hump ow.
The DES treatment of the separated region results in clearljisible resolved vortical
structures. Strong interaction between the separated shelayer and the wall around
reattachment and further downstream can be observed. Impyement of the sepa-
rated ow onto the wall gives rise to a highly anisotropic tubulence as presented by
Reynolds stress components in Fig 5.16. At the same time, tkpanwise stress level
is comparable to the streamwise one, especially in the regiof ow reattachment at
x=c=1-1.1. This is an indication of ow 'splatting’, which can hardly be accounted
for by existing statistical models. The investigated basgle ow con guration is
characterized by unsteady separation governed by largeate unsteadiness (highly
intermittent separation and reattachment regions, highlyunsteady separated shear
layer), all the features being beyond the reach of the inhardy steady RANS ap-
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5.3 Separated Flow over a Periodic Arrangement of SmoothlyoGtoured Hills

proach. Hence, one can expect that the same ow subjected tow control will be
more complex and challenging for CFD validation.

5.3 Separated Flow over a Periodic Arrangement of
Smoothly Contoured Hills

The last test case to be considered is even more complex, nasdg separated
ow in a channel with streamwise periodic constrictions. Campared to the previous
two cases, the in uence of the geometry on separation prosesom a curved surface
is minor. Consequently, the ow is very complex with the serisve dependence of
the mean reattachment position on that of separation, posgha great challenge for
simulation strategies. An important aspect of the work on tfs particular case is the
fact that it is undertaken in a collaborative e ort involvin g ve di erent ow solvers
used by ve di erent groups to cover a broad range of numeridanethods and imple-
mentations. The ow over a periodic arrangement of smoothlgontoured hills [44]
has been extensively studied over the past few years [19, 8, 81, 6, 28, 7]. Recently,
this ow con guration at Re, = 10;595 was selected as a common test case within
the French-German research group on 'Large-Eddy Simulatioof Complex Flows'.
Originally based on the experiments of Almeida et al. [3], # numerical bench-
mark case had been modied to be more suitable for numericainailations [44].
An experiment corresponding to this new setup is presentlyedigned at the Univer-
sity of Technology Munich in order to provide future experirental reference data.
New computational reference solutions have been alreadytained by the French-
German research group [8, 7]. These include highly resolveBS at Re, = 10;595
using 13 1 grid cells and DNS atRe, = 2; 800 and 5600.

ok "\W'oo- B I 41 | . -

0.5 2.0 4.0 2 6.0 8.0
50 Uiui/Ub + x/h

Figure 5.17:Distribution of the Reynolds stress components obtained byDES of the ow over
periodic hills

The type of ow under consideration is a challenging test casfor statistical
turbulence models. A distinct 'splatting’ of eddies on the wdward side of the
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Figure 5.18:Comparison of the RANS results obtained by various turbulerce models (the stan-
dard k " model, the two-layerk " model due to Rodiatal. (k " TLV [56]) and
Gibson and Launder Reynolds stress model (GL RSM [21]): a) nman streamvise
velocity, b) Reynolds shear stress u'v'.

hill, which was recently identi ed by Frehlich et al. [19], represents a structural
feature re ected by generation of strong spanwise uctuatins, which is unlikely to
be accounted for by any RANS model. Fig. 5.17 shows DES captg the strong
spanwise uctuations in the regions of ow reattachment andstrong acceleration
along the windward slope of the hill. Poor predictions of me&na ow and turbulence
are obtained by RANS as illustrated in Fig. 5.18. In various wrkshops [30, 41],
RANS methods failed to predict the reattachment accuratelyand exhibited a great
sensitivity to the individual turbulence closure model. Tlis failure is commonly
attributed to the inability of RANS to capture the large-scde dynamics in the sep-
arated shear layer. This large-scale motion dominates theamentum exchange and
thus determines how quickly the separated ow reattaches. i©the other hand, LES
is designed to capture these ow structures, but prediction of wall-bounded ows
(without wall functions) are limited to moderate Reynolds mmbers due to extremely
high resolution requirements in the near-wall region. Vaous hybrid LES{RANS
strategies were proposed to alleviate this dilemma, DES Ingi the most popular
one. If performed on a suitable grid, DES is typically expeet to yield results su-
perior to those obtained with RANS computations (for the owinvestigated here cf.
Fig. 5.19). However, due to its complex grid sensitivity, s@us deterioration of the
predictions occur if the LES{RANS interface resides eitheoo far from or too close
to the wall. Noting that the S-A model has been tuned for exteral aerodynamic
ows at high Reynolds number, it is interesting to examine DI performance in a
complex wall-bounded ow such as the periodic hill con guraon. DES has been
designed relying on the capability of a RANS model to prediditoundary layer ows,
and on the superiority of LES in separated ow regions. The Hi ow poses yet an-
other challenge for DES: strong spatial and temporal uctutions of the separation
line.

This section investigates the performance of DES for the hilow at Re, =
10, 595 using computational meshes limited to one million cel{sa number feasible
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Figure 5.19:LES, DES and 2D SA-RANS predictions of the time-averaged walshear stress; the
hill contour is included for reference.

for computations on present day personal computers. In ondé& ensure indepen-
dence of the ndings from numerical methods and particulamnplementations, sev-
eral independent research groups computed the same ow by BHising di erent
ow solvers, but employing the same standard gridy N, N, =160 100 60)
depicted in Fig. 5.20. As reference data serve results fromhgghly resolved LES
obtained with roughly 13 million cells [7]. The performancef the DES is further
evaluated by comparison of its results to those computed omé same grid using
LES with the standard and the dynamic Smagorinsky models andn alternative
hybrid LES{RANS proposed by Breuer and Ja ezic [6] and Ja ezic et al. [28].
In addition, LES data employing an immersed boundary techgue on Cartesian
meshes are included. Finally, the impact of resolution andherefore, the location
of the LES{RANS interface is studied.

A concise description of the ow con guration studied and vaous ow solvers
employed in the present work are outlined rst. Afterwards,the main features
of the performed simulations will be introduced in order to dcilitate the proper
analysis and comparison of the results. The Reynolds numbdyased on the hill
height (h) and the bulk velocity above the crest {J,) is 10,595. The dimensions

y/h

T
RENRARTARE ARk

x/h

Figure 5.20:A slice of the standard grid (x y plane, every second grid line shown).
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Figure 5.21:wall-adjacent cell size in wall units along the lower wall baundary for the standard
grid.

of the computational domain areL, = 9:0h, Ly = 3:03%h and L, = 4:5h. The
choice of the spanwise extent is based on the investigatiohg Mellen et al. [44].
The ow is assumed to be periodic in the streamwise and sparsei directions, with
a no-slip boundary condition applied at both walls. The ow ate is imposed by
a spatially constant pressure-forcing term which is adjust in time to yield the
target mass ow rate. The standard grid used in most of the siolations consists of
160 100 60 cells providing a near-wall resolution in wall units of x*; z" < 35
in the streamwise and spanwise directions, respectivelyeésFig. 5.21). The values of
y1* in the near-wall cells do not exceed 1 for most of the computahal domain, i.e.
forx=h =0 8. The exception is the windward side of the hill, where the selution
decreases. Nevertheless, compared to the values 4 = O(1), x* = O(50) and
z" = 0(20), typically recommended for wall-resolved LES, the gtiis still deemed
to be adequate, although signi cantly coarser than the gridised in the reference LES
(1 vs. 13 million grid cells). This is mainly due to a larger desize in the spanwise
direction that is intentionally chosen such that the RANS rgion in the framework of
DES covers the rst 7-9 cells and 4-5 cells in the wall-normalirection at the lower
and upper walls, respectively. In some computations evenarser grids are used,
being obtained simply by decreasing either spanwise or strawise resolution, while
maintaining the original wall-normal cell distribution and uniformity of the cell size
in the spanwise direction. These additional simulations Wi coarser resolutions in
the wall-parallel directions are conducted in order to asse the in uence of the LES{
RANS interface position on the DES performance. Five compett codes, namely
LESOCC [9, 10], LESOCC2 [26], ISIS [16], FASTEST [17] and M@T [42] are used
to predict the periodic hill ow. The rst four codes solve the incompressible Navier-
Stokes equations on body- tted, non-orthogonal grids by te-volume methods with
collocated arrangement of the Cartesian velocity componsn MGLET employs an
immersed boundary method on a Cartesian grid. For this gridg21 173 106 (4.1
million) cells are used. With this number, the high wall-nomal resolution achieved
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5.3 Separated Flow over a Periodic Arrangement of SmoothlyoGtoured Hills

Table 5.3: Summary of the computations (SJ: Sart & Jakirlc, code FASTEST; BJ: Breuer &
Ja ezic, code LESOCC, OE-One-Equation model for the turb ulent kinetic energy k;
DC: Deng & Chikhaoui, code ISIS; TF: von Terzi & Frehlich, code LESOCC2; PM:
Peller & Manhart, code MGLET); t,: averaging time, ty: ow-through time, ( )s:
separation point, (), : reattachment point.

Case Grid Model tUp=h ta=ty (x=h); (x=h),
LES-ref 281 222 200 DSM 0:.0018 141 @190 4694
DES-SJ 160 100 60 SA 0:.0105 31 214 5123

DES1-SJ 160 100 45 SA 0:0105 30 214 5012
DES2-SJ 160 100 30 SA 0:0105 28 214 4792
LES-SJ 160 100 30 SM 0:0105 28 0182 4902
LES1-BJ 160 100 60 SM 0:004 69 0214 4576
LES2-BJ 160 100 60 DSM 0:004 71 0247 4262
DES-BJ 160 100 60 SA 0:004 67 0182 5235
HYB-BJ 160 100 60 OE 0:004 65 0279 4792
DES-DC 160 100 60 SA 0:007 200 0187 5013
DES1-DC 80 100 60 SA 0:007 90 0214 4957
DES-TF 160 100 60 SA 0:008 93 0182 5123
LES-IB-PM 221 173 106 DSM  0:004 80 0270 4270

by the curvilinear grid for the other codes could not be reagd. At the point
of maximum wall shear stress, the wall-adjacent cell size isx* 11, y* 8
and z" 56 leading to a maximum wall-normal distance of about 10 wallnits.
In all codes, second-order central di erences are used tosdietize convective and
di usive terms. An exception concerns the simulations pesfmed with the ISIS
code for which the Gamma Di erencing Scheme (GDS) is appliddr the transport
equation for ~ giving a behavior similar to the rst-order upwind scheme31]. With
LESOCC2, the HLPA scheme [80] is used for the -equation. Di erent second-order
accurate time integrations are employed.

The main objective here is a comparative study of the periodhill ow, focused
on DES as the arguably most popular and widely used hybrid LEBANS method.
Another hybrid LES{RANS technique proposed by Breuer et al[6] is tested for
comparison. This method employs a one-equation (OE) modehsed on the trans-
port equation for the turbulent kinetic energy which govers the modeled turbulent
kinetic energy kmog in RANS mode and the subgrid scale turbulent kinetic energy
Ksgs IN LES mode. More details about the method and switching cetria de ning
the LES{RANS interface can be found in [6, 28]. A summary of # simulations
performed is given in Table 5.3 displaying the notation useblenceforth, the main
parameters and information pertinent to the computationsand the location of sep-
aration and reattachment points. At this point, one should wte that the LES-ref,
LES2-BJ and LES-IB-PM computations use the dynamic SM, wheas LES1-BJ
and LES-SJ employ the standard Smagorinsky model with the gstant C; = 0:1
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Figure 5.22:Comparison of predicted separation and reattachment locabns.

damped by means of the standard van-Driest damping functiont should also be
noted that LES-IB-PM uses no wall model although the wall-nemal resolution goes
up to 10 wall units.

In the following subsections, the performance of DES will bassessed. The
Reynolds number of 10,595 is not as high as desirable for tegtan hybrid LES{
RANS method, but an analysis can only be undertaken relyingnohighly resolved
LES reference data [8, 7] which are not available at higher Reolds numbers. An
important issue for the successful computation of this owd to accurately capture
the separation point [19]. This is achieved by all applied nieods as illustrated in
Fig. 5.22 and Table 5.3 indicating that the grid resolutionsare su ciently ne for
capturing this ow phenomenon. Deviations in predicted resiachment locations
are observed; the majority of the computations predict a dayed reattachment.

Henceforth, pro les of velocities, Reynolds stresses andrbulent kinetic energy
are compared to those of the reference LES at the followingasibns: x=h = 0:5, 2,
4, 6 and 8. The selected positions include the regions just mp separation &=h =
0:5), in the middle of the recirculating zone X=h = 2), prior to the reattachment
(x=h = 4), the post-reattachment and ow recovery k=h = 6), and the region of
accelerating ow on the windward slope of the hill x=h = 8).

5.3.1 DES on the Standard Grid using Di erent Flow Solvers

First, DES results generated using di erent ow solvers onhe same standard
grid are presented. Figs. 5.23 and 5.24 show the mean velpciind turbulence
statistics. The mean streamwise velocity pro les exhibit god agreement with the
reference data at positiong=h = 0.5, 2 and 8, whereas discrepancies are observed in
the regions prior and after ow reattachment (at locationsx=h = 4 and 6). Here, the
back ow velocity (x=h = 4) is overpredicted corresponding to longer reattachment
and slower recovery farther downstream (Fig. 5.23a). Des$pithe good agreement
of the Reynolds shear stresses (Fig. 5.23b), DES resultslgliensu cient turbulent
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Figure 5.23:Comparison of DES predictions obtained by di erent codes onthe standard grid: a)
mean streamvise velocity, b) Reynolds shear stress u'v', clurbulent kinetic energy
k, d) normal Reynolds stress v'v'.

kinetic energy within the reattachment region (Fig. 5.23c) Furthermore, the near-
wall peak of the wall-normal Reynolds stress v'v' ak=h = 0:5 cannot be captured
accurately by DES, which has an impact on the results farthedownstream (see
Fig. 5.23d). One possible reason for this behavior could bkat the "DES lIter'

=max( X; Y; 2z)in this region is 40% larger than the one employed by LES

=( x y 2 on the same grid. Hence, the SGS-viscosity of DES is larger
in this ow region. Code dependency, on the other hand, can briled out, since
di erent ow solvers with distinct implementations and various numerical methods
predict the same ow behavior on the same grid. However, minaliscrepancies in
the results remain owing to di erences in numerical methodand chosen time steps.
Slight deviations in the mean ow and predictions of turbul@ce statistics originate
from di erences in the computed turbulent viscosity as show in Fig. 5.24a. The
pro les of the wall shear stress on the lower wall agree reasbly well with the
reference data (Fig. 5.24b), but they reveal that the DES caistently underpredict
the wall shear stress in the reattachment region and conseaqily yield a delayed
reattachment. Overall, the mutual agreement of the indepeatently performed DES
is very good, thus demonstrating a high level of delity of tke results.
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Figure 5.24:Comparison of DES predictions obtained by di erent codes onthe standard grid: a)
time-averaged turbulent viscosity and b) time-averaged wdl shear stress distribution
on the lower wall.

5.3.2 In uence of the Turbulence Modeling Strategy

In order to investigate the in uence of the turbulence moddhg, i.e. applied
simulation strategies, pro les of the mean streamwise veatdy along with the (re-
solved) Reynolds shear stresses obtained with di erent appaches are compared in
Fig. 5.25. All results in this gure are obtained with the sane code (LESOCC) on
the standard grid. The mean velocity pro les displayed in Fj. 5.25a exhibit a similar
good behavior of both hybrid LES{RANS computations DES-BJ ad HYB-BJ, but
also a surprising de ciency of the dynamic LES (LES2-BJ) intis simulation, which
will be discussed below. Concerning HYB-BJ and DES-BJ, daspthe discrepancy
at the location x=h = 4 already mentioned for all the previously commented DES,
the mean streamwise velocity is in good agreement with thefegence LES. It is no-
ticeable that HYB-BJ captures the reattachment point accuately and better than
DES-BJ (see Fig. 5.22). One can see that the hybrid simulanoHYB-BJ fails to
capture the tiny separation at the hill crest (see Fig. 5.26)This kind of behavior of
the wall shear stress has already been observed in RANS siatigdns as illustrated
in Fig. 5.19. A detailed evaluation of this hybrid approach &n be found in [28].

