
Turbulent Flow Separation Control
by Boundary-layer Forcing:

A Computational Study

Vom Fachbereich Maschinenbau an der
Technischen Universit•at Darmstadt zur

Erlangung des Grades eines Doktor-Ingenieurs
(Dr.-Ing.) genehmigte

D i s s e r t a t i o n

vorgelegt von

Sanjin �Sari�c, M.Sc.

aus Sarajevo

Berichterstatter: Prof. Dr.-Ing. C. Tropea
Mitberichterstatter: Prof. Dr.-Ing. F. Thiele

Priv.-Doc. Dr.-Ing. habil. S. Jakirli�c
Tag der Einreichung: 05.09.2006
Tag der m•undlichen Pr•ufung: 20.12.2006

Darmstadt 2006
D17





to Una





Acknowledgments

I wish to express my gratitude to Prof. Cameron Tropea and Dr.Suad Jakirli�c
for the opportunity to conduct a research work at the Chair for Fluid Dynamics and
Aerodynamics (FG SLA). Special thanks go to my supervisor Dr. Jakirli�c for his
advices, guidance, fruitful discussions and continuous support throughout this work.
Helpful suggestions and discussions with my colleagues from FG SLA are greatly
appreciated.

I use this opportunity to express sincere gratitude to the administrative sta� at
FG SLA.

The �nancial support of the Deutsche Forschungsgemeinschaft (DFG) through the
grants GK "Modeling and numerical description of technical
ows" and the research
group on "Large-eddy Simulation of Complex Flows" (FOR 507/1, JA 941/7-1) is
particularly acknowledged.

Finally, I wish to express heartfelt thanks to my family for providing loving sup-
port, especially to my wife Aida and daughter Una without whose love, understand-
ing and support I could never have done this work.

Darmstadt, September 2006

Sanjin �Sari�c, M.Sc.

i



ii



Abstract

Recent experimental studies have demonstrated that active
ow control (AFC)
has a potential to enable signi�cant advances in many engineering applications.
Though demonstrated experimentally, unsteady separation
ow 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 forcing on the mean 
ow and
turbulence using various methods for turbulent 
ow computations: Large-eddy sim-
ulation (LES), Reynolds-averaged Navier-Stokes (RANS) and Detached-eddy Simu-
lation (DES), aiming also at mutual comparison of their features and performance in
complex 
ow situations. Predictive capability of various CFD methods were evalu-
ated for the three representative complex separated 
ow con�gurations without 
ow
control. A potential of the methods for unsteady 
ow computations: LES, DES
and URANS was investigated by predicting the 
ow and turbulence �eld for the
two experimentally investigated AFC con�gurations. They involve the two recent
experimental works pertinent to AFC: periodically 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 et al. [22, 23]). In general,
both the LES and DES computations have reproduced all important e�ects ob-
served in the BFS experiments. The imposed perturbation frequency corresponding
to St = 0:19 was found to be the optimum one, leading to the maximum reduction
of the reattachment length. URANS underpredicts substantially the intensity of the
reduction, exhibiting a very weak sensitivity to the perturbations. Beside a close
agreement with the experiment concerning time-mean behaviour of the 
ow for all
perturbation frequencies, the extracted phase-averaged LES 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 characteristics of separated 
ow
over a wall-mounted hump, obtained on relatively coarse grids with respect to the

ow Reynolds number considered (Rec = 9:36� 105), are encouraging, outperforming
signi�cantly the examined RANS models. The numerous simulations 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.
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Zusammenfassung

Aktive Kontrolle der Str •omungsabl •osung durch die
Grenzschichtbeein
ussung: eine numerische Studie