Excellent predictions of the mean streamwise velocity prées obtained by LES
employing the standard SM are evident. This supports the pvous assertion that
the grid resolution is deemed to be adequate, with the exceéph of the region of
separated shear layer (see Fig. 5.25bxth = 0:5) where shear stress overpredictions
associated with a locally coarser grid are visible. At the sz time, the results reveal
surprisingly poor performance of the dynamic SM. This is deomstrated by the wall
shear stress distribution plotted in Fig. 5.26 which showsht dynamic SM predicting
too a short recirculation zone. This unexpected behavior & indication of high grid
sensitivity of the dynamic SM, which is con rmed by direct canparison of various
LES computations presented in Figs. 5.27 and 5.28 all apphg DSM. The simulation
LES-IB-PM using the immersed boundary method was performedith 4.1 million
grid cells. The computational e ort of the additional cellsis more than compensated
by a substantially lower cost per grid point. Therefore, thencrease in number of
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Figure 5.25:In uence of turbulence modeling/simulation strategies on the hill ow predictions
on the same grid: a) mean streamvise velocity, b) Reynolds #ar stress u'v'.
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Figure 5.26:Time-averaged wall shear stress distributions on the lowewall predicted by di erent
models.

grid points with this method is justi ed for a fair comparison. However, due to the
use of a Cartesian grid, the wall-normal resolution was sutasitially coarser than in
the curvilinear grid used for the other simulations. Di erences with respect to LES2-
BJ are clearly noticeable in the pro les of the mean streamw®& velocity and shear
stress. In particular, LES-IB-PM yields better velocity pedictions (Fig. 5.27a). The
wall shear stress distribution shown in Fig. 5.28 reveals &l despite close agreement
within the recirculation zone, these two simulations genate di erent wall shear
stresses elsewhere. LES-IB-PM fails to capture both the tirseparation at the hill
crest and the small recirculation region just before the wiaward side of the hill.
These deviations between the two LES predictions using theywlamic SM can be
attributed to the di erent grids and boundary treatments employed, whereas the
variations between the standard (LES1-BJ) and dynamic SM (ES2-BJ) using the
same code and grid can be imputed to a higher SGS eddy-vistpgirediction of
LES2-BJ in comparison to LES1-BJ.
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Figure 5.27:Comparison of LES results obtained by di erent codes: a) mea streamwise velocity,
b) Reynolds shear stress u'v'.
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Figure 5.28:Time-averaged wall shear stress distributions on the lowewall for LES obtained by
di erent codes.

5.3.3 DES vs. LES on a Coarser Grid

Comparable deviations from the reference solution for LESnd DES on the
standard grid have been demonstrated in the previous seatioThe two methods are
further compared directly by additional simulations condeted on the same, but two
times coarser grid in the spanwise direction (DES2-SJ, LES3). Indeed the purpose
of the hybrid LES{RANS strategies is to decrease the near-Waesolution in the
streamwise and spanwise directions, for which LES is assudrte fail. Pro les of the
mean streamwise velocity, Reynolds shear stress and waleah stress are compared
in Figs. 5.29 and 5.30. Still, the results of DES are comparigbto LES and no
evident superiority of DES is observed. This tends to provenat the grid resolution
is still su cient for LES to predict reasonably well separaion and reattachment.
Temmerman et al. [71] have also obtained separation and réathment points at
x=h =0.23 and 4.64, respectively, by LES usindqNy, N, N, =112 64 56
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Figure 5.29:DES vs. LES on the same coarse grid: LES-SJ and DES-SJ. a) meatreamvise
velocity, b) Reynolds shear stress u'v'.
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Figure 5.30:Time-averaged wall shear stress distributions on the lowewall: DES vs. LES on
the same grid.

cells. Hence, the considered grids are ‘not coarse enoudgbhe could assume that
for higher Reynolds numbers this might not be the case any nmmand DES might
nally achieve signi cant advantages over LES on the same gt.

5.3.4 In uence of the LES{RANS Interface Location

Finally, the in uence of the position of the LES{RANS interface on the perfor-
mance of DES is investigated. For this purpose, coarser gsidre generated simply
by decreasing the spanwise resolution of the standard gridn additional con gu-
ration is created by removing every second grid point in thetreamwise direction
(grid: 80 100 60). In both cases the original wall-normal cell distributn is
intentionally maintained to provide di erent positions of the LES{RANS interface
which is dictated by grid design. Fig. 5.31 displays pro lesf the mean streamwise
velocity and Reynolds shear stress obtained for di erent DE No signi cant di er-
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Figure 5.31:In uence of grid resolution on DES: a) mean streamwise veloity, b) Reynolds shear
stress u'v'.
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Figure 5.32:DES with di erent grids and locations of the interface. a) ti me-averaged wall shear
stress distributions on the lower wall, b) position of the LES{RANS interface.

ences between the results are observed except for the congtisn DES2-SJ which
predicts an earlier reattachment. However, overpredictics of the shear stresses
and a too fast recovery of the boundary layer are observed dastream of reattach-
ment. Results of DES on an even coarser mesh containing only gpanwise cells
are included in Fig. 5.32 showing the wall shear stress digtution and the positions
of the LES{RANS interface for the corresponding computatios. As the number of
spanwise cells is decreased from 60 down to 45 and 30, the fomsiof the LES{
RANS interface shifts away from the wall as depicted in Fig..32b. Predictions
of the wall shear stress are consistently deteriorating, bwnly within the range of
x=h=0 0:5, whereas the separation point is still captured reasonahivell. As the
number of spanwise cells is ultimately decreased from 30 t6,2he pro le changes
dramatically, resulting in extremely poor predictions. Ths is explained by the LES{
RANS interface position which is now beyond the (time-aveged) boundary layer
thickness of 0:1h at this location. Hence, for 25 grid cells in the spanwise
direction, i.e., an LES{RANS interface at 0117 h, DES is clearly used outside its
intended framework.
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5.3 Separated Flow over a Periodic Arrangement of SmoothlyoGtoured Hills

Detached-eddy Simulations were scrutinized for predictgnturbulent channel
ow with periodic hill constrictions at a Reynolds number 0f10,595 based on bulk
velocity and height of the hills. Dierent ow solvers were wsed by independent
research groups to establish independence of the resultenfr numerical methods
and particular implementations. The DES data was comparedotresults obtained
using a highly resolved LES. While discrepancies to the reémce data were ob-
served, the DES performed overall well considering the csargrid. However, for
the ow con guration chosen for the present investigation,LES or an alternative
hybrid LES{RANS method yielded results of similar quality. Further coarsening
of the grid did not alter the performance of DES substantiayl unless the interface
between LES and RANS mode moves outside the boundary layer thre crest of the
hill, deteriorating the results substantially.

The predictive capabilities of various CFD methods were eltsated for the three
representative complex separated ow con gurations. It sems to be unlikely that
any existing RANS model, regardless of its complexity, canrqgvide the accurate
predictions needed in a number of complex separated and \icel ows. Despite
numerous experimental studies conducted on separated owsbeir contribution to
the understanding of the ow physics and fundamental mechasms of separation
and reattachment is very limited. Computational strategis like LES and DES are
expected to provide information on turbulence structure ath separation process of
the ow. Of particular interest is understanding of many conplex ow interactions
and modi cations of turbulence structures occurring in segrated ows subjected to
active ow control. Capability of simulation strategies to predict the mean ow and
turbulence in separated ows relevant to AFC will be studiedn the next chapters.
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6 Periodically Perturbed Separated Flow
over a Backward-facing Step

The main results of the performed numerical simulations arpresented next.
The two selected test cases relevant to AFC applications, dluding the baseline
con gurations (without ow control) as well, will be considered. A periodically-
perturbed backward-facing step ow at low Reynolds numbersiinvestigated in this
chapter, followed by the next one dealing with the computatinal study of locally
forced separated ow over a wall-mounted hump at high Reynds number. Prior
to discussion of the results, the reference experiments atiir important outcomes
are described. The main features of the numerical simulatis and case specic
details will be introduced in order to facilitate proper an#ysis and comparison of
the results.

6.1 Separated Flow over a Backward-facing Step

The backward-facing step ow is a well-known test case for @tlying the in u-
ence of local streamline curvature. The ow separates at thstep edge, forming a
curved shear layer which bifurcates at the reattachment régn; one branch owing
back creates a separation bubble behind the step, anotheramch creates a new
boundary layer downstream. The level of turbulence in the parated shear layer
aligned with the mean dividing streamline bordering the segation bubble is of
decisive importance when controlling reattachment lengthA higher level of shear
stress implies an enhancement of the uid entrainment intolte shear layer - higher
momentum transport - and consequently shortening of the reculation bubble. In
addition to the strong mean ow gradient in the vertical direction, representing the
main source of turbulence production, and a curvature-gersged turbulence pro-
duction, turbulence can be further generated by introducig a high-velocity jet into
the shear layer. The ow perturbation created in such a way asses an intensive
ow stretching (mean ow deformation enhancement, espedily with respect to the
axial velocity component) leading consequently to an enhaad turbulence level.

6.2 Experiments

The backward-facing step ow con guration considered heréFig. 6.1; Rey =
U.H= =3700) has been investigated experimentally by Yoshioka el. [76, 77, 78].
The experiments were performed in the test section consisj of the backward-
facing step mounted in the closed-loop water channel as delked in Yoshioka et
al. [76]. The step heightH was 20mm, resulting in the expansion ratio of 2:3
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6 Periodically Perturbed Separated Flow over a Backward-Eeng Step
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Figure 6.1: Schematics of the periodically perturbed backward-facingstep ow.

whereas the aspect ratio based dd and the channel span was 1:12. A slit of thm
width was opened at the step edge along the span. The periogierturbation was
introduced through this slit as a direct, alternating sucton/injection in the direction
inclined 45 relative to the horizontal axis of the channel. The injectia velocity was
designed to follow a sinusoidal lawve = Vg sin , Ve being the velocity amplitude
(Ve = 0:3U,) and the phase angle. Perturbation frequencied,e ( = 2 f t),
corresponding to the Strouhal numbers$t = 0:08;0:19 and 0.30 were investigated
(St = fH=U,, U. being the centerline velocity in the inlet channel). The owat
the inlet of the test section was a fully developed turbulenthannel ow with the
estimated friction velocity corresponding toRe = 199.

The turbulence statistics of the ow was obtained employing two-dimensional
particle imaging velocimeter (PIV). The reattachment lengh varied with the applied
perturbation frequency, being reduced by 30% at the optimurirequency,St = 0:19.
The promotion of the ow reattachment in time-averaged ow was well correlated
with the increase in the production of the Reynolds shear siss. The phase-averaged
ow eld revealed existence of the organized uid motion in he separated shear
layer. The region with strong deformation appeared betweethe vortex structures,
which promoted the production of the Reynolds stress.

6.3 Numerical Simulations

The results obtained by various statistical models are aJable from the 9"
ERCOFTAC workshop on re ned turbulence modeling (Jakirlc et al., [30]). One
can recall that the workshop results exhibited a certain stir and are probably
not suitable for a very detailed comparison. Generally spkiag, independent of the
modeling level, all turbulence models have exhibited a weatksensitivity to the per-
turbation compared to the experimental results. The redudbn of the reattachment
length was predicted in all unsteady RANS computations (URNS); however, com-
pared to the reference case without perturbation, the magtide of the reduction
was far below that observed in the experiment. Hence, it is altlenging to compute
the ow considered by LES and DES, the CFD techniques which arexpected to re-
produce unsteady ows better than statistical turbulence mdels. In particular, it is
interesting to see how the same model (S-A) performs in two dient computational
frameworks: RANS and DES.
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6.3 Numerical Simulations

6.3.1 Computational Details

The size of solution domain adopted behind the step s, L, L, =30H
3H H . Dierent grid con gurations were employed comprising betveen 190.000
(142 82 16)and 590.000 (22082 32) grid cells, but preserving the numberN, =
82) and distribution of the cells in the wall-normal directon. The two grids speci ed
were nally adopted for the reference DES and LES computatits respectively. In
the course of grid sensitivity study di erent grid resolutons and spanwise dimensions
were also tested (see Table 6.2 for more details). The gridsodution in the near-
wall region was chosen to ensure between 6-8 grid cells withthe viscous sub-
layer for all the cases computed. One of the main di cultiesn tackling this ow
with LES or DES is to impose the proper in ow boundary conditbns. The inlet
data corresponding to a fully developed channel ow are geraged by separate pre-
cursor simulations, using both LES and DES methods. It shadilbe noted that the
majority of LES and DES runs are performed with the LES inlet po les, having
the same wall-normal and spanwise grid spacing, as well agttime step, avoiding
any interpolation at the inlet plane. However, the additioml DES of the backward-
facing step ow with the inlet pro les generated by DES of thechannel ow (with
spanwise domain size extended ta#4 and ner grid in the wall-normal direction),
indicate that the results are not expected to di er signi cantly, whatever inlet data
is taken (LES or DES). LES computations are performed with tB Smagorinsky
constant C4 set to 0.065, without damping in the near-wall region. The pmary
reason for this selection is the fact that a plane channel ovis computed with
the sameCg value. Some additional simulations of the channel ow usingi erent
settings (Cs=0.1 with and without inclusion of the standard Van Driest damping
of the Smagorinsky coe cient) have shown a small in uence oboth the Cg value
and its near-wall damping. This might be due to a very low ow Rynolds number
corresponding toRe  190.

Figure 6.2:Grid detail in region around the step.

The instantaneous inlet velocities generated by the pre-sor LES are prescribed
at the inlet placed atL; = H=2 upstream of the channel expansion. The periodic
boundary conditions are employed in the spanwise directipwhereas the convective
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6 Periodically Perturbed Separated Flow over a Backward-Eeng Step

Table 6.1: Plane channel ow simulations

Lx L: tUc + + +
Run H H Re H X y z
min
max
0:14
LES 64 32 32 2 188 Q047 185 377 185
0:56
LES 100 60 32 2 4 188 0019 118 142 235
0:05
LES 48 96 48 2 196 Q047 192 133 128
0:54
DES 100 60 32 2 4 181 0019 114 136 227
boundary condition:
@i @i
—+ Ugon—— =0 6.1
@t con @X ( )

is imposed at the out ow plane, the convective velocity beig set to the mean stream-
wise velocity integrated across the exit plane. The compuianal grid typically con-
sists of four blocks, two upstream (one comprising the regief the narrow opening
and one upstream of it) and two downstream of the step edge (@msituated behind
the step covering one third of the corresponding channel lgbit and one above it).
The grid detail of the inlet region and the part of the domain sound and just down-
stream of the step edge is shown in Fig. 6.2. A simple, perigdily oscillating jet
discharging with a uniform velocity prole (ve = Vesin(2f t)) is assumed at the
slit (0:05H =1 mm wide), which is covered by ve grid cells.

Tables 6.1 and 6.2 summarize the basic computational dewilproviding also
the notation used throughout when presenting the results. Ae dimensions of the
computational boxes in both streamwise (only for channel w) and spanwise direc-
tions, and position of the inlet plane ;) are in line with the conclusions drawn from
the works of Moin and Kim [46] and Akselvoll and Moin [2]. Theimulations are
started with the ow eld obtained by RANS, which is initiall y perturbed, or with
the previous LES or DES ow eld in the subsequent runs. Depeating on the initial
conditions, the ow is computed for a period of 2-6 ow-throgh times before tak-
ing the statistics. The statistics are then sampled over a pied of 6-8 ow-through
times. The CFL number, representing the time step chosen, igss then unity over
the majority of the solution domain. The exceptions are the arrow region around
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6.3 Numerical Simulations

Table 6.2:Backward-facing step simulations

LZ tUC + + +

Run H St v x y Z
min min
max max
14 0:14

LES 220 82 32 all 0:047 107 377 185
14 0:14

DES 220 82 32 0:0 0047 107 377 185
25 0:14

DES 142 82 16 all 0:047 115 377 37
25 0:54

DES 142 110 32 4 Q0 0019 115 136 22:7

the thin slit (1 mm) at the step edge, and the long region with re ned grid ay = H,

Fig. 6.2. Here, due to the high grid resolution in the verticadirection and the large
normal velocity component caused by the perturbations, th€FL number reaches
its maximum value between 1.5 (ne gridN, = 110, unperturbed case), 5.3 (ne
grid-Ny = 110, perturbed case) and 13.3 (coarse gridy = 82, perturbed case).

6.3.2 Results and Discussion

The predictions of a plane channel ow are presented rst, &trwards the
backward-facing step simulations will be discussed. In botases the time-averaged
results have been extracted to provide a valuable comparisavith available exper-
imental data. The results of some supplementary LES runs Wwibe presented as
well. The main goal of these additional simulations is to asss the in uence of inlet
boundary conditions (unperturbed case) on the mean ow andurbulence predic-
tions, and to extract some phase-averaged quantities (caSé¢ = 0:19) in order to
investigate phase-average behavior of the ow.
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6 Periodically Perturbed Separated Flow over a Backward-Eeng Step

6.3.2.1 Pre-cursor Simulations of a Plane Channel Flow

The results of the pre-cursor simulations of a plane channelw, used to gen-
erate the in ow data, are displayed in Figs. 6.3 and 6.4. Beses the experimental
data upstream of the step x=H = 0:6), the direct numerical simulations of a fully
developed turbulent channel ow atRe =180 (Kim et al., [36]) are used for com-
parison. One should keep in mind that the compute®e values di er slightly when
compared to the DNS and experimental value (estimated @&e = 200), as shown
in Table 6.1. The mean velocity pro les obtained from the simlations with 32 or
60 points in the wall-normal direction are overpredicted irthe the log-law region
when compared to the DNS and experimental data (Fig. 6.3). Ti& is regarded as
an expected outcome with respect to the relatively coarses@ution. Also, a certain
underprediction of the velocity in the viscous sublayer islearly noticeable. In gen-
eral, the streamwise velocity uctuations are overpredied, while the wall-normal
uctuations are underpredicted (Fig. 6.4-left), which canagain be attributed to the
resolution issue. The Reynolds shear stress pro les, givem Fig. 6.4-right, show
the same tendency. The only exception is the ruDES 100 60 32. Obviously,
it is due to the fact that in this region the DES operates as a RNS. Important
information here is the position of the ‘interface’ betweerthe LES and RANS ow
domain parts in the DES framework, which is dictated by the amputational grid.
They matched aty™ = 14:8 (y=H = 0:082), which could be regarded as an upper

20 | DNS:Kimetal (Re=180) o
Exp.: Yoshiokaetal. @
LES-100X60X32 e
LES-64x32x32 —— s
LES-48x96x48 -------- Jrses 1

15 -

0.1 1 yt 10 100
Figure 6.3: Semi-log pro les of the mean velocity.

limit. By placing the interface farther away from the wall, the results return to
those obtained by using the S-A RANS model, exhibiting a seneeunderprediction
of near-wall maximum of streamwise stress component (Legater, [40]), typical for
all linear eddy-viscosity model schemes. On the other hanthe interface penetrat-
ing into the viscous sublayer should also be avoided. If theES region in this hybrid

approach resides too close to the wall due to insu cient resation (one would have
actually a resolution typical for RANS in the LES region), t@ low viscosity and
turbulence levels could be obtained, possibly causing poaw predictions. This

explains the reasons for adopting somewhat larger spanwiienensions (4 instead
of H ), providing the proper interface location for the given gd size (the compan-
ionrunLES 100 60 32 -is carried out just in order to validate the DES results).
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6.3 Numerical Simulations
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Figure 6.4 Streamwise and wall-normal Reynolds stresses; Reynolds shr stress pro les
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Figure 6.5:Resolved and modelled SGS kinetic energy; Frequency-speatof the streamwise
velocity uctuations at the symmetry plane (y* = 188)

It results in a somewhat larger representative mesh sizepes = max( x; y; 2)
leading consequently to a wider RANS-operating ow domain.

The SGS contribution to turbulence kinetic energy K) is estimated from the
LES using the grid 64 32 32. This analysis shows a minor contribution to the
total k-value. The absolute amount of the modeled SGS kinetic engr¢estimated
asksgs =  ?jSj2=0:3, according to Mason and Callen [43]) reaches its maximum in
the near-wall region (Fig. 6.5-left) but it is still only abaut 8% of the resolved kinetic
energy. Finally, frequency spectra of the streamwise veltc uctuations, calculated
in the symmetry plane of the channel aty=H = 1, is plotted in Fig. 6.5-right. The
time scales of the uctuations may also be interpreted as spal scales of turbulent
uctuations (the Taylor hypothesis). Despite a relatively coarse resolution in this
region of the ow ( y* = 37:7), one can identify the trend towards a 5= range.
A regular decay close to 5=3 is observed over more than one decade fin which
is indicative of an inertial subrange. It may be concluded tht the results obtained
in this preliminary simulations with the given grid con gurations agree fairly well
with the available experimental data. In order to overcomelte overprediction of
the streamwise stress component and the underprediction tie shear stress, a
higher grid resolution in the wall-normal direction is requed. It is demonstrated
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6 Periodically Perturbed Separated Flow over a Backward-Eeng Step

by performing an additional simulation (these results wer@ot used as in ow for
the backward-step simulations). The grid re nement in boththe wall-normal and
spanwise direction, even with the coarser streamwise rasidn (LES 48 96 48),
signi cantly improves the results. However, underpredigon of the velocity in the
viscous sublayer is still present even with the nest grid. Astill ner grid resolution
in both the wall-normal and spanwise direction would be need to approach the
DNS results. It should be pointed out that the channel ow computations were
performed as a prelude to the backward-facing step ow simations. The intention
was not to generate a highly resolved data eld, but to apply he LES and DES
computational schemes as engineering CFD tools used for bsés in parallel with
the standard RANS calculations. The goal was to employ a reasable grid size
being limited to 590,000 CV's, which could be easily handlagsing a single PC.

6.3.2.2 Backward-facing Step Flow, Unperturbed Case

The backward-facing step computations are conducted witthe time dependent,
velocity inlet pro les obtained initially with the run LES 64 32 32. The results
of the reference baseline case (without perturbation) areonsidered rst. All the
results pertain (if not explicitely stated) to the runs LES 220 82 32 (ner
grid) and DES 142 82 16 (coarser grid), which are denoted simply by LES and
DES in the remaining text. The position of the interface, wiah divides the solution
domain into a RANS region and an LES region, resulting from # coarser grid used
is at y=H = 0:128 at the reattachment =H = 5), y=H = 0:171 (y* = 32) in the
recovery region x=H = 15) and y=H = 0:361 (/* = 68) within the new boundary
layer (x=H = 25) throughout the ow domain. DES computations on the gridwith
a signi cantly ner resolution in the wall-normal direction (N, = 110) is additionally
performed (Table 6.2). Similar as in DES of the channel ow,Hhe proper interface
location is achieved by slightly extending the spanwise diemsion from H to 4H,
preserving the number of grid pointdN, = 32. Figs. 6.6-6.7 display some selected
results obtained with LES, and DES using considerably di exnt grid resolutions.
As already mentioned, the unperturbed case is also computég DES employing
exactly the same grid used for LES. The results obtained arénzost identical, as
illustrated in Fig. 6.6-left displaying the pro les of streamwise Reynolds stresses.
Almost overlapping pro les show that the choice of the SGS nuel is not that
signi cant, which implies a reasonably ne grid resolution However, the goal was
to investigate the DES performance on coarser grids. It carebargued that a more
advanced SGS model, here the grid-dependent S-A model (e@nty constrained by
its calibration in the RANS mode), would cope better with lover grid resolution
and an increasingly anisotropic grid than the simpler, stasard Smagorinsky model.
This expectation is certainly not ful lled if the results obtained for unperturbed
case are compared, Figs. 6.8-6.10. The largest deviatiord@cumented in the post-
reattachment region, coinciding with the lowest streamwes grid resolution in the
entire ow domain. Flow recovery is signi cantly overpredcted as seen from the
velocity and turbulence pro les at the streamwise locatioex=H = 8 and 10. One
can argue that the position of the RANS { LES interface in thisregion of the ow
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Figure 6.6:LES and DES predictions of the streamwise Reynolds stressgSt = 0:0

(around y*  30) is responsible for such a behavior.

In order to estimate the numerical error in the DES, three dierent grids are
employed for the unperturbed case. Fig. 6.6-right shows cpoted streamwise
Reynolds stresses. At the streamwise location = 6H, one can observe the im-
provement of results with the grid re nement. However, the eattachment length is
still signi cantly overpredicted due to generally lower grd resolutions, in which case
the SGS model plays a more signi cant role. Presumably, oneay expect a larger
numerical error in the region just before and just after theeattachment point. This
is forti ed by comparing the resolved and modeled streamwésReynolds stresses, as
shown in Fig. 6.7.

Figs. 6.8-6.9 show the mean velocity pro les and Reynoldsress components
obtained by all three computational schemes (RANS, LES andES). All computa-
tions signi cantly overpredict the measured reattachmeniength Xg=H = 6:0 (this
value represents a corrected value, Obi [52]); the origimgalreported value corre-
sponds toXg=H = 5:5, Yoshioka et al., [77, 78] Xr=H(LES) = 7:18 (DES using
the same grid as LES returns the same reattachment length,esalso Fig. 6.6-left
for further comparison), Xg=H(DES) = 8:36, Xg=H (RANS k ! SST)=7:38
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Figure 6.7:Resolved and modelled streamwise Reynolds stresses obtaihby DES
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Figure 6.8:Mean streamwise velocity pro les for the unperturbed case 6t = 0:0) at selected
streamwise locations normalized by H (left) and referenceaattachment length (right)
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Figure 6.9:Pro les of streamwise and wall-normal stress componentsSt = 0:0
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Figure 6.10:Shear stress pro les,St=0:0
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6.3 Numerical Simulations

and Xg=H(S ARANS) =6:81. One can observe that the S-A RANS outperforms
the LES and DES at all the stations excep = 2h. A fact that the reattachment
length obtained by S-A RANS is the shortest one and consequinclosest to the
experimental result is not surprising for this steady caseniwhich the 2-D RANS
computation use substantially higher wall-normal resolibn N, = 110, whereas
the LES and DES use lower grid resolutions (Table 6.2). It is @ll-known that
the eddy-viscosity-based RANS models return traditionall a shorter corner bubble
(secondary recirculation zone; it represents an outcome thie action of the normal
stress components, which are not reproducible by an eddyseosity model scheme)
as well as the back ow of a lower intensity, especially in theeattachment region
(see e.g., velocity pro le atx=H = 6 in Fig. 6.8-left). However, the conditions under
which the experimental results were obtained should also lpwinted out. Partic-
ularly important is the aspect ratio based on the channel hght after expansion
(3H) and its spanwise dimension, which was only 1 : 4. This is raged as too
short for providing a 2-D ow in the mid-span plane. Possibity that the side walls
contaminated the results is very high. As already discussed the previous chap-
ter, Kasagi and Matsunaga [35] performed experiment at a cgarable Reynolds
number (Rey = 5;540) for the same expansion ratio, whereas the above-mentkal
aspect ratio was 1 : &. Accordingly the reattachment length is substantially lager
Xr=H = 6:51. In favor of the computational results obtained here is # LES of
the same con guration (St = 0:19) performed by Dejoan et al. [15], where a reat-
tachment length of Xg=H = 7:0 was obtained. Finally, comparison of the velocity
pro les at the selected streamwise locations normalized lifie corresponding reat-
tachment length (instead of step height) shows very good aggment between LES,
DES and experiment in the region of ow reversal, Fig. 6.8ght. Fig. 6.9 shows
that the mean Reynolds stresses obtained by LES and DES agmeasonably well
with the experimental results in the near eld immediately cwnstream of the step
at x = 2H and 4H. The S-A RANS model generally fails to catch the peak in the
separated shear layer. At the last three streamwise locatis the streamwise stresses
are overpredicted, which is characteristic for a somewhaiwer grid resolution in this
ow region. The performance of LES and DES may be explained lile following
facts: the in ow data, grid resolution and spanwise dimensh may have a great
impact on the results. Underprediction of the computed turblence intensities in
the precursor channel ow simulations could lead to such anverestimate of the
reattachment (7:18H), compared to the measured value (6H ; Obi, [52]). Indeed,
the in uence of in ow turbulence is crucial for predicting the ow downstream as
will be discussed later. Furthemore, the grid resolution,specially in the spanwise
direction, might be insu cient. At the same time, the spanwise domain size ofH
could be responsible for the overprediction of the reattaafent length. Arnal and
Friedrich [5] indicated that the choice of the spanwise dimnmsion is of decisive impor-
tance. They concluded that an overprediction of the reattdunent length up to 30%
could occur if the size of the ow domain in the spanwise dirtion was of the order
less than 4. They found that L, 8H was necessary to eliminate the in uence
of the periodic inlet/outlet through the side planes of the omputational box. In
order to check the latter, two additional simulations with sibstantially re ned grid
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Figure 6.11:In uence of the grid resolution and spanwise domain size: man streamwise velocity
and Reynolds stresses obtained by LESSt=0:0
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Figure 6.12:In uence of the grid resolution and spanwise domain size: Wé-normal and shear
stresses obtained by LESSt=0:0

(LES - 354 110 32) and signi cantly larger spanwise domain dimension (LES
-220 82 64,L, = 8H) are performed. The results for both rst and second
moments show no signi cant di erences in comparison with ta reference LES (LES
-220 82 32,L, = H ) as demonstrated in Figs. 6.11 and 6.12. Hence, the
grid sizes adopted for the reference simulations can be redged as the optimal ones.
Though normalization by the reference reattachment lengtiXro might partially
compensate for the 3-D contamination which was likely presein the experiments,
the results normalized by the step heighH will be compared henceforth. The main
issue is to study the e ects of perturbations on ow charactastics compared to
the reference unperturbed ow. The results of simulationsfathe perturbed ow
con gurations are presented and compared with the refereaaata in the following
section.

6.3.2.3 Backward-facing Step Flow, Perturbed Cases

A computational investigation is undertaken focussing onhie in uence of the oscil-
latory blowing/suction on the reattachment pattern for all perturbation frequencies
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Figure 6.14:Time-averaged streamlines and turbulent kinetic energy catours (St = 0:19)

treated experimentally: St = 0:08;0:19 and 030. The main e ect of the oscillatory
blowing on a separated shear layer is that it reattaches eat due to momentum
transfer enhancement caused by an increase in turbulenceoduction. Figs. 6.13
and 6.14 display the time-averaged streamlines and contsuof the kinetic energy
of turbulence behind the step obtained by LES for both pertured (St = 0:19) and
unperturbed (St = 0) ow cases. The increase in turbulence intensity in the skar
layer (denoted by a dark area) and consequent shortening dfet mean recirculation
zone are clearly recognizable. The main e ect of the pertudbion is reproduced by
LES and DES as illustrated in Fig. 6.15, where the perturbabin e ectiveness can
be deduced by analysing the mean skin-friction distributios at the bottom wall.

Secondary corner separation bubble is captured by all sinaions. The size of the
bubble appears to be signi cantly reduced only for higher paurbation frequencies
(St=10:19 and 0.30). At the same time, the maximum and minimum levelsf skin-
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Figure 6.15:Skin-friction coe cient at the bottom wall downstream of th e step for various per-
turbation frequencies

63



15

6 Periodically Perturbed Separated Flow over a Backward-Eeng Step

0.005 0.01

15
1l
z
>
05
ol
05 05
-1 ol 1 £ L L
0.0 0.0 00 02 04 06 08 1.0 0. 0.005 0. 0.005 O0. 0005 ©0. 0005 0. 0.005 0.01
UiU, -uv/Uc2
Figure 6.16:Mean streamwise velocity (left) and shear stress (right) po les, St=0.19
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friction obtained by LES and DES are not signi cantly a ected by the perturbation,

except for the lowest frequency caseS¢ = 0:08). At this perturbation frequency
DES, and patrticularly LES predictions, indicate that ow recovery downstream of
the reattachment is promoted.