Die neuesten experimentellen Studien veranschaulichen deutlich das gro�e Poten-
tial der aktiven Str•omungskontrolle (Active Flow Control { AFC) und deren wichti-
gen Vorteile im Hinblick auf die Gewinnung von optimalen Str•omungseigenschaften
in puncto der Verminderung der Druckverluste in unterschiedlichen industriellen An-
wendungen. Trotz der experimentellen Evidenz stellt die korrekte Ermittlung der
Kontrollmechanismen der instation•aren Str•omungsabl•osung noch immer eine gro�e
Herausforderung f•ur die Methoden der numerischen Str•omungsmechanik (Compu-
tational Fluid Dynamics { CFD) dar. Das Hauptziel der vorliegenden Arbeit ist die
numerische Untersuchung der E�ekte der Grenzschichtbeein
ussung auf die mit-
tlere Str•omung und Turbulenzstruktur. Dabei wurden mehrere Berechnungsmetho-
den f•ur die Simulation turbulenter Str•omungen, wie Grobstruktursimulation (Large-
eddy Simulation - LES), nach Reynolds gemittelte Navier-Stokes{sche Methode
(Reynolds-averaged Navier-Stokes{ RANS) und die bekannteste hybride LES{RANS
Methode, die sog.Detached-eddy Simulation{ DES, eingesetzt. Eine der Zielset-
zungen war auch die kritische Analyse dieser Methoden hinsichtlich ihrer Leis-
tungsf•ahigkeit in solchen komplexen Str•omungssituationen. Drei unterschiedliche,
durch die intensive Abl•osung gepr•agte und mit st•arker werdender Komplexit•at
der Wandgeometrie bezeichnete Str•omungskon�gurationen wurden herangezogen:
die Str•omung •uber eine zur•uckspringende Stufe (Experiment von Yoshioka et al.,
2001) bei einer niedrigen Reynoldszahl (ReH =3,700), die Str•omung •uber eine Se-
rie von symmetrischen, im regelm•a�igen Abstand angeordneten H•ugeln bei einer
moderaten Reynoldszahl,ReH =10,595 (LES von Fr•ohlich et al., 2005) und die
Str•omung •uber einen nicht-symmetrischen H•ugel bei einer sehr hohen Reynold-
szahl von Rec=936,000 (Exp. Greenblatt et al., 2004). Die beiden experimentell
untersuchten Str•omungen wurden zus•atzlich durch unterschiedliche Kontrollmecha-
nismen { station•are Einsaugung sowie durch abwechselnde Einsaugung/Ausblasung
hervorgerufene Oszillationen der separierenden Scherschicht { angeregt. Im Fall
der Stufenstr•omung wurden mehrere, in Form der Strouhal-Zahl ausgedr•uckte Fre-
quenzen der in die Stufengrenzschicht periodisch eingef•uhrten St•orung betrachtet.
Die zur maximalen Verk•urzung des Eckenwirbels f•uhrende Frequenz entsprach der
Strouhal-Zahl von 0.19. Wie erwartet, zeigten die im Rahmender RANS-Methode
eingesetzten statistischen Turbulenzmodelle eine schwache Emp�ndlichkeit gegen•uber
der Instationarit •at der Str•omung und verfehlten deutlich die experimentell ermit-
telten Ergebnisse. Im Gegensatz dazu gaben die LES und DES Berechnungen alle
wichtigen E�ekte der Beein
ussung der abzul•osenden Scherschicht wieder. Neben
einer sehr guten •Ubereinstimmung der numerischen und experimentellen Ergeb-
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nisse im Hinblick auf die zeitlich gemittelten Str•omungsfelder, zeigen Vergleiche
der phasen-gemittelten Daten ebenso ein hohes Ma� an•Ubereinstimmung. Die
Ergebnisse der LES und DES Berechnungen der Str•omung •uber einen in die Gren-
zschicht ohne•au�eren Druckgradienten positionierten, nicht-symmetrischen H•ugel
resultierten in einem hohen•Ubereinstimungsgrad mit experimentellen Ergebnissen,
trotz eines relativ groben Gitters (4 Mio. Gitterzellen) in Hinblick auf die be-
handelte Reynoldszahl (ca. 1 Mio.). Dies gilt sowohl f•ur die zeitlich- als auch
die phasen-gemittelten Ergebnisse. •Ahnlich wie bei der Stufenstr•omung schnit-
ten RANS-Modelle in keiner zufriedenstellenden•Ubereinstimmung mit Messungen
ab. Dies ist vor allem auf die Unf•ahigkeit der RANS-Methode zur•uckzuf•uhren,
die durch die hoch-frequenten Wirbelstrukturen hervorgerufene Instationarit•at der
separierenden Scherschicht und deren Wechselwirkung mit der Hauptstr•omung kor-
rekt aufzul•osen. Diese umfangreiche Studie bietet einen detaillierten Einblick in den
Stand der numerischen Aktivit•aten im Bereich der aktiven Kontrolle der Str•omungs-
abl•osung.
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f e perturbation frequency, � = 2 �f et
f � wall-damping function
f v1; f v2; f w auxiliary relations of the S-A model
g auxiliary relation of the S-A model
H; h height of channel, hill, step
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L integral length scale
l characteristic length scale
L x ; L y; L z computational box size inx; y and z direction
Ngrid number of grid points
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p̂ instantaneous pressure
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uctuating pressure (LES)
Re Reynolds number
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1 Introduction