Figs. 6.16 to 6.17 display the pro les of mean axial velocitgnd three Reynolds
stresses {2, v2 and Tv) for the optimum perturbation frequency in all characterigics
regions behind the step: within the recirculation zonexéH = 2 and 4), close to reat-
tachment (x=H = 6), and in the ow recovery region (x=H = 8 and 10). It can be
seen that both the LES and DES predictions are generally in tier agreement with
the experimental data, when compared to the unperturbed cas Similar behavior
is obtained for the other two perturbation frequenciesSt = 0:08 andSt = 0:30, as
demonstrated in Figs. 6.18-6.21. Exceptions are observedtlae stations x = 4H
and 6H. These discrepancies in the lower near-wall region are assted with a
slight underprediction of the inlet turbulence, as will emege later. On the other
side, underprediction of the streamwise velocity in the umy near-wall region in the
post-reattachment zone ax = 8H and 10 can be attributed to insu cient grid res-
olution. A noticeable di erence can be seen in the wall-norai stress pro les, which
are consistently underpredicted at the position immediatg downstream of the step
(x = 2H) for all frequencies investigated. This may be related to #hinlet boundary
conditions (note underprediction of thev? stress component in Fig. 6.4-left).
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Figure 6.19:Pro les of streamwise and wall-normal stresses, St=0.08

The in uence of perturbation frequency on the intensity of lack ow in the mean
recirculation zone, as well as on the size (length and heighif separation bubble
itself, is documented in Fig. 6.22-left. The obvious shonng of the reattachment
length can also be deduced from the position of zero value dfet mean velocity,
being closest to the wall in case of the optimal frequencgt = 0:19. Fig. 6.22-right
shows the pro les of streamwise stress component for all perbation frequencies
considered, closely following the experimental results.id= 6.23 displays evolution
of the reattachment length (normalized by the reattachmentength obtained for
the unperturbed caseX go) with the imposed perturbation frequency. Although the
quantitative agreement between experimental and computanal results is rather
poor, it is encouraging to see that also the URANS computatis using S-A andk !
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Figure 6.20:Mean streamwise velocity (left) and shear stress (right) po les, St=0.30

SST statistical models reproduce a reduction of the reatthment length with respect
to the unperturbed case §t = 0:0), and that the minimum reattachment length is
reached at the positionSt = 0:19, comparing well with experiment. However, the
relative decrease is too small. The URANS method employing/4s (only 5.9 %
compared to the unperturbed case) anék ! SST (12.9 %) models results in a
very weak sensitivity to the perturbation. Contrary, very dose agreement with
experiment is obtained with the DES (24.5 %) and LES (35 %) mbkbds. Fig.
6.23-right documents the well-known weakness of RANS mosgehamely very low
turbulence intensities (here the shear stress componentseown) in the separated
shear layer. As already discussed, the proper level of tullbace in this region is
of crucial importance for accurate prediction of the ow redachment. The reason
for such a result lies in the unsteady nature of the apping mion of the separated
shear layer (Fig. 6.24-left) and oscillation of the instar@neous reattachment point
(Fig. 6.24-right), which cannot be fully reproduced by RANSmodels.
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Figure 6.21:Pro les of streamwise and wall-normal stresses, St=0.30
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Figure 6.23:Evolution of the relative reattachment length (left); Pred ictions of the peak shear
stress in the separated shearSt = 0:19

Figure 6.24:Instantaneous velocity contours and vectors,St = 0:19
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6.3.2.4 Frequency Characteristics of the Mean Flow Structu re

As LES and DES are found to signi cantly outperform RANS metlod, the re-
sults obtained by LES and DES for all perturbation frequeneis will be compared
against the experiment at various streamwise locations. ‘Ehfrequency character-

a)

b)

0.00.20.40.60.81.0

Figure 6.25:0verall comparison of mean streamwise velocity pro les at arious streamwise lo-
cations, St = 0, 0:08;0:19 and 0.30

istics of the mean ow can be investigated by careful inspeoin of Fig. 6.25 which
displays response of the mean streamwise velocity to the pebation. In the re-
gion immediately behind the step x=H = 2), the experimental results reveal that
there is almost no di erence among the pro les. The same trehis reproduced by
LES and DES, the only exception being the unperturbed case. h& issue of 3-D
contamination in the experiments, as already discussed, deemed responsible for
this outcome. As shown in Figs. 6.26-6.29, the e ect of pentbation at x=H = 2
is expressed by an increase in turbulence level across theasated shear layer.
The simulations return this increase in both normal and sheastress components.
Despite certain underpredictions of the wall-normal stre®s in general its striking
enhancement relative to the unperturbed case (by a factor 4if the optimum, and
by a factor 3 for other two frequencies) is qualitatively cajpired. The level of v2
may be linked to the momentum transport due to turbulent mixng in the separated
shear layer. Itis clearly recognized that reduction in thegattachment length follows
the evolution of v2 at this station, x=H = 2.
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Figure 6.26:0verall comparison of shear stress pro les at various stremwise locations, St =
0;0:08;0:19 and 0.30

At the following measurement location x=H = 4) one can observe that no
reverse Ow occurs in the experiment with the optimum-freqancy perturbation,
St = 0:19. Simulations do not fully return this feature, the back av is still visi-
ble, albeit signi cantly weaker. Nevertheless, a consigte decrease in the back ow
velocity depending on the perturbation frequencies is preded by both LES and
DES. The level of turbulent stresses is correctly represat by LES, whereas DES
yield somewhat poorer results (note substantial overprettion of u2 in Fig. 6.27)
likely due to insu cient resolution in this highly-straine d region of the ow. The
simulations follow the position of theu? peak, which is shifted from the central re-
gion of the shear layer (atSt = 0:19) closer to the bottom wall at lower frequency,
St = 0:08. Interestingly, u2 is mostly a ected in the near-wall region by the lower
frequency perturbation. Furthermore, all stress componénare increased in the ex-
periment at St = 0:08 in the region ofy=H  0:5. This behavior is also captured by
the simulations. The experiments and simulations suggedtdt the apping motion
of the separated shear layer, as a mechanism responsibledoch a modi cation of
the turbulence eld, is most e ective at the lower frequencyperturbation.

The remaining streamwise locationsx=H = 6;8 and 10 correspond to the
regions of reattachment and ow recovery. Regarding mean reamwise velocity
pro les, LES and DES follow similarly the tendency observedn the experiments
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Figure 6.27:0verall comparison of streamwise stress pro les at variousstreamwise locations,
St=0;0:080:19 and 0.30

at x=H = 6. A remarkable dierence is present in DES of theSt = 0:19 case
in the near-wall region. Relative to the other two frequeneis, ow recovery is
overpredicted with respect to the reference data. This is amdication that DES
might su er from insu cient streamwise resolution in this r egion, which manifests
itself by typical overpredictions of bothu2 anduv (Figs. 6.26 and 6.27). Response of
the mean ow to the perturbation in the recovery region k=H = 8 and 10) is credibly
represented by LES and DES, the only exception being DES ofglunperturbed case.
It seems that DES, and to a certain extent LES, are more susdépe to the grid
resolution in this ow region for St = 0. Second moment distributions are also in
agreement with the experimentally documented trend. The siulations reproduce
experimentally observed increase in turbulence level fohe lower frequency case
in the region ofy=H  0:5. It is to be pointed that streamwise stress increase in
the near-wall region is fully captured as well. All these olesvations imply that
there exists an increased vortex activity in this ow region As a consequence of
vortex stretching, the spanwise stress increases signirgy as displayed in Fig.
6.29 which show LES predictions of this stress component. Brccordance with
the experiments, the response of the ow turbulence to pertbations is such that
three di erent frequencies can be identied. The optimum fequency, St = 0:19,
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Figure 6.28:0verall comparison of wall-normal stress pro les at various streamwise locations,
St=0;0:08,0:19 and 0.30

promotes turbulence production in the region behind the spewhere a substantial
increase in the spanwise stress is clearly noted. Unlike tbptimum one (the most
e ective in terms of reattachment reduction), the two remaning frequencies, the
lower (St = 0:08) and higher St = 0:30), have a comparable in uence on the
reduction of the reattachment. However, by careful inspeicn of 6.29, one can
distinguish di erent responses of the ow; at the lower fregency, there exists a
signi cant increase in the spanwise stress in the near-wakgion, in particular at
the station x=H = 6. On the other side, the enhanced turbulence production eked
by the higher frequency is evident only just downstream thetep (note the peak of
w2 at x=H = 2), dissipating rapidly further downstream. These modi ations of
the ow structures can be seen in Fig. 6.30 which visualize ¢h ow at various
perturbation frequencies. Note that the iso-surfaces of ¢hinstantaneous pressure
uctuation are extracted for arbitrary phase angles, thus epresenting a 'snap-shot'
of the ow structure. Nevertheless, one can identify a certa tendency of ow
modi cation with respect to the unperturbed case (Fig. 6.3@). The optimum
frequency (Fig. 6.30-c) gives rise to the enhanced vortiaalotion in the recirculating
region of the ow. Fig. 6.30-b represents the response to tHewer frequency
excitation, a higher interaction of the vortices with the wdl in the post-reattachment
region is recognized. Finally, the higher frequency pertbhation (Fig. 6.30-d) causes
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Figure 6.29:LES predictions of spanwise stress component at various stamwise locations St =
0;0:08;0:19 and 0.30

Figure 6.30:1so-surfaces of pressure uctuations obtained by LES for derent perturbation fre-
quencies: a)St=0, b) St=0:08, c)St=0:19 and d) St=0:30

a remarkable vortex stretching only in the region just behid the step (already
conrmed by the peak ofw? at x=H = 2), rapidly decaying further downstream
where the ow structure resembles the one of the unperturbedw.

6.3.2.5 In uence of the Inlet Boundary Conditions

The in uence of the inlet boundary conditions on the ow predctions need
some additional considerations. In order to assess sensfyi of the ow to the
upstream turbulence, two additional simulations of the unprturbed ow are per-
formed imposing the inlet pro les obtained by another presarsor LES of a plane
channel ow with the Smagorinsky constantCs = 0:065 used along with the Van
Driest damping function in the near-wall region. Fig. 6.31 @mpares predictions of
the mean streamwise velocity and turbulence intensities tilne reference simulation
used to generate in ow boundary conditions for the majorityof LES and DES of the
backward-facing step ow. The damping ofCs yields better behavior of the mean
velocity in the viscous sublayer but friction velocity is umlerpredicted Re = 178
compared to the LES reference valuRe = 188), centerline velocity consequently

72



6.3 Numerical Simulations

being overpredicted in the core ow. The turbulence intensies are displayed in
Fig.6.31-right. In absence of the near-wall measurementsy careful inspection of
the experimental results, one can note the new simulationlfows the experimental
gradient of the streamwise stress. It seems that capturindné near-wall turbulence,
especially the wall-normal component, has an impact on theean ow downstream
the step. Indeed, this assertion is supported by the resultsf two LES runs (LES1-
the standard Smagorinsky model wittCg = 0:1 and near-wall damping, LES1-DSM
- the dynamic Smagorinsky model) as demonstrated in Fig. &3 As it has al-
ready been shown that results virtually do not change regaless of the grid or SGS
model employed (cf. Figs. 6.6, 6.11 and 6.12) these two LESheuconducted with
a somewhat higher in ow turbulent intensity demonstrate tre in uence of the inlet
turbulent intensity on the ow prediction downstream the step. An essential im-
provement of the results is noted around the reattachment ahfurther downstream,
as far as the mean velocity is concerned (6.32-left). On theher side, except the
station x = 4H where the resultingv2 improves yielding more accurate prediction
of the ow reattachment, turbulence pro les are even deteorated atx 6H (see
v2 distribution in Fig. 6.32-right). Along with overpredicti on of the stress level, the
position of the stress peak moves towards the wall followirtge experiment. Keep-
ing in mind all uncertainties associated with the experimer(3-D contamination due
to the side-wall e ects, possible departure from the fully dveloped ow conditions
at the inlet), it is supposed that the imposed inlet pro les aie not signi cantly in-
uential. Recall that the main issue is to study response oftte ow and turbulence
to the perturbation relative to the reference case, notinghat all simulations have
the same inlet boundary conditions. Finally, the LES resu$t of Dejoan et al. [15]
for the two cases $t = 0 and St = 0:19) support this supposition.

T —— T —— T

exp

20 | LES-64x32x32 ----~
LES-64x32x32-damp
DNS (Re,=180)

Exp.
LES-64x32x32 -====
LES-64x32x32-damp
DNS (Re;=180) o

15 -

= S

0.1 1 logy* 10 100 0 50 100 y* 150 200

Figure 6.31:Comparison of pre-cursor LES of a plane channel ow: Semi-g pro les of the mean
velocity (left) and turbulence intensities (right)
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Figure 6.32:In uence of the inlet turbulence on the mean ow downstream the step; Pro les of
mean streamwise velocity and wall-normal stresses, St=0

6.3.2.6 Phase-averaged Flow Field

In order to investigate behavior of the phase-averaged oweld, an addi-
tional LES run using the above mentioned new inlet data and dhamic variant of
the Smagorinsky model is conducted. The samples of instaneous ow eld (for
the phase angles =0, /2, and 3 /2) are collected over a period of 50 injection
cycles. The number of samples is limited (Dejoan et al. [15¢cently presented
the phase-average results based on 15 injection cycles) paned to the experiment
(1000 samples), nevertheless, the resulting phase-avesdagow eld provide useful
information about the mechanisms and processes underlyiige ow control by
means of periodic excitation. The phase-averaged ow eldat the selected phase
angles can be represented by the phase-averaged streamslidisplayed in Fig. 6.33-
left. Typical presence of two to three vortices observed irhe experiment (see Fig.
6.33-right) is reproduced con rming the existence of orgared vortex motion behind
the step. The large-scale vortices emerging from the stepgadare found to move
downstream at a velocity roughly equal to 0.3J. (this experimental observation is
denoted by the dashed lines in Fig. 6.33- right). The preseimtES compares well
with the experiment yielding a convective speed df,, = 0:36U, (Dejoan et al. [15]
reported a movement of the structures at a speed a&f,, = 0:4U;). The experi-
mental ndings point to the fact that there exists a remarkalle increase in stress
production due to the organized vortex motion behind the sfg The region between
two adjacent vortices is characterized by signi cant straiing of the ow resulting
in the stress production. The phase-averaged shear stress |[@s obtained by LES
are displayed in Fig.6.34, exhibiting a close agreement Wwithe experiment. In or-
der to elucidate a motion of the ow structures in the periodtally perturbed ow,
the instantaneous iso-surfaces of vorticity colored by pssure at four characteristic
phase angles are displayed in Fig. 6.35. At the instant cosponding to the phase
angle = 0 (Fig. 6.35-a), two vortices are present in the region behd the step.
The rst one which emerged rolling up from the step is clearlyliscernable by the
pressure minima (dark blue region). The vortex stretchingni the spanwise direction
is followed by its breakup and consequent helical pairing dmstream, whereas the
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Figure 6.33:Phase-averaged streamline patternsSt = 0:19; LES predictions (left), experiment
(right)
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Figure 6.34:Phase-averaged Reynolds shear stress contours < uv > =U .2, St = 0:19; LES
predictions (left), experiment (right)
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a) b)

<) d)

Figure 6.35:1so-surfaces of vorticity colored by pressure obtained by ES, St =0:19; a) =0,
b) = =2,¢) = andd) =3=2

second vortex interacts with the wall being disrupted with he traces visible further
downstream (Fig. 6.35-b). At = =2 the injection peak is reached resulting in
formation of the next vortex at the step edge. The three vorties (recognized by a
dark blue color) are convected downstream without major sictural modi cation
as seen in Fig. 6.35-c showing the ow topology at an instanberesponding to the
switch from injection to suction cycle ( = ). As the suction peak is reached at
= 3 =2, the abovementioned structures can not be clearly distingshed (see Fig.
6.35-d). One can observe a strong interactions between thertices with a tendency
of pairing and stretching in the streamwise direction. As th injection/suction pe-
riod is completed, the coherent structures appear to be septed from the step
which is also shown by the phase-averaged streamlines in F§33 ( =3 =2).

Concluding Remarks

A potential of the methods for unsteady ow computations: LES, DES and
URANS was investigated by predicting the ow and turbulenceeld for a backward-
facing step ow con guration perturbed by a periodic blowirg/suction with zero-
net-mass ux from a thin slit situated at the step edge. In gearal, both the LES
and DES computations have reproduced all important e ectslaserved in the exper-
iment. The imposed perturbation frequency correspondingptSt = 0:19 was found
to be the optimum, leading to the maximum reduction of the retlachment length.
Compared to the measured value of 28%, LES and DES exhibit the closest agree-
ment, predicting the reduction of 245 and 35%, respectively. URANS underpredicts
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substantially the intensity of the reduction with 5:9% (S-A model) and 120% (k !
SST model), exhibiting a very weak sensitivity to the pertubations. The grid res-
olution and spanwise size of the computational domain and d¢ir relation to an
overprediction of the absolute reattachment length for bdt LES and DES were dis-
cussed. However, a further grid re nement, as well as a doufd of the spanwise
dimension did not result in any signi cant change. The walkhormal and shear stress
components, including also the wall shear stress at the stegdge obtained from the
precursor simulation of a plane channel ow were slightly wherpredicted compared
to the experiment. A computational analysis of the in uenceoriginating from the
in ow boundary conditions has shown that there is a certainmpact of the inlet tur-
bulence intensity on the ow around and downstream the reatichment. However,
it is believed that the imposed inlet pro les are not appre@bly in uential. Since
all simulations have the same inlet boundary conditions, its possible to explore
response of the ow and turbulence to the perturbation relave to the reference
unperturbed case. Overall comparison of the mean ow and thulence for di erent
perturbation frequencies has shown a close agreement witlhetexperimentally ob-
served trends. Not only a general enhancement of the turbulee production with
the perturbation was reproduced but also the frequency depéence of the Reynolds
stress increase. Some peculiarities in the stress eld ang from the apping mo-
tion of the perturbed shear layer were captured by LES and DE3Beside a close
agreement with the experiment concerning time-mean behawiof the ow for all
perturbation frequencies, the extracted phase-averagedES results for the case with
the optimum frequency St = 0:19) compare well with the reference experimental
data.
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7 High-Re Number Flow over a
Wall-mounted Hump with Separation
Control

The predictions of the separated ow over a wall-mounted humat high Reynolds
number, which has recently attracted attention of the CFD conmunity, will be pre-
sented in the remaining text. The ow separation from smoottsurfaces is an impor-
tant phenomenon relevant to the aircraft dynamics that reqires a special attention.
The ow complexity and predictive capabilities of CFD for the baseline con gura-
tion have already been demonstrated in Chapter 5. A conciseestription of the
experimental con guration and measurements will be outliad next, followed by
comparison and discussion of the results for the hump ow whitseparation control.

7.1 Separated Flow over a Wall-mounted Hump

Originally, this ow has been experimentally studied by Sdert and Pack [64,
65]. The turbulent ow over a wall-mounted hump (Fig. 7.1, smulating the
upper surface of a Glauert-Goldschmied type airfoil at zerangle of attack) at
a high Reynolds number ofRe; = 9:36 10 (based on the free-stream velocity
U; = 34:6 m=s and the chord lengthc = 0:42 m) situated in a plane channel
(height 0:90) was experimentally investigated at the NASA Langley Reseeh
Center (Greenblatt et al. [23, 22]) for the purpose of the CFI2AL workshop on
computational methods and turbulence models validation (Rnsey et. al [58]). The
same test case was studied at the #1ERCOFTAC workshop on re ned turbulence
modeling (Johansson and Davidson [33]).

This test case has been considered as the best de ned of aligé cases con-
sidered at the NASA Workshop. It is nominally two-dimensioal, although the end
plates bring some 3D e ects. The hump is 420 mm long with the est of 53.7 mm
and is mounted on a splitter plate of thickness 12.7 mm, whicbxtends 1,935 mm
upstream from the hump leading edge and 1,129 mm downstreanorh the hump
leading edge. The hump with the splitter plate is placed in a ind tunnel of 771
mm width and 508 mm height, but the nominal test section heigh(between the
splitter plate and the top wall) is 382 mm and the nominal humpwidth (between
the two end plates) is 584 mm (Fig. 7.1-left). Results containg base plate pres-
sure and friction factor, and PIV of mean U and V velocity, uu,vv and uv stress
components are available at di erent stations for the threecases: the steady ow
with no control (baseline) and two cases with ow control acomplished by steady
suction through a thin slot (0.004 ¢ wide) situated at approxnately 65% of the
chord length, immediately upstream of the natural separatin point, as well as by
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7 High-Re Number Flow over a Wall-mounted Hump with Separatin Control

Figure 7.1:Schematic of the hump geometry, left - Greeblatt et al. [22]
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Figure 7.2:Mean streamwise velocity at locationx=c=  2:14 corresponding to the zero-pressure
gradient boundary layer at Re = 7500.

an alternating suction/blowing (zero net-mass- ow rate) ¢ a jet into the boundary
layer with nominal peak velocity of 26 m/s and frequency of B85 Hz. The oncoming
ow is characterized by a zero-pressure-gradient turbulérboundary layer, whose
thickness is approximately 57% of the maximum hump heightt,ax = 53:74 mm)
measured at the location about two chord lengths upstream d@he hump leading
edge (coinciding with the origin of the coordinate system, i§. 7.1-right), corre-
sponding to the momentum-thickness-based Reynolds numbBe 7500. The
latter result was obtained applying a near-wall, second-maent closure model, Fig.
7.2. The experimentally measured pressure, reattachmermcation and spanwise
pressure uctuations reveal that both baseline and contrédd ows are basically two-
dimensional. Moreover, the selected hump model appears te tirtually insensitive
to Reynolds number and in ow conditions. Due to these factghe experimental data
base of the hump ow represents an attractive separation ctmol CFD-validation
case. The baseline ow separates at=c 0:665 and reattaches ak=c 1:1. As
compared to the baseline case, application of steady suctiaccelerates the ow
upstream of the slot and slightly delays separationxéc  0:686), increases the
pressure downstream thereof, and shortens the recirculati bubble resulting in the
reattachment at x=c  0:94. Unlike the steady suction case, zero e ux control
results in a relatively small e ect on the pressure immedialy upstream of the slot.
The separation point is not signi cantly altered occurringat x=c  0:677 but the
pressure in the vicinity of separation reduces. Oscillatgrcontrol is not as e ec-
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7.2 Computational Method

tive as the steady suction, the reattachment being shiftedpstream to the location
x=c 11.

Though demonstrated experimentally, unsteady ow separain, featured by the
organized, large-scale coherent structures (charactexizby both repeatable, but also
non-regular unsteadiness of the oscillatory separated regs), remains a challenge
for numerical simulation strategies. All three hump ow congurations including
both separation control modes, i.e. steady suction and olatory blowing/suction,
are considered in the present work. The major issue is a contgtonal study of
the e ects of the boundary layer forcing on the mean ow and ttbulence providing
a comparative analysis of various methods for unsteady owomputations: Large-
eddy Simulation (LES), Detached-eddy Simulation (DES), ath Reynolds-Averaged
Navier-Stokes method (RANS; both major model groups, Eddyiscosity models -
EVM and Di erential Second-Moment Closure models - SMC, arapplied employing
both approaches for near-wall treatment: standard wall fuctions and integration
of the governing equations through the viscous sublayer armli er layer) in such a
complex ow situation.

7.2 Computational Method

Majority of the computations are performed with FASTEST 3D ©de, whereas
FAN3D code is used initially to conduct some preliminary caae LES which would
give an insight into main features of a specic ow con guraion. FASTEST 3D is
parallelized applying the Message Passing Interface (MPig¢chnique for communi-
cation between the processors. Typically three and six pressors are utilized when
doing DES and LES, respectively. The sub-grid scales in theElS are modelled by
the most widely used model formulation proposed by Smagosky with Cs = 0:1.
A one-equation turbulence model by Spalart and Allmaras, ts&d on the transport
equation for turbulent viscosity, is employed to model then uence of the smallest,
unresolved scales on the resolved ones within the DES comgiwtnal scheme (e.g.
Travin et al. [73]). The S-A turbulence model is also applieth the RANS mode.
Various statistical turbulence models were examined by cquating the baseline and
steady-suction cases. They include the standard high-Reylds numberk " model
and its near-wall adaptation due to Launder and Sharma (L% "; 1974 [39])
as well as the low-Reynolds number Reynolds-stress modeleleped by Hanjalt
and Jakirlc (HJ RSM; 1998 [24]) employing the homogeneoysart of the total vis-
cous dissipation rate as a scale-supplying variable (Jakirand Hanjalc, [29]) and
its high-Reynolds number asymptote due to Gibson and Laund€éGL RSM; 1978
[21]). The length scale correction proposed by Hanjalc ahJakirlc [24] is introduced
in the latter models to prevent the back-bending of the meanidding streamline
at the reattachment. The convective transport of all variakes is discretized by a
second-order, central di erencing scheme (CDS) when penfsing LES, DES and
RANS-EVM calculations. In the case of the Reynolds-stressadel computations a
blended 1st-order-upwind/2nd-order-central di erencig scheme, implemented in a
deferred-correction manner, is applied with the value of eéhding factor 0.7 corre-
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7 High-Re Number Flow over a Wall-mounted Hump with Separatin Control

sponding to the CDS scheme. Time discretization is acconmghied by the (implicit)
Crank-Nicolson scheme.

7.2.1 Solution Domain and Computational Grid

The solution domain (dimensions:L, L, L, =6:14c 090X 0:15%)
is meshed with almost 4 Mio. (426 145 64) grid cells when applying LES. A
grid used in the 2D RANS calculations (426 145) is extruded in the spanwise
direction to create 3D grid con gurations used for LES and DE. The solution
domain employed for DES with a somewhat larger spanwise dingon (L, = 0:2¢C)
is meshed by approximately 1.7 Mio. (426 145 28) grid cells. As revealed at
the two relevant workshops, the RANS computations have nothewn remarkable
di erence in the solutions obtained if the computation doman was extended further
upstream (639c) as in the experiment (e.g. Krishnan et al. [38]). Some addiinal
simulations are conducted on purpose employing the coarggid (426 145 32)
grid cells within a domain of dimensionsi, Ly L,=6:14c 090 0:15Z).
Motivation, case speci ¢ details and important results ofhese runs will be presented
as well.

7.2.2 In ow conditions

It has been demonstrated experimentally that due to the seteed hump geome-
try resulting separated ow is insensitive to the upstream bundary conditions and
Reynolds number. Therefore, in all LES and DES computationavailable steady
pro les (the mean experimental velocity pro les) were impged at the inlet plane
placed at 214c upstream of the hump leading edge. This is in accordance with
the ndings of the CFDVAL workshop on computational methodsand turbulence
model validation [58]. Moreover, You et al. [79] recently eptoyed LES to predict
the same ow con guration. These computations have actua}l followed the present
study and reproduced to a large extent its main results. Paicularly encouraging
is agreement among the results, since the authors appliedsteady inlet boundary
conditions.

The Reynolds-stress model computations require more elabted pro les of all
turbulence quantities including dissipation rate of the tubulent kinetic energy at
the inlet cross-section (despite insensitivity to the in v conditions, note that only
the proles of mean velocity and streamwise stress comporesre available from
the reference experiment). For this purpose, the in ow datare generated by doing
a separate computation of the zero-pressure gradient (ZPG®poundary layer with
the same free-stream velocityd; = 34:6 m=s, using the same near-wall second-
moment closure model (denoted by HJ low-Re SMC). The pro lesbtained at the
streamwise location corresponding to the boundary layer itkness = 30:5 mm
(Re  7;500, Figs. 7.2 and 7.3), being in accordance with the expeental results
at x=c= 2:14, are taken nally at the inlet plane of the solution domainfor the
RANS computations. The obtained results show good agreentevith the available
experimental data. In addition, the results of the boundanjayer measurements
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Figure 7.3:Reynolds stresses (left) and dissipation rate (right) at lccation x=c =  2:14 cor-
responding to the zero-pressure gradient boundary layer aRe = 7500. pom =
0:5D

performed by Klebano [37] at the location corresponding tdRe = 7;150 are also
displayed, con rming the ZPG boundary-layer structure of he ow at this location.
Fig. 7.3 (right) shows the pro le of the homogeneous dissitian rate which di ers
from the total viscous dissipation rate only in the immediag wall vicinity (up to y*
20) for one half of the molecular di usion of the kinetic enagy of turbulence: om =
0:5D,. In order to quantify this computational result at such a hidn Reynolds
number Re 7,500 (solid line in Fig. 7.3-right), for which no reference da
(neither experimental nor from a DNS) exist, the pro le obtaned at an upstream
location x=c = 6:28 corresponding toRe = 1;410 is compared with the Direct
Numerical Simulation (DNS) of Spalart [69], exhibiting vey good agreement. The
latter comparison is important with respect to the credibiity of the dissipation rate
prediction. It should be noted that the energy dissipation ate obtained by this
near-wall SMC model is also used for the resolution assessinEf. Fig. 7.8).

7.2.3 Boundary Conditions and Time Step

A further important outcome of the CFDVAL workshop was that the modeling
of the ow within the cavity/nozzle (Fig. 7.1) was not found to be critical for the
ow predictions, as far as the baseline and steady suction vo control cases are con-
cerned. Although there is no forced ow within/through the avity in the baseline
case, the experiment was performed using the opened slot.cAadingly, a low-speed
ow through the cavity opening could be generated due to thengssure di erence.
However, the S-A RANS computations of the baseline and suati cases show that
modeling of the cavity opening does not result in noticeabldi erences (cf. Fig. 7.4.
Consequently, di erent ow con gurations are computed by mposing the appropri-
ate boundary conditions directly at the control slot. Steag suction is achieved by
adopting the spatially uniform suction velocity at the slotcorresponding to the mass
ow rate of 0:01518kg=s Oscillatory suction/blowing is simulated by imposing a si
nusoidal zero net-mass- ow jet at the slot with the frequencof 1385 Hz. Di erent
velocity amplitudes are examined. If the measured peak slotlocity of 266 m=s
is taken, the resulting mass ow rate becomes twice as high #ise experimental
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7 High-Re Number Flow over a Wall-mounted Hump with Separatin Control

Figure 7.4:Contours of the mean streamwise velocity for the suction cas obtained by the S-A
RANS model without taking into account the cavity (left), wi th the cavity included
in the computational domain (right)

one. Hence, a more realistic boundary condition is to imposke slot velocity cor-
responding to the experimental mass ow rate. Interesting] boundary conditions
in the oscillatory case are not in uential as far as the gros®w characteristics like
locations of ow separation and reattachment are concernedHowever, the latter
boundary condition turns out to be more adequate, yieldinguperior predictions of
the ow velocity and turbulence eld. In uence of the modeling of the control slot
on the ow predictions in the oscillatory case will be addresed later in discussion
of the results. No-slip boundary conditions are applied atdih walls resolving the
wall boundary layer fairly well when performing LES and DESThe dimensionless
wall distancey;” of the wall-closest computational nodes weng* < 1 for the lower
wall andy;* =1:0 1:75 for the upper wall. The values of/,* of the wall-nearest
grid point were between 0.5 for the low-Re number, RANS callations and 15 for
the high-Re number RANS calculations. In the case of the higRe number RANS
computations, the standard wall functions are utilized. Inthe LES and DES com-
putations, the convective out ow conditions are applied atthe outlet and periodic
boundary conditions along the spanwise direction. The dimsionless time steps
of 0.005 and 0.003 (based on the hump chord length and freeestm velocity) are
used in the DES and LES, respectively, providing a CFL numbeess than unity
throughout the largest portion of the solution domain. The aly exception is the
narrow region around the thin slot at the hump (17 mm wide) in the oscillatory
blowing/suction case, where a high velocity jet is introdued into the separated shear
layer. The CFL number reaches its maximum value being arountb in a very few
cells in this region which is characterized by a strongly r@ed grid. Additionally,
some preliminary simulations of the oscillatory blowing/action case employing ner
time steps (0.0016 and 0.003) reveal that the results are nsigni cantly a ected
by the time step re nement. Fig. 7.5 compares the results obined by both LES
and DES employing the standard time step size (0.005) and # times ner time
step. The computed case is the oscillatory ow control whicls expected to be more
demanding regarding the time resolution. Moreover, the dlovelocity is assumed
to be equal to the experimentally measured peak value of 26 &)/thus yielding
approximately twice as high mass ow rate peaks compared tdhé experimental
ones. Evidently, time step re nement a ects, but interestngly does not improve
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the streamwise velocity pro les, only in the region downstam of the reattachment.
Hence, the time step adopted in majority of LES and DES appesto be an optimum
compromise with respect to the time resolution and require@PU time.
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Figure 7.5:1n uence of the time resolution on the mean streamwise veloity; LES (upper) and

DES (lower) of the oscillatory control case (note that the sbt boundary condition
yields approximately twice as high mass ow rate peaks compeed to the experimental
ones).