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

There are di�erent ways of AFC; the most common are steady 
owsuction
and periodic 
ow perturbation at the natural separation point. 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 which makes bound-
ary layer more resistant to adverse pressure gradient and separation. Whereas steady
momentum injection (blowing) is not widely used mainly due to its ine�ciency, nu-
merous experimental studies of unsteady 
ow control show that periodic excitation,
i.e. an alternating zero-net-mass 
ux blowing/suction, can be more e�cient than
steady blowing and at least as e�ective as steady suction. Obvious advantage of
periodic forcing is lower energy consumption in comparisonto the other two meth-
ods. Oscillatory perturbation, if added into a separating turbulent boundary layer,
is expected to increase turbulence level in the separated shear layer; a higher level
of the shear stress implies a higher momentum transport across the shear layer and
consequently shortening of the recirculation bubble. However, the underlying 
ow
physics and di�erent mechanisms responsible for an e�cient
ow control are not
fully understood. One of the main questions which is to be answered is what are
the optimal control parameters such as suction rate or perturbation frequency and
momentum input? At present, there is no accepted theoretical model that can ade-
quately explain or describe the e�ects of these leading control parameters. Knowing
that experiments are time consuming and expensive, in many occasions not reliable
or even not feasible at all, numerical simulations are expected to be more extensively
used in near future, along with experiments, for design applications involving AFC.
Computational Fluid Dynamics (CFD) can be useful tool, if used knowledgeably,
for understanding and studying 
ow characteristics, in many cases providing quite
credible predictions for real-world applications.

Reynolds-averaged Navier-Stokes (RANS) approach is the most widely used
method for prediction of industrially relevant 
ows. The limitations of RANS tech-
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1 Introduction

nique are clearly recognized in many practical, complex 
ows such as the ones rele-
vant to AFC. RANS turbulence models are usually calibrated for simple 
ow regimes
(e.g. thin shear layers), but even the most advanced and complex RANS models
are unlikely to be capable of predicting a variety of practical 
ows like massively
separated 
ows. Direct Numerical Simulation (DNS) requires no modeling but re-
solving all space and time scales in practical 
ows (high Reynolds number 
ows) is
not feasible. Large-eddy simulation (LES) has been proven to be a powerful method
for prediction of the 
ows where RANS is de�cient, however, it is far from replacing
RANS as a daily design tool due to its prohibitive resolutionrequirements in the
near-wall regions. Alternative strategies, which combineLES and RANS (hybrid
LES{RANS) appear to be a compromise, which could eventuallyreplace RANS
in foreseeable future. Detached-eddy Simulation (DES) is the most known hybrid
LES{RANS method which seems to be very attractive and successful in predicting
massively separated 
ows. Recently, DES was proposed to exploit the advantages
of RANS in the near-wall regions ('attached' 
ow) and superiority of LES in the
separated regions ('detached' 
ow) [68, 48].