7.2.4 Grid Density Study

The ow region of interest just downstream of the slot incluiéhg the region
around the reattachment was meshed to provide (X*)max = 80, y* = 80,
( Z")max = 150 (DES grid), and ( X" )max =100, y* = 100, ( z")max =60
(LES grid). The grid resolution (in wall units) along the botom wall is displayed
in Figs. 7.6 and 7.7. Compared to DES, the LES resolution isgsii cantly ner
with ( z*)max = 60 because of the ner grid N,.es = 64 vs. N,pes = 32) and
a somewhat smaller spanwise domain size,(gs = 0:15Z vs. L,pes = 0:20c).
Admittedly, the resolution adopted is coarser than it wouldbe required for resolving
the near-wall streaky structures, which demands a spacing order y* = O(1),

x* = O(B0)and z" = 0O(20) [25]. The reason for the slightly extended spanwise
dimensionL ,pes = 0:2c is shifting of the LES{RANS interface away from the wall
in order to provide its optimal position for the given grid sze, i.e. to avoid that the
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Figure 7.6:Grid resolution in terms of the wall units; LES of the baseline ow.
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Figure 7.7:Grid resolution in terms of the wall units; DES of the baseline ow.

interface penetrates too deeply into the boundary layer. Hlthe LES region would
reside too close to the wall due to insu cient resolution (o would have actually
a resolution typical for RANS in the LES region), lower viscsity and turbulence
levels could be obtained, possibly causing a premature segt#gon and poorer ow
predictions. It is recalled that the interface position caresponds to the DES- lter
(Cpes max( x; y; 2)); Cpes =0:65.

The ratio of the grid length scale to the Kolmogorov length sde ( = ; « =
( 3=)¥), representing to a certain extent the position of the cut-an the frequency
spectra, is displayed in Fig. 7.8. Three positions along thgridlines in the stream-
wise direction are considered, two of which reside in the neaall region (j=20,
40), whereas location j=60 corresponds to the separated sindayer (Fig. 7.8).
The Kolmogorov length scale is estimated from the dissipain rate obtained from
the RANS computation of the baseline case employing the Reylds stress model
formulation of Hanjalc and Jakirlc (1998). In absence d the turbulence-energy
budget, the dissipation rate obtained from the second-momeclosure can provide
an insight into the grid resolution (see Fig. 7.3 (right) to bieck capability of the
HJ RSM model to capture dissipation pro le correctly). Basd on this assessment
it appears that the near-wall region has a su cient resoluton for LES (ideally, a
value of = 10 12 would provide the spectral cut-o being fairly close to
the high-frequency wave-number range, corresponding toeldissipative part of the
spectra [19, 14]), while the grid resolution in regions awdyom the walls, including
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Figure 7.8:Ratio of the grid scale to the Kolmogorov length scale and loations of the grid
resolution assessment.
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Figure 7.9: Spanwise autocorrelation functionsRy,, R,y and Ry, obtained by LES (baseline
case) along a spanwise line within the separated shear layat y=c= 0:079 (y* = 359)
at the streamwise locationx=c = 0:78 corresponding to the middle of the separation
bubble.

the separated shear layer, seems to be coarser. However, ¢ngployed resolution
still provides modelled turbulent kinetic energy (estimagd asksgs =  2Sj?=0:3,
according to Mason and Callen, 1986) which does not exceed 5®% of the re-
solved one and the ratio of the instantaneous SGS viscositp the molecular one
remains typically between 5 to 13 (maximum values apply with the region around
the hump).

The spanwise autocorrelation function®R,,, R,y and Ry, obtained by LES
along a spanwise line within the separated shear layer ytc= 0:079, i.e.y* = 359,
at the streamwise locatiork=c = 0:78 (corresponding to the middle of the separation
bubble) are plotted in Fig. 7.9 in order to check the adequacygf the spanwise size
of the solution domain. The spanwise extent of the vorticaltsictures corresponds
approximately to double the value of the correlation lengtlepresenting the distance
between the origin and the separation where the correlatisrdrop o to zero. Apart
from the correlation of thev uctuations, the correlations remain at 15 35% at the
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7 High-Re Number Flow over a Wall-mounted Hump with Separatin Control

largest separation ¢=c= 0:075). Such an increased correlation length is typically
a consequence of the spanwise rollers in the shear layer. SThnalysis provides a
clear indication that the correlations do not vanish withinthe half of domain size in
the spanwise direction. Therefore, the adopted spanwiseminsion is not entirely
su cient to ensure spanwise decorrelation. The spanwise tnt adopted in the
detached-eddy simulation is somewhat larget{.pes = 0:2c). Looking at the ow
structures presented in Chapter 5 (Fig. 5.15), it could be garded as su cient. It
should be furthermore recalled that the main objective of th work is comparative
analysis of the most widely used method for unsteady ow cal@ations, such as
LES and DES, and they both are carried out under comparable oditions. At this
point, it should be noted that Krishnan et al. [38] have used aubstantially smaller
spanwise dimensionl(, = 0:121c) to perform DES of the hump baseline ow.

7.3 Results and Discussion

Flow statistics are taken over 5 to 7 ow-through times and tle time-averaged
results are extracted to provide comparison with the availde experimental data.
The results comprise the wall pressure distribution, skifriction coe cient, time-
averaged streamlines, corresponding pro les of mean velyceld and turbulence
quantities at the characteristic locations within the sepeation zone and post-reattac-
hment region, as well as the instantaneous ow eld: velocit eld, pressure uc-
tuations, spanwise and streamwise vorticity. Finally, som phase-averaged results
extracted from the LES of oscillatory control case will be copared to the experi-
ment.

The separation and reattachment locations for the computedon gurations are
summarized in Table 7.1 and Fig. 7.10. The e ect of the ow camnol on the recir-
culation zone shortening can be clearly recognized. BothehLES and DES (except

Figure 7.10:Time-averaged streamlines obtained by LES method; baselm (left), steady suction
(middle) and oscillatory ow control (right) case.

the steady suction case) results are in a very close agreemefith the reference
experiment with respect to both separation and reattachmenocations. The ex-
perimental observation, that the steady suction represestthe most e ective ow
control mode, that is the case with the minimum reattachmentength, is con rmed
by both computational methods. These results will be discaed in more details in
the following sections. The predictions of the separated wo over a wall-mounted
hump for the con gurations without ow control (baseline) and steady suction ow
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Table 7.1: Separation and reattachment locations

(x=0s (x=0)r

Baseline Exp. 0.673 1.110
LES 0.667 1.114

DES 0.663 1.121

S-A 0.667 1.259

Std. k 0.672 1.125

LS k 0.670 1.125

GL RSM 0.670 1.158
HJ RSM 0.660 1.195

Suction Exp. 0.686 0.940
LES 0.671 0.947

DES 0.674 1.105

S-A 0.674 1.098

Std. k 0.684 1.005

LS k 0.683 0.988

GL RSM 0.680 1.032
HJ RSM 0.670 1.073

Oscillatory Exp. 0.677 1.0
LES 0.671 1.050
DES 0.662 1.110

control will be discussed rst. Afterwards, LES and DES of tle case with oscilla-
tory (sinusoidal) suction/blowing ow control will be presented, including both the
time-mean and phase-averaged ow elds.

7.3.1 Baseline Con guration

Prior to discussion of the results, a due attention has to beaged when de-
signing the numerical grid. Each of the ow con gurations isinitially computed
(FAN-3D employing the LES method) on the coarser grid (426 145 32, domain:
Lx Ly L,=6:14c 0:90x 0:15Z) so as to provide certain guidelines for the sub-
sequent simulations. In particular, the grid design for DE$ known to be the most
critical point. As already mentioned, if not properly seleted, the position of the
LES{RANS interface that is dictated by the grid may cause séous deterioration of
the ow predictions. To shed some light on this issue and demetrate DES sensitiv-
ity to the interface position, DES and LES are performed on extly the same grids.
First, LES of the baseline ow is conducted on the grid 426 145 32, the mean
streamwise velocity proles being shown in Fig. 7.11-upperDespite the coarse
spanwise resolution (( z")max ~ 120), a credible representation of the mean ow is
obtained except in the region of ow separation. The DES pesfmed on the same
grid yields extremely poor predictions downstream of the paration. On the other
side, the same ow is recomputed but now employing the coarsgrid (426 145 28)
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Figure 7.11:DES vs. LES on the same coarse grid; superiority of DES over L& (coarser span-
wise resolution)-upper, poor performance of DES comparedat LES ( ner spanwise
resolution)-lower.

and larger spanwise computational domainlx Ly, L, =6:14c 0:90% 0:2c).

LES performs poor due to the coarser resolution as much expest However,
the DES results improve strikingly despite substantially carser spanwise resolu-
tion. This can be attributed to the position of the LES{RANS interface whose
distribution is depicted in Fig. 7.12. By grid re nement in the spanwise direction,
the interface is shifted too close to the wall, penetrating ekply into the oncoming
boundary layer. The resolution in this region is not su ciert to support LES, re-
sulting in extremely low turbulence levels (see shear stegro les in Fig. 7.13).
The separation point is captured, quite fortuitously, but due to the underpredicted
turbulence, poor predictions downstream of the separatioaccur. Underpredicted
turbulent shear stress implies insu cient mixing (note an cessive shear strain at
x=c=0:9 in Fig. 7.11-upper) in the separated shear layer which rdathes far too
late. Hence, a detrimental e ect of the LES{RANS interface psition is evident.
Re nement of the LES grid by doubling the spanwise resolutio (426 145 64)
leads to a signi cant improvement of the results as demonsited by mean stream-
wise velocity pro les shown in Fig. 7.14. Note that hencefth, unless otherwise
speci ed, LES and DES refer to the computations employing # grids and domain
sizes specied in sec. 7.2.1.
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Figure 7.12:Position of the LES{RANS interface dictated by the grid; DES of the baseline ow
employing di erent computational grid and domain size.
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Figure 7.13:Shear stress pro les obtained by DES employing di erent conputational grid and
domain size.

Predictions of the pressure coe cient for the baseline casare shown in Fig.
7.15. The LES and DES results agree better with the measurentg than the ones
obtained by the 2D S-A RANS. However, the peak suction pressuis underpredicted
with all methods (cf. Fig. 7.15-left). This can be explainedby blockage e ects from
the wind tunnel side walls, not accounted for in the computabns. Indeed, the
additional baseline experiment performed without side ptas has corroborated the
existence of the wall-blockage e ect. It is noteworthy to emphasize an excellent
agreement of the pressure coe cient obtained by DES with tid experiment in Fig.
7.15-right. It is believed that the fact that blockage e ecs are not accounted for in
the simulations does not invalidate a study of the ow con guations subjected to
ow control.

Predictive capability of various RANS closures with respédo the baseline
ow con guration was already evaluated in section 5.2. Heia, the S-A RANS
model will be included in comparison with the experimental ata along with the
results obtained by DES and LES. All RANS models overpredidhe reattachment
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Figure 7.14:Mean velocity pro les obtained by LES with the spanwise grid re nement
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Figure 7.15:Pressure coe cient for the baseline con guration with (left) and without (right)
side plates in the experiment.

length despite partially correct capturing of the separatin location (see Table 7.1
for the quantitative comparison). The mean streamwise and all-normal velocity
pro les are compared in Fig. 7.16. The LES and DES results agg closely with the
experimental data. It is interesting to see that DES predigbns are even better than
the ones obtained by the conventional LES especially in theegion of the velocity
pro le in ection, that is the region with zero value of its second derivative (see also
the shear stress proles in Fig. 7.17). The reason for such amutcome could be
justi ed by a more suitable modeling of the oncoming wall boodary layer (near-
wall Spalart-Allmaras model in the DES framework vs. mixingength-hypothesis-
based Smagorinsky model), the fact coming especially intodus under conditions
of a lower grid resolution. It should be noted here that the @mnel (height =
0:90x  38178mm) constriction due to hump (hynax = 53:74) is not too strong
(only about 14%), causing the separation point as well as threeparated-shear-layer
structure (and consequently the size and shape of the sepéwa zone itself) largely
depend on the oncoming wall boundary-layer prediction. Ftiiemore, the available
measurement of the mean skin-friction coe cient for the basline case reveal the
superiority of DES in the post-reattachment region. As showin Fig. 7.18, ow
recovery is accurately reproduced by DES illustrating the ain advantage of this
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Figure 7.16:Mean streamwise (upper) and wall-normal (lower) velocities obtained by LES, DES
and S-A RANS (baseline case)

hybrid method. Feasibility and advantage of the DES as a hylmt LES{RANS
approach is further expressed by the fact that these resul@re obtained using a
coarser grid (1.7 Mio. in total vs. 4 Mio. for LES).

The Reynolds shear stress evolution presented in Fig. 7.1@ndonstrates how
crucial it is to capture the correct level of turbulence in tle separated shear layer
with respect to the mean ow features downstream, especiglto the reattachment
location. The correct LES and DES predictions of the shear ratss in the region
aligned with the mean dividing streamline lead eventuallyd the correct predictions
of the reattachment length. By careful inspection of the sla stress pro les obtained
by LES, one can see the in uence of grid resolution in di erdrregions of the ow.
As a consequence of the under-resolved boundary layer upstm of the separation
location, LES typically returns too a high level of shear stss (locationsx=c = 0:65
and 0:66). Likewise, due to a coarser resolution, underpredictimf the shear stresses
is observed downstream ak=c > 1:0: in the shear layer (atx=c=1:0,y=c 0:08)
and in a new shear layer (where a strong interaction betweehd new wall boundary
layer being generated in the post-reattachment region anché bulk ow occurs;
cross-sections atk=c = 1:1;1:2 and 13). The coarser grid in this region causes
high dissipation and consequently lower turbulence leveNevertheless, it is to be
noted that close agreement with the measured shear stressasd particularly wall-
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Figure 7.17:Shear stress pro les obtained by LES, DES and S-A RANS (basaie case)

0012 T T T T T T LT T
exp. (baseline) ©
0.01 LES -
DES ===
0.008 r S-A RANS 4
0.006 4
%3 0.004

0.002 ¢
0

-0.002
-0.004 - b

0.7 08 09 1 1.1 12 13 14 15 16
Figure 7.18:Mean skin-friction coe cient obtained by LES, DES and S-A RA NS (baseline case)

normal stresses (see Fig. 7.19-lower), near the wall conggliwith the supposition of
a su ciently ne grid in this region. Conversely to LES, DES yields correct levels
of the shear stress upstream of the separation point and cesiently downstream
at x=c > 1.0. Certain overpredictions at the locationsx=c = 0:8 and Q9 are likely
associated with the grid resolution. In this region, the DESu ers from insu cient
streamwise resolution as indicated by remarkable overprietions of the streamwise
stresses (7.19-upper), but one should recall that the maxim uncertainty in the
measured stresses is estimated to be 20%.

7.3.2 Steady Suction Flow Control

Compared to the baseline case, regardless of modeling letleé RANS predic-
tions of the steady suction case appear to be even less actewrd he representative
results are displayed in Fig. 7.20. As found in the experimexn) the ow sub-
jected to the steady suction control experiences a signi oa acceleration at the
ramp (x=c = 0:65 and 0.66). By careful inspection of the velocity pro lestathese
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Figure 7.19:Streamwise (upper) and wall-normal stress pro les obtainel by LES and DES (base-
line case)

location, one can see that RANS does not fully reproduce thfeature of the ow.
The streamwise velocity remains consequently underpretkd within the separation
bubble and further downstream of the reattachment. The enhleced turbulence pro-
duction in the separated shear layer can not be captured by ¢hRANS models as
documented by consistently too a low level of the shear steefcf. Fig. 7.20-lower).
Inspite of that, the main response of the ow to the suction av control, i.e. a
reduction of the reattachment length, is qualitatively repoduced as can be seen in
Table 7.1.

The pressure coe cient distributions for the steady suctim ow control case are
presented in Fig. 7.21. Underprediction of the peak suctiopressure is present in
the suction case as well. Contrary to the baseline case, adtages of the DES over
the S-A RANS predictions are not observed in the pressure tliutions, noting that
both the RANS models and DES fail to capture the correct reattchment location
(Table 7.1). On the other hand, LES shows in general very clesagreement with
the experimental data despite using the same grid as for theageline case, which
was regarded as not su ciently ne. Such a behavior can be eXained by the fact,
that the suction applied at the natural (baseline) separatin point reduces to a
certain extent the necessity for a highly resolved wall bowtary layer approaching
the hump. For instance, by activating the ow suction through a narrow opening
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at the hump crest, the intermittency of the separation regio is damped to a large
extent leading to an almost xed separation point. A slight @erprediction of the
pressure coe cient along separation and recovery regionsay be attributed to the

blockage e ects.
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Figure 7.20:Mean streamwise velocity (upper) and shear stress (lower) qo les obtained by
various RANS closures (suction case)

Mean velocity proles shown in Fig. 7.22 support the previos observation
expressed regarding the pressure distribution. The deviahs from the experimental
results with respect to the back ow intensity within the redrculation bubble are
clearly visible, in uencing strongly the ow around reattachment and in the recovery
region downstream (it applies to the S-A RANS and DES). LES pdictions of the
mean velocity are in very good agreement with the experimeit spite of the slightly
underpredicted separation location. Reynolds shear stegro les are presented
in Fig. 7.23-upper. The intensication of the mean strainig due to local ow
forcing in the suction case results in an enhanced turbulemdevel, representing the
basic mechanisms of active ow control. Compared to the S-AAS and DES,
LES captured the increased turbulence level in the separateshear layer region
very well. Moreover, pro les of streamwise and wall-normastresses (Fig. 7.23-
middle and lower) con rm credibility of LES predictions, bah qualitatively and
guantitatively. An excessive gradient of the streamwise l&city returned by DES
(see Fig. 7.22-upper) results in insu cient turbulent mixing in the separated shear
layer. This is clearly visible from remarkable overprediabns of the wall-normal
velocity (Fig. 7.22-lower) and particularly low level of the corresponding stress
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Figure 7.22:Mean streamwise (upper) and wall-normal (middle) velocities, shear stress (lower)
obtained by LES, DES and S-A RANS (suction case)

97



7 High-Re Number Flow over a Wall-mounted Hump with Separatin Control

T
016 - & x=0.65¢
0.14 +
0.12 -
o
=3 0.1 r
0.08 -
0.06 +
0.04 -
exp. O
0.02 - LES
DES ===

0 0.04 0 0.04 0 0.04 0 0.04 0 0.04
u‘u'/U¥2 (suction)

T
016 - & x=0.65¢
0.14 +
0.12 -
o
=3 0.1 r
0.08 -
0.06 +
0.04 -
exp. O
0.02 - LES
DES ===

0 0.04 0 0.04 0 0.04 0 0.04 0 0.04 0 0.04 0 0.04 0 0.04
v‘v‘/U¥2 (suction)

Figure 7.23:Streamwise (upper) and wall-normal stress (lower) pro les obtained by LES and
DES (suction case)

componentv&C The results presented so far imply that, in order to reprodee
main characteristics of the hump ow, it is extremely imporant to capture the
correct level of wall-normal stress just upon the separatiolocation. Qualitatively
di erent performance of DES compared to LES in two di erent ow con gurations
employing the same grid (DES performs very well in the base& case, but poor
in the suction case) indicates the importance of the grid degm within the DES
framework. Interestingly, Krishnan et. al (2004) have alsoeported the poor DES
predictions of the suction case compared to the baseline oguration. Nevertheless,
DES is capable of predicting basic response of the ow subjed to the steady
suction. To strenghten this assertion, some additional expiments performed using
di erent suction rates are considered. Steady suction, as means to control the
hump ow, has been proven to alter the pressure distributiorwithout a ecting the
mean ow reattachment. Fig. 7.24-left shows that, if the sugon rate is increased
by approximately 80% percent, the pressure upstream of thearation increases
whereas decrease in the pressure is observed downstream.SDRE the hump ow
with a comparably increased suction rate clearly capturedis e ect of the suction
mass ow rate on the mean pressure coe cienC, (Fig. 7.24-right).

The issue of the LES{RANS interface, whose position is didied by the grid
adopted (independent of the ow structure), appears to be crcial for exploiting

98



-1.5

0.5

7.3 Results and Discussion

T

exp.T (suction—6.01518 ké/s)
exp. (suction-0.02627 kg/s)
A

LD

-1.5

DES (Suction-0.01518 kg/s) ==
DES (suction-0.0309 kg/s)

0.5

Figure 7.24:E ect of the steady suction mass ow rate on the mean pressurecoe cient; exper-

iment

Yint

(left), DES (right).

600 - . |
baseline
500 suction --------- |
oscillatory
400

300

200

100

1100 fo

x/c

Figure 7.25:RANS-LES interface in DES computations.

advantages of both RANS and LES strategies in di erent regies of the ow. In
the suction case, the position of the interface in terms of ¢hwall units is signi -
cantly increased around the slot as shown in Fig. 7.25. Herthe suction control
is responsible for thinning of the turbulent boundary layer It seems that the po-
sition of the LES{RANS interface needs to be shifted towardthe wall to improve
predictions of the ow featuring such a shallow separation.Hence, an important
outcome regarding hybrid simulations of ows with separatin control in general
can be recognized. As ow control a ects the structure of théboundary layer on
the verge of separation, the LES{RANS interface changes ierms of the wall units
but actually remains xed in absolute sense. The question #t arises is whether a
grid used for the baseline case can be successfully utilizedpredict di erent ow
control scenarios as well, i.e. suction and oscillatory owontrol?
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7.3.3 Oscillatory Suction/Blowing Flow Control

The LES and DES results of the oscillatory case computationgill be assessed
next. Among the ow con gurations considered, the oscillabry case seems to be
the most challenging one. In uence of the modeling of the ctol slot on the ow
predictions in the oscillatory case is addressed rst. Préctions of the time-mean
velocity and turbulence elds will be then compared with theexperimental data.
The ow topology and e ect of the oscillatory control on the ow structure will be
investigated by some snap-shots of the instantaneous ow I& In addition, the
phase-averaged behavior of the ow eld will be examined byomparing the LES
against the phase-averaged quantities available from theeasurements.

7.3.3.1 In uence of the Control Slot Modeling

Unlike the steady suction casenig,. = 0:01518kg=9, the oscillatory ow con-
trol is achieved applying the zero e ux blowing with the peakmass ow rate of
Mosc peak = 0:0179kg=s As the experimental conditions are specied in terms
of the peak slot velocity ¥/,eak = 26 m=s), which is a locally measured value, a
due attention has to be payed if meaningful velocity boundgrconditions are to be
applied at the slot. For this reason, a series of simulationdoth LES and DES,
is performed in order to assess the e ect of alternative chus of velocity bound-
ary conditions for modeling the slot jet instead of simulatig the ow inside cav-
ity. Initially, the measured peak velocity of Vot normar = 26 m=s (normal to the
slot) is assumed at the slot. Consequently, the resulting pk mass ow rate is
doubled compared to the measured value. Alternatively, thexial velocity com-
ponent is imposed adJsr = 26 m=s while the remaining velocity component is
adjusted to match the experimental mass ow rate. Finally, he slot normal veloc-
ity of Vsiot normar = 13:52 m=s, corresponding to the experimental mass ow rate,
is adopted as a velocity boundary condition. Table 7.2 summaes the separation
and reattachment locations obtained by the simulations enipying di erent velocity
boundary conditions. The results indicate that control e €ts on the hump ow
are almost una ected by the choice of velocity boundary coritions. Based on the
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Figure 7.26:E ect of the slot velocity boundary condition on the mean pressure coe cient; LES

100

(Ieft), DES (right).
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Table 7.2: Separation and reattachment locations obtained by LES and [ES applying di erent
velocity boundary conditions at the control slot

B.C. at the control-slot (x=0)s (X=QO)r
LES n_]exp peak y Vs|0t normal = 1352 m=s 0671 1050

LES-A Mexp peak » With Ugiot =26 m=s imposed 0.675 1.026
LES-B Mpeak = 0:0344kg=s, Vsiot norma =26 m=s  0.672 1.057
DES Mexp peak » Vslot normal = 13:52 m=s 0.662  1.110
DES-A Mexp peak » With Ugiet = 26 m=s imposed 0.669 1.095

DES'B mpeak = 0 :0344 kg:S, Vslot normal = 26 m=s 0.660 1.114

predictions of ow separation and reattachment, a slightlycloser agreement with
the measured values is observed in the simulations LES-A amES-A which im-
pose the axial velocity of 26 m/s at the slot with the remainig velocity component
conforming to the experimental mass ow rate. Pro les of themean streamwise
velocity displayed in Fig. 7.27 - upper and middle reveal se@what better DES-A
predictions whereas LES-A does not show any evident sign ofpgriority compared
to the other boundary conditions. Therefore, no solid congsion can be drawn based
solely on the rst moments. The same holds for the pressure €aient distributions
plotted in Fig. 7.26. However, one can distinguish a bettergformance of DES
and LES runs in the recirculation region. Indeed, this bouraty condition, i.e. the
normal slot velocity corresponding to the experimentally masured peak mass ow
rate, seems to be the most realistic approximation to the expiments, as far as
this grid topology is concerned. This is clearly visible ifite pro les of shear stress
shown in Fig. 7.27-lower are examined. Hence, in what follewhe predictions of
two runs denoted simply by DES and LES (see Table 7.2) will beompared with
the time-averaged results of the oscillatory control expenent.

7.3.3.2 Time-mean Velocity and Turbulence Fields

The control mechanism of the oscillatory case turns out to bless e ective than
the one of steady suction, as observed in the experiment as & the separation
delay and recirculation zone shortening are concerned (Tialir.1). A reduction of the
reattachment length compared to the baseline case is repraxed by both LES and
DES, but DES overpredicts the reattachment location. The man pressure coe cient
distributions shown in Fig. 7.28 reveal even more pronoungevall blockage e ects in
the experiment with the oscillatory control. DES and LES pdiorm comparably well
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Figure 7.27:In uence of the slot velocity boundary conditions on the hump ow (oscillatory
case); Mean streamwise velocity pro les obtained by DES (uper) and LES (mid-
dle); shear stress pro les obtained by LES (lower)
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Figure 7.28:Mean pressure coe cient pro les (oscillatory case)
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Figure 7.29:Mean streamwise (upper) and wall-normal (lower) velocities obtained by LES and
DES (oscillatory case)
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Figure 7.30:Shear stress (upper), streamwise (middle) and wall-normaktress (lower) pro les
obtained by LES and DES (oscillatory case)
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upto the separation location. Further downstream, LES fad to capture the pressure
minimum in the recirculating region whereas DES reproducebe behavior ofC, in
this region of the ow. Downstream of the ow reattachment DES overprediction
of the pressure recovery is observed. Predictions and measuents of the mean
streamwise and wall-normal velocities are compared in Fig7.29. Compared to
DES, LES yields more accurate velocity predictions, partidarly in the recirculation
region. Shear stress pro les are shown in Fig. 7.30-uppernAverprediction of the
shear stress at the locatiorx=c = 0:66, which was observed in the baseline case,
is extremely pronounced and could be attributed to the grid @solution which is
not su ciently ne for the oscillatory ow con guration. So me wavy pro les of the
shear (Fig. 7.29-upper) and streamwise stresses (Fig. 7@8ldle) might be an
indicator of poor data convergence. However, the ow staties taken over a period
of ve ow through times (FTT = Ly=U;, ) are monitored and compared during
the simulations as displayed in Fig. 7.31. The results demsinate that even two
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Figure 7.31:Convergence of the streamwise velocity and shear stress sitics taken over di er-
ent periods of the ow-through times (oscillatory case)

FTT are su cient to obtain reliable rst moments, whereas second moments, e.g.
shear stresses, require a somewhat longer time integratiperiod of at least four
FTT. In general, with respect to the ow Reynolds number and gd resolution, all

stress components are predicted fairly well. Underpredions of the shear stress
and overpredictions of the wall-normal stress in the separal shear layer are a
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consequence of insu cient grid resolution. Since the ostatory ow control induces
large-scale vortical structures in the separated shear |y the ow structure is
substantially modi ed. Therefore, the resolution requirenents for the baseline ow
become inadequate in the oscillatory case. For instance, taosig interaction of the
structures in the separated shear layer with the wall leadsotan intensi cation of
the turbulence in the near-wall region. A coarse grid resdion often results in the
overpredicted streamwise stress which is consistently gent in this region of the
ow (see Fig.7.30-middle). On the other side, it is remarkae that comparison of
the mean velocity pro les reveals more accurate DES predions than in the suction
control case.

7.3.3.3 E ects of the Flow Control

The e ects of the ow control on the velocity and turbulence eld are clearly
visible. Experiments have shown that shortening of the raculation bubble by 42%
and 26%, compared to the baseline case, is achieved by apmlysteady suction and
oscillatory ow control respectively. LES predictions of he control e ectiveness are
in close agreement; the same tendency of the mean velocitydes achieved (Fig.
7.32), while shortening of the recirculation bubble is slgly underpredicted: 38%
and 25% for the two control mechanisms. Not only qualitativédut also quantitative

0.16 T T

baseline (exp.) ©
0.14 |- suction (exp.) &
oscillatory (exp) O
baseline-LES
0.12 ~ suction-LES =====

oscillgtory-LES ===---- )
0.1 |

/

S 0.08
0.06
0.04

0.02

Figure 7.32:E ect of the ow control on the mean velocity pro les at x/c=0 .8 and x/c=1.1 (LES
VS experiment)

agreement of LES with the measurements is observed as docuated by the mean
velocity and shear stress pro les in Fig. 7.33. Just upstrea of the separation loca-
tion (x=c= 0:66), LES closely follows the trend of streamwise velocity rdocation.
In particular, a strong ow acceleration due to the suction $ clearly reproduced. As
discussed previously, LES su ers from a coarser resolutiomthis ow region which
comes into play when the ow control is applied. Consequentlin both control cases
the shear stress is overpredicted at this station. Furtheravnstream atx=c = 0:8
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and 09 LES returns response of the ow to the suction control whees the oscil-
latory control e ect is not fully reproduced. This is con rmed by the shear stress
distributions at these locations which clearly show the m@ment of the peak shear
stress towards the wall (suction case) that is an indicatioof enhanced turbulent
mixing. Due to disagreement just upstream, LES fails to pragte a distinct shear
stress peak atx=c = 0:9 (oscillatory case). However, at the remaining locations
(x=c  1:0) LES consistently follows the trend in velocity and sheartiess distri-
butions. A remarkable increase in the shear stress in the reg corresponding to
y=c 0:06 is captured which should be actually expected from LES s this region
is populated by large-scale vortices induced by the osciitay jet.