1.1 Objectives of the study

Though demonstrated experimentally, unsteady separation
ow control remains
a challenge for numerical simulation strategies. The main goal of the present work
is a computational study of the e�ects of boundary-layer forcing on the mean 
ow
and turbulence using various methods for turbulent 
ow computations, namely LES,
DES and RANS, aiming also at mutual comparison of their features and performance
in complex 
ow situations. The selected 
ow con�gurations involve the two recent
experimental studies pertinent to AFC: periodically perturbed backward-facing step

ow at a low Reynolds number (Yoshioka et al. [77, 78]) and high Reynolds number

ow over a wall-mounted hump (Greenblatt et al. [22, 23]). Steady and unsteady
RANS computations of these cases have been reported in literature, however, LES
and DES predictions are either scarce or not available as yet. If 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{RANS interface 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 described. Implementa-
tion of the turbulence models is veri�ed by computing a number of 
ow con�gura-
tions. Several turbulent separated 
ows with increasing complexity, both in terms
of geometry and 
ow physics, are scrutinized. LES and DES predictions for a plane
channel 
ow are discussed in the course of in
ow data generation for the subsequent
backward-facing step simulations. Predictions of the two selected test cases relevant

2



1.2 Thesis outline

to AFC applications are then presented. In particular, important issues in LES and
DES such as an in
uence of subgrid-scale (SGS) modeling, boundary conditions,
space and time resolution, are investigated. Computational details are discussed
along with thorough comparison of CFD results with the available experimental
data. Finally, concluding remarks and recommendations forfuture work are given.

3
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2 Literature Survey

Flow control research dates back to the discovery of the boundary layer by
Prandtl (1904), thereafter it has been extensively studiedand applied, although
primarily to military-related 
ow systems. Nowadays, the advantages of separation
control application are expected to improve performance ofvarious technologically
important systems involving 
uid 
ow such as air, land, and sea vehicles, turboma-
chines, di�users etc. In particular, 
ow separation control can lead to prospective
enhancements of airplane performance in landing and take-o� regimes. This chap-
ter presents recent developments in the �eld of AFC. In line with objectives of the
present work, an overview of selected experimental and numerical 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 performed 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 the reattachment length
occurred for a certain range of the perturbation frequencies.

An experimental study of the periodically perturbed separated 
ow over a
backward-facing step was conducted by Chun and Sung [11]. Excitations were intro-
duced to separated 
ow by means of a sinusoidally oscillating jet issuing from a thin
slit (1 mm wide) near the separation line. The Reynolds number based on the step
height varied from 13; 000 to 33; 000, 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 the separation edge enhanced
the shear-layer growth rate and produced a large roll-up vortex at the separation
edge. A large vortex in the shear layer gave rise to a higher rate of entrainment,
which led to a reduction in the reattachment length as compared to the unforced

ow. The most e�ective forcing frequency was found to be comparable to the shed-
ding frequency of the separated shear layer. Chun and Sung [12] studied e�ects of
the spanwise-varying local forcing on the same 
ow con�guration 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 case of two-dimensional
forcing.

Yoshioka et al. [76, 77, 78] performed an extensive study of periodically per-
turbed turbulent separated 
ow over a backward-facing stepat Re = 3; 700 based
on the step height, with the expansion ratio of 2 : 3. It was revealed that the large

5



2 Literature Survey

scale vortices were introduced into the shear layer by the periodic perturbation [76].
According to the investigation on the phase-averaged momentum transport in terms
of the phase-averaged Navier-Stokes Equation, momentum transfer across the shear
layer was enhanced by the introduced vortices. The measuredturbulent statistics
showed that there existed an optimum frequency for the promotion of the reattach-
ment [78]. When perturbed at the optimum frequency,St = 0:30 (Strouhal number
based on the centerline velocity and the step height), the reattachment length was
reduced by 30 %. The promotion of the 
ow reattachment in time-averaged 
ow
was well correlated with the increase in the production of Reynolds shear stress
[77]. The optimum-frequency perturbation increased Reynolds stress near the reat-
tachment region. The lower-frequency (St = 0:08) perturbation increased Reynolds
stress more then the optimum one but increase was observed downstream of the
reattachment region. The region where the higher-frequency (St = 0:30) pertur-
bation increased Reynolds stress was limited to the early stage of the recirculating
region. The authors concluded that the change in the mean velocity �eld due to the
organized 
uid motion altered the production rate of Reynolds stress, which was a
key e�ect of the perturbation on turbulent separated 
ow.

An interesting experimental study of turbulent backward-facing step 
ow un-
der two-frequency forcing was conducted by Jin et al. [32]. Flow Reynolds number
was Re=27,000 based on the step height. The reattachment length was found to be
signi�cantly dependent on the phase di�erence between the two 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 pertinent to low-Reynolds
number 
ows. The following experimental works deal with AFCapplications to
the high Reynolds number 
ow con�gurations relevant to aircraft aerodynamics.
Oscillatory blowing as a tool to delay boundary-layer separation was studied by
Seifert et al. [60, 62]. They carried out experiments on a hollow, 
apped NACA
0015 airfoil equipped with a two-dimensional slot over the hinge 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 that were superimposed
on a small amount of steady blowing. The enhancement of lift and concomitant
reduction in drag was achieved at all angles of incidence (upto 40� ) and Reynolds
numbers considered (105 < Rec < 106). Experiments performed on di�erent airfoils
revealed that oscillatory blowing could delay separation more e�ectively than the
steady blowing used traditionally for this purpose [62]. The 
ow was found to
be dependent on many parameters such as the location of the blowing slot, the
steady and oscillatory momentum coe�cients of the jet, the frequency of imposed
oscillations and the shape of the airfoil. Optimum gains in airfoil performance were
obtained at reduced frequencies, based on the 
ap cord (F + = fc f =U1 ), of an order
of unity.

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

Control of 
ow separation on an unconventional symmetric airfoil using syn-
thetic (zero-net-mass 
ux) jet actuators was investigatedby Amitay et al. [4]. The
experiments were conducted over a range of Reynolds numbersbetween 3:1 � 105

and 7:25� 105. When synthetic jet control was applied near the leading edge, up-
stream of the separation point, the separated 
ow reattached completely 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 control on a wall-
mounted hump at high Reynolds numbers (2:4 � 106 < Rec < 26 � 106) and a
Mach number of 0.25. The Reynolds number had a negligible e�ect on the 
ow and
its control. AFC using periodic excitation was found to be ofsimilar e�ectiveness
as steady suction and signi�cantly more e�ective than steady blowing. The e�ect
of sweep on active separation control was studied as well [66]. For the sweep an-
gles considered (0� and 30� ), it was found that the excitation had to be introduced
slightly upstream of the separation region regardless of the sweep angle, as in the
two-dimensional 
ow. The e�ectiveness of AFC was not reduced by mild sweep, and
the e�ective frequencies did not change.

Tuck and Soria [74] applied AFC to a NACA 0015 airfoil using zero-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, were identi�ed to be
F + = 0:7 orF + = 1:3. The airfoil stall angle was mitigated from� = 10� to � = 18� ,
resulting in a maximum lift coe�cient increase of 46 % above the uncontrolled lift
coe�cient.

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

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

2.2 Numerical Studies

Rhee and Sung [55] performed unsteady RANS simulation of locally forced
separated 
ow over a backward-facing step. A version of thek � � � f � model
was employed, in which the near-wall behavior without reference to distance and
non-equilibrium e�ects in the recirculation region were incorporated. The model
predictions were shown to be generally satisfactory compared to the experimental
data of Chun and Sung [11]. However, the fact that a numericalsimulation of an
unsteady 
ow with RANS approach is always questionable was shown in the nu-
merical study of Schatz and Thiele [59]. No satisfactory RANS 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 turbulent
ow over a rounded
step by means of large-eddy simulation. Three variable parameters were the fre-
quency, amplitude and position of the oscillating jet. The LES results of the turbu-
lent 
ow at Reh = 9; 100 revealed importance of properly chosen control parameters
which could lead to signi�cant reductions of the size of the recirculating 
ow region.
For su�ciently optimized control parameters, the back
ow r egion could not only be
reduced signi�cantly in size, it could even disappear entirely.