7.3.3.4 Instantaneous and Phase-averaged Flow Fields

Isosurface of the instantaneous pressure uctuation obtaéd by DES is shown
in Fig. 7.34-a. This visualization shows the roll-up of themanwise vortex, which is
formed in the region of the contol slot, experiencing disrdipn due to high stream-
wise vorticity just downstream of the slot. By inspection othe vorticity magnitude
(colored by pressure) in Fig. 7.34-d, one can observe thatetoscillatory control
mechanism tends to reorientate the spanwise vorticity eldnto streamwise vortices.
This can be explained by increased velocity uctuations intte separated shear layer,
in both the wall-normal and particularly spanwise directim as demonstrated in Fig.
7.35. In order to elucidate coherent ow structures, isostace of the spanwise vor-
ticity is displayed in Fig. 7.34-b. The DES treatment of the sparated region results
in clearly visible resolved vortical structures. Evolutio of the large-scale spanwise
vortices downstream of the slot is observed as a result of theposed oscillatory per-
turbation. Despite an e ectively two-dimensional ow eld, the three-dimensional
instantaneous ow structures (vortices disrupted in the spnwise direction) can be
identi ed. Evidently, the spanwise domain of 02c employed for DES appears to be
su cient for capturing streamwise vortices displayed in Fg. 7.34-c.

One of the experimentally observed features of the osciltaly case is that typ-
ically two to three vortices were present in the PIV-measureents region covering
the entire separation bubble and the reattachment region up x=c = 1:3 at any
instant. This can be seen in Fig. 7.36, showing the instantaous velocity eld
snap-shots for di erent phase angles produced by LES. It ¢gilays generation, roll-
up and shedding of the vortices through the phase angles of §Blowing peak), 180
(switch from blowing to suction), 270 (suction peak) and 360 (switch from suction
to blowing). By careful inspection of this gure one can disern the movement of
separation point as found in the experiment. A picture of theow is completed by
the phase-averaged velocity elds displayed adjacent to ¢hinstantaneous ones. It is
to be noted that the sample LES data set is limited to 50 blowigysuction cycles, yet
it provides a useful and credible information about the phasaveraged behavior. At
the instant corresponding to the blowing peak ( = 90 ) the separation zone moves
upstream towards the slot, the shear layer being lifted o tle wall. This is in accord
with the experimental ndings so that one can speak of actugilromotion of the sep-
aration at this phase angle. At the same time the reattachmenength is reduced
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Figure 7.33:E ects of the
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a)

b)

<)

d)

Figure 7.34:DES predictions of the oscillatory ow control case: Iso-sufaces of the instantaneous
pressure uctuation (a), spanwise vorticity (b), streamwi se vorticity (c) and vorticity
magnitude colored by pressure coe cient (d)
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Figure 7.35:E ect of the ow control on the mean spanwise stress pro les (LES)

Figure 7.36:Instantaneous streamwise velocity eld obtained by LES for various phase angles
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signi cantly as can be seen by close inspection of the phaseeraged skin-friction
coe cient shown in Fig. 7.37. A vortex that is rolled-up at this stage is convected
downstream noting concomitant formation of a secondary sriavortex visible at

=180 as the control switches from blowing to suction. As the suan peak is
reached ( =270 ), the shear layer is pulled towards the wall and separationgint
moves downstream of the slot. The skin-friction at this phasreveals a movement of
the ow reattachment downstream exceeding the long time-&raged value. A small
secondary vortex just downstream of the slot is disrupted o two smaller vortices
which eventually vanish as the control switches from suctioto blowing ( =0 ).
Based on the skin-friction evolution (Fig. 7.37) one can obsve that the reattach-
ment location at this phase angle reaches its maximum. Comoéng existence of
two to three vortices within the instantaneous recirculatn zone, it is recalled that
a similar observation in the periodically perturbed backwal-facing step ow was
reported by Yoshioka et al. [77]. It is encouraging that LES aurately predicts
the convective speed of the vortices estimated &5, 0:36U; , the measured value
beingU,, 0:35U; . A curious result obtained both experimentally and numeri-
cally (LES) is that convective velocities at which the largescale vortices (emerged
either from the step or from the control slot) move downstrea are very close to
each other, G3U.. vs. 35U, .

Phase-averaged coherent part of the pressure coe cient aihed for the four

representative phase angles by subtracting the long timesragedC, (C, =< C, >

Cp) is plotted in Fig.7.38. Despite encouraging agreement fohe phase angles
corresponding to the blowing ( =90 ) and suction ( =270 ) peaks, LES captures
only a trend of C, for the two remaining angles. For each of angles, there isleir a
considerable overprediction or underprediction df,. It is di cult to nd a proper
explanation for such a curious result especially becauseetiphase-averaged skin-
friction proles do not exhibit such an odd behavior for the gven phases. One
should however point out that although these two deviationgancel each other in
the long time-averagedC,, undulations of the mean pressure coe cient obtained
by LES and failure to capture the second pressure minima in d:i 7.28 could be
associated with this disagreement disclosed by the phaseseaged plots.

Regarding the phase-averaged pro les of streamwise velycwhich are dis-
played in Fig.7.39, one can see that LES predictions are inryeclose agreement
locally, depending on the phase angle and station considérelikewise, certain lo-
cal deviations from the measurements are noted. Certainiye data sampled over 50
cycles are not su cient to obtain smooth and absolutely rekble pro les as demon-
strated by the phase-averaged shear stress distributionsosvn in Fig.7.40. However,
it is noteworthy to emphasize qualitatively good agreemendf the phase-averaged
shear stress predicted by LES. Local discrepancies may bériauted to the resolu-
tion issues but one should keep in mind the maximum uncertdinin the measured
stresses estimated as 20%. A distinct feature of the hump owubjected to the
oscillatory control can be recognized by carefull inspeoti of the phase-averaged
shear stress pro les in line with the evolution of skin-friton (cf. 7.37). One can
see that shear stress maxima occur consistently at the lo@at in vicinity of the
local reattachment (in the phase-averaged sense). In acdance with the previ-
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Figure 7.37:Phase averaged skin-friction coe cient

ous discussion of the phase-averaged behavior, the sheaest peaks are identi ed
around x=c = 1:0 at the phase angles = and 3=2, upstream of the time-mean
reattachment (x=c=0:9) at = =2 and downstream thereofX=c=1:1)at =0.

Concluding Remarks

Di erent computational approaches: LES (Large-eddy Simaition), DES (Detached-
eddy Simulations) and RANS (Reynolds-Averaged Navier-Stes) were used to pre-
dict the ow over a wall-mounted hump aiming at comparative aalysis of their
features and performances in such complex ow situationslexant to the aircraft
aerodynamics. In addition to the baseline case, the compti@ans of the two con-
gurations with active ow control realized by steady suction and oscillatory blow-
ing/suction through a narrow opening (1.7 mm wide) at the hurp crest close to the
natural separation point were performed. Among the ow congurations considered,
the oscillatory case appears to be the most challenging orne the unsteady ow com-
putational strategies like LES and DES. The LES and DES prediions of the main
characteristics of separated ow over a wall-mounted humpybtained on relatively
coarse grids with respect to the ow Reynolds number consicel (Re; = 9:36 10°),
are encouraging, outperforming signi cantly the examinedRANS models. As it
was expected, the RANS approach was not capable of capturitige dynamics of
the large scale motion being especially pronounced in thepseated shear layer. A
typical outcome is expressed in a lower turbulence level iis ow region leading
consequently to a larger recirculation zone and decreasezhsitivity against pertur-
bations. LES provided good predictions of the important e ets of steady suction
and oscillatory suction/blowing ow control, i.e. a shortening of the recirculation
bubble compared to the reference baseline case. The DES hessare almost iden-
tical to those obtained by using the conventional LES in the &seline case. It is
especially encouraging when one knows that a lower grid regmn (only 1.7 Mio.
cells in total vs 4 Mio. cells for LES) was applied. However,gorer performance
in the suction case (LES superior to DES ) indicates the imptance of the DES
grid design with respect to this controlled ow featuring a hinner boundary layer
upstream of the separation. The issue of LES{RANS interfacppears to be crucial
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Figure 7.38:Coherent part of the pressure coe cient (C, =< Cp, >  Cp)

for exploiting advantages of both RANS and LES strategies idi erent regions of
the ow. Comparison of the interface positions in all three ow con gurations gives
a rise to the question whether a grid used for the baseline easan be used for dif-
ferent ow control scenarios, i.e. suction and oscillatoryow control? Simulations
of the oscillatory case demonstrate in general good predans of the recirculation
bubble, both instantaneously and in the time mean sense. Gl agreement with
the experiment is observed regarding the velocity and sheatress proles. De-
spite relatively coarse grid resolution and a narrow compational domain in the
spanwise direction [, gs = 0:15Z and L,pes = 0:2¢), it was possible to capture
the three-dimensional instantaneous ow structures. The man velocity eld is not
a ected by the choice of slot velocity boundary condition, bt an appropriate mod-
eling conforming with the experimental mass ow rate is esa#al for capturing the
turbulence characteristics within the recirculation zoneFinally, the phase-averaged
results extracted from LES of the oscillatory controlled honp ow are in good agree-
ment with the measurements, reproducing the main control nehanisms observed
in the experiments. LES predicts accurately the convectivepeed of the vortices es-
timated asU., 0:36U; , the measured value being)., 0:35U; . A curious result
obtained both experimentally and numerically (LES) is thatconvective velocities
at which the large-scale vortices (emerged either from théep or from the control
slot) move downstream are very close to each other30.. vs. 035U, .
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8 Conclusions and Recommendations

In the last chapter the main outcomes and conclusions infe from the present
work are summarized. Finally, directions and recommendatns for future work are
outlined.

8.1 Conclusions

The main goal of this work was a computational study of the e ets of boundary-
layer forcing on the mean ow and turbulence using various ntieods for turbulent
ow computations (LES, DES and RANS), with an emphasis on thainsteady ap-
proaches LES and DES, aiming also at mutual comparison of tihdeatures and
performance in complex ow situations. The numerous simuteons of the ow con-
gurations pertinent to active ow control (AFC) have been carried out providing
a picture of the current status of CFD in AFC applications.

Predictive capability of various CFD methods were evaluatefor the three rep-
resentative complex separated ow con gurations without ow control. Arguably, it
seems to be unlikely that any existing RANS model, regardie®sf its complexity, can
provide the accurate predictions needed in a number of coneglseparated and vorti-
cal ows. Obviously, RANS requires additional modeling aneémpiricism to achieve
credible AFC predictions. A potential of the methods for uneady ow computa-
tions: LES, DES and URANS was investigated by predicting theow and turbulence
eld for the two experimentally investigated AFC con gurations. They involve the
two recent experimental works pertinent to AFC: periodicdy perturbed backward-
facing step (BFS) ow at a low Reynolds number (Yoshioka et al[77, 78]) and high
Reynolds number ow over a wall-mounted hump (Greenblatt etl. [22, 23]). The
following conclusions can be drawn based on the results oktpresent study:

In general, both the LES and DES computations have reprodugell impor-
tant e ects observed in the BFS experiments. The imposed prbation frequency
corresponding toSt = 0:19 was found to be the optimum one, leading to the max-
imum reduction of the reattachment length. Compared to the masured value of
28:3%, LES and DES exhibit the closest agreement, predicting éhreduction of 245
and 35%, respectively. URANS underpredicts substantiallthe intensity of the re-
duction with 5:9% (SA model) and 12% (k ! SST model), exhibiting a very
weak sensitivity to the perturbations.

A computational analysis of the in uence originating from he in ow bound-

ary conditions has shown that there is a certain impact of thenlet turbulence
intensity on the ow around and downstream the reattachment However, it is be-
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lieved that the imposed inlet pro les are not appreciably iruential.

Overall comparison of the mean ow and turbulence for di erat perturba-
tion frequencies has shown a close agreement of LES and DE8&ditions with the
experimentally observed trends. Not only a general enhamaent of the turbulence
production with the perturbation was reproduced but also tle frequency dependence
of the Reynolds stress increase. Some peculiarities in thteess eld arising from
the apping motion of the perturbed shear layer were captur@ by LES and DES.

Beside a close agreement with the experiment concerning 8amean behav-
ior of the ow for all perturbation frequencies, the extraced phase-averaged LES
results for the case with the optimum frequencyt = 0:19) compare well with the
reference experimental data.

Among the hump ow con gurations considered, the oscillatoy case appears
to be the most challenging one. The LES and DES predictions tife main charac-
teristics of separated ow over a wall-mounted hump, obtaied on relatively coarse
grids with respect to the ow Reynolds number consideredRe; = 9:36 1C°), are
encouraging, outperforming signi cantly the examined RAN models. As it was
expected, the RANS approach was not capable of capturing trdynamics of the
large scale motion in both the baseline and steady suctionses, being especially
pronounced in the separated shear layer. A typical outcome expressed in a lower
turbulence level in this ow region leading consequently t@a larger recirculation
zone and decreased sensitivity against perturbations.

LES provided good predictions of the important e ects of stady suction and
oscillatory suction/blowing ow control, i.e. a shortening of the recirculation bubble
compared to the reference baseline case. The DES results almost identical to
those obtained by using the conventional LES in the baselinmase. It is especially
encouraging when one knows that a lower grid resolution (gnfL.7 Mio. cells in
total vs 4 Mio. cells for LES) was applied.

A poorer performance of DES in the suction case points to impgance of the
DES grid design with respect to this controlled ow featurirg a thinner boundary
layer upstream of the separation. The issue of LES{RANS intiace appears to be
crucial for exploiting advantages of both RANS and LES stragies in di erent re-
gions of the ow. The important outcome regarding hybrid simlations of ows with
separation control in general can be recognized. As ow cant a ects the structure
of the boundary layer on the verge of separation, the LES{RASI interface changes
in terms of the wall units but actually remains xed in absolue sense. The question
that arises is whether a grid used for the baseline case can saecessfully utilized
to predict di erent ow control scenarios as well, i.e. sucion and oscillatory ow
control?

LES and DES of the oscillatory case demonstrate in generalappredictions
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of the recirculation bubble, both instantaneously and in tk time mean sense. Close
agreement with the experiment is observed regarding the weeity and shear stress
pro les. Despite relatively coarse grid resolution and a meow computational do-
main in the spanwise direction [, gs = 0:15Z and L,.pes = 0:2¢), it was possible
to capture the three-dimensional instantaneous ow struaitres.

The mean velocity eld is not a ected by the choice of slot vedcity boundary
condition, but an appropriate modeling conforming with theexperimental mass ow
rate is essential for capturing the turbulence charactetiss within the recirculation
zone.

The phase-averaged results extracted from LES of the osaithry controlled
hump ow are in good agreement with the measurements, partitarly encouraging
is that LES accurately predicts the convective speed of theoktices estimated as
Usn 0:36U; , the measured value beingJ,, 0:35U; .

A curious result obtained both experimentally and numeridly (LES) is that
convective velocities at which the large-scale vorticesnjerged either from the step
or from the control slot) move downstream are very close to el other, 03U,. vs.
0:35U, .

With regard to both BFS and hump ow con gurations, it was clearly recog-
nized that reduction in the reattachment length follows theevolution of wall-normal
stress (2). It has been shown that capturing the near-wall turbulenceespecially
the wall-normal component, has a great impact on the mean owredictions down-
stream of the step/hump.

8.2 Recommendations for Future Work

Based on the results of the present work some directions arssues for future
research are proposed as follows:

Failure of DES to predict the steady suction case should berther investi-
gated. Dierent grid con gurations could be examined in orer to achieve predic-
tions comparable to the baseline case, which implies a softtbe interface optimiza-
tion with respect to the ow considered.

An attempt to make the LES-RANS interface not only grid-depadant but
also locally ow-sensitive would be challenging for hybridlES-RANS simulations
of AFC.

As the experiments have demonstrated a weak dependency oer tbw Reynolds
number, the same con gurations with a substantially lower Rynolds number could
be computed by LES and DES thus providing a well resolved reémce data set
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which could be used to improve the existing turbulence model However, decreas-
ing the Reynolds number at the presently used computationgrids implies a ner
grid resolution which is expected to be more sensitive to thalet boundary condi-
tions. Hence, unsteady inlet pro les would be required forhitese simulations.

Compared to the baseline case RANS predictions of the humpwohave
proven to be less accurate in the suction case. Scarcity of R& calculations of
the oscillatory case is motivation for a detailed investigéon of the oscillatory ow
control case employing solely URANS. This would help answeg the question: to
what extent RANS approach does work in real AFC applicatior’s
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