Dejoan et al. [15, 14] used LES and statistical turbulence models to investigate
the e�ects arising from the unsteady perturbation of a separated backward-facing
step 
ow. The LES and RANS computations were reported for theoptimum fre-
quency con�guration (Strouhal number of 0.2) examined experimentally by Yoshioka
et al. [77]. At a global level, the computations correctly predicted the substantial re-
duction in the size of the recirculation zone - around 30 % relative to the length in the
unperturbed 
ow. However, statistical models underestimated the shear stress en-
hancement in the separated shear layer. Comparisons reported in Jakirli�c et al. [30]
showed that RANS computations returned only a modest reduction in the length of
recirculation region. The unsteadiness and peak shear stress in the separated shear
layer could not be captured by statistical models.

RANS computations of the separated 
ow over a wall-mounted hump with
AFC were reported by Iaccarino et al. [27] and Spall et al. [70]. The results of
both the baseline and steady suction 
ow control cases were found 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 Workshop on Synthetic
Jets and Turbulent Separation Control [58]. It was discovered after the workshop
that the side plates used in the tunnel caused blockage that,if 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, however, reattachment location was
consistently overpredicted, regardless of turbulence model or method used. Inside
recirculation bubble, most computations predicted velocity pro�les in reasonably
good agreement with experimental data, but turbulent shearstresses were under-
predicted in magnitude.

Krishnan et al. [38] reported detached eddy simulation (DES) predictions of the
baseline and steady suction cases. While DES predictions ofthe baseline con�gu-
ration were encouraging, the disagreement with experimental measurements for the
steady suction case was signi�cant. Neither the pressure distribution nor the mean
streamwise velocity in the separated region were predictedto similar accuracy. The
relatively shallower separation as compared to the baseline con�guration was found
to pose a great challenge to hybrid LES{RANS methods. 2D unsteady RANS was
also used to predict the case with oscillatory suction/blowing. Overall poor predic-
tions were obtained providing impetus for further development and application of
hybrid LES{RANS simulation strategies such as DES.

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

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

3.1 Direct Numerical Simulation (DNS)

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

@̂ui

@xi
= 0 (3.1)

@̂ui

@t
+

@(ûi ûj )
@xj

= �
1
�

@̂p
@xi

+ �
@2ûi

@xj @xj
(3.2)

where the hat denotes the instantaneous value of velocity orpressure in the con-
tinuity (3.1) and momentum (3.2) equations. This type of direct solution of the
N-S equations is limited in its accuracy only by the numerical methods employed.
Resolving all the time and length scales of the motions contained in the 
ow re-
quires extremely high grid resolutions. In order to assure that all of the signi�cant
structures of the turbulence can be captured, the computational domain must be
at least as large as the largest turbulence eddy that is comparable to the geometry
scale of the problem (the integral scale,L), and must capture all of the kinetic en-
ergy dissipation that occurs on the smallest scale (the Kolmogorov scale,� ). The
relation between the integral and Kolmogorov scales can be expressed in terms of
the Reynolds number asL=� � Re3=4, so that the number of grid points required
for the three dimensional simulations isNgrid � Re9=4 [72]. It is well-known that
DNS is limited to the 
ows involving relatively simple geometries and low Reynolds
numbers. DNS remains a powerfull research tool that provides us with an extremely
detailed description of the 
ow �eld. Indeed, it is sometimes even more practical to
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accurately simulate the 
ow by means of DNS than to try to observe it in the ex-
periment. Obviously, DNS is of great value for theoretical investigations and model
testing.

3.2 Reynolds Averaged Navier-Stokes (RANS)

One can decompose instantaneous values of velocity and pressure�̂ into average
� and 
uctuating parts � 0:

ûi (x i ; t) = ui (x i ; t) + u0
i (x i ; t) (3.3)

p̂(x i ; t) = p(x i ; t) + p0(x i ; t) (3.4)

The time-averaging procedure results in the so-called Reynolds-averaged Navier-
Stokes (RANS) equations that read:

@ui
dxi

= 0 (3.5)
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dt

+
@(ui uj )

dxj
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@xi

+ �
@2ui
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@u0i u
0
j

@xj
(3.6)

Their form is similar to that without averaging except the last term in (3.6). The
term u0

i u
0
j is called Reynolds stress and it is responsible for momentumtransport

by the turbulence. It appears as a consequence of the time-averaging operation on
the N-S equations, which actually throw away all details concerning the instanta-
neous 
uctuations. The Reynold stresses represent the information lost and must
be closed before solving the RANS equations. For most engineering applications
it is unnecessary to resolve details of the turbulent 
uctuations, only the e�ects of
turbulence on the mean 
ow are required. It is for this reasonthat RANS is used as
a daily design tool. Currently, a variety of simpler (eddy viscosity models - EVM)
and more complex RANS models (Reynolds stress transport models - RSM) is avail-
able to the CFD users. These models are calibrated for speci�c classes 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 production-type codes
exist within various industries, which can provide cost-e�ective solutions in many
design applications. However, in numerous complex 
ow con�gurations RANS mod-
els have been applied with a limited success. One of the questions 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 Simulation (LES) is a com-
promise between RANS and DNS. The larger three-dimensionalunsteady structures
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are resolved (as in DNS) whereas the e�ects of the smaller scale motions are modeled
(as in RANS). In LES one �lters (space or volume average) the N-S equations; the
velocity �eld is decomposed into �ltered (or resolved) component u and residual (or
subgrid-scale, SGS) componentu0 :

ûi (x i ; t) = ui (x i ; t) + u0
i (x i ; t) (3.7)

the �ltered velocity being de�ned by:

u(x; t ) =
Z

G(r; x )û(x � r; t )dr (3.8)

Upon �ltering, the constant-density, incompressible N-S equations take the following
form:
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where the SGS stresses are given by:

� ij = ui uj � ui uj (3.11)

This appears analogous to the RANS decomposition but important di�erences are
that the �ltered variables are function of space and time, and that the �ltered
residual is not zero (u0(x; t ) 6= 0). In most �nite volume codes implicit �ltering
is employed, where the �lter volume is actually equal to the control volume. The
in
uence of smaller turbulent scales which can not be resolved by the computational
grid needs to be modeled. The task of SGS modeling is, fortunately, not as di�cult
as in the case of RANS due to relatively universal character of the �ner scales.
Consequently, even simple models employed on the proper numerical grids can ful�ll
the main task of a SGS model, which is providing a proper energy cascade from larger
to smaller scales.

Advantages of LES over conventional RANS are clearly recognizable if one is
to tackle complex 
ows with pronounced vortex shedding or special in
uences of
buoyancy, curvature, rotation or compression. Unlike RANS, LES gives access to
the dominant unsteady motion so that it can be used, for example, to study aero-
acoustics, or AFC by an appropriate unsteady forcing. Nowadays, the number of
successfull LES applications in more complex geometries isincreasing. However,
in handling wall-bounded 
ows, LES still remains limited to the low-to-moderate
Reynolds numbers. The grid density increases withRe0:4 and Re1:8 in regions away
from a solid wall, and in near-wall regions, respectively [25]. Due to its prohibitive
resolution requirements, both in space and time, it is di�cult to expect that LES
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will replace RANS as an industrial standard in the foreseeable future.

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 numerical task of solving the
LES equations is substantially the same as that of solving RANS equations. Hence,
the identical forms of equations for RANS and LES (noting di�erent meaning of
variables) make it convenient to combine both approaches into a hybrid LES{RANS
method. Various hybrid LES{RANS concepts that have been proposed recently can
be classi�ed as zonal or non-zonal techniques. A zonal approach implies that LES
and RANS regions of the 
ow are de�ned in advance, which is often di�cult to
carry out for unknown 
ow con�gurations. On the other side, anon-zonal approach
chooses (more or less) automatically the suitable simulation technique, thus avoiding
the prede�nition of RANS and LES regions of the 
ow. Depending on the numerical
grid, a gradual transition between both methods takes placewhich weakens the
problem of setting up an appropriate coupling strategy at the interface between
RANS and LES zones.

One of the most popular hybrid LES{RANS approaches is Detached-eddy Sim-
ulation (DES) proposed by Spalart et al. [68]. A DES technique is de�ned as a
three-dimensional unsteady numerical simulation using a single turbulence model,
which functions as a SGS model in regions where the grid density is �ne enough for
LES, and as a RANS model elsewhere. This is a non-zonal approach, the two regions
are not explicitly distinguished or coupled; there is a single velocity and model �eld.
DES was originally conceived for wings at very high angles ofattack and has been
successfully applied mainly to external aerodynamic 
ows.The idea was to exploit
the advantages of RANS in the near-wall regions ('attached'
ow) and superiority
of LES in the separated regions ('detached' 
ow).

Many hybrid LES{RANS methods are currently explored in attempt to solve
the problem of wall modeling in LES, and extend its applications to practical engi-
neering and aeronautical 
ows at high Reynolds numbers. A conjectured prospect on
utilization of the available computing power by di�erent computational approaches
was recently presented by Hanjali�c [25]. With the rapid development in computing
power, hybrid methods are expected to be used more frequently. Particularly, it is
realistic to expect that more advanced RANS models will be hybridized with LES
in near future.

Basic approaches to turbulence modeling were outlined without going into de-
tails regarding the speci�c turbulence models. Simulationstrategies and correspond-
ing turbulence models employed in this study will be described within the subsequent
chapter.
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Two di�erent in{house computer codes based on the �nite{volume method were
used in this work to solve numerically governing equations presented in the previ-
ous chapter. The main features of the codes are brie
y presented next, afterwards,
the turbulence models that were implemented in the codes aredescribed. Imple-
mentation of the models is veri�ed by computations of the speci�c test cases and
comparison of the results with the available reference computational data.

4.1 Computer Codes

FASTEST-3D (Flow Analysis Solving Transport Equations Simulating Turbu-
lence) is the code used to predict majority of the 
ow con�gurations investigated
in this study [17]. The code is based on a �nite{volume numerical method for
solving both three-dimensional �ltered and Reynolds-Averaged Navier-Stokes equa-
tions on block-structured, body-�tted, non-orthogonal meshes. Block interfaces are
treated in a conservative manner, consistent with the treatment of inner cell-faces.
A cell{centered (collocated) variable arrangement and Cartesian vector and tensor
components are used. The well-known SIMPLE algorithm is applied for coupling
the velocity and pressure �elds. The convective and di�usive transport of all vari-
ables is discretized by a second-order central di�erencingscheme, whose stability is
enhanced through the so-called deferred correction approach [18]. Time discretiza-
tion is accomplished by applying the 2nd order implicit Crank-Nicolson method.
FASTEST-3D is parallelized based on domain decomposition in space using the
MPI message passing library. Message Passing Interface (MPI) is currently the
most popular parallel programming model which has been accepted as a standard.
The user is expected to decompose computational domain intosubdomains with
preferably equal number of grid cells. This enables an e�cient parallel computation
on PC clusters which usually contain a number of processors with the same speed
and available memory.

Yet another code, FAN-3D (Flow Analysis Numerically), verysimilar to FASTE-
ST-3D but originally developed for RANS calculations, was used to compute some

ow con�gurations [53]. Unlike FASTEST-3D, it has not been designed for parallel
computations, furthermore, the boundary conditions available in the code are typ-
ical for RANS applications. Therefore, FAN-3D was mainly used in order to test
capability of a typical RANS code to predict some 
ows by LES method.
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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 model for the subgrid-
scale (SGS) stress tensor is needed. The very �rst and simplest SGS model was
proposed by Smagorinsky in 1964 and is still widely used. It is an eddy viscosity
based model, which relates the residual stresses,� sgs

ij , to the �ltered rate of strain,
Sij :

� sgs
ij = � 2� sgsSij (4.1)

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

� sgs = l2jSj = ( Cs�) 2jSj (4.2)

The characteristic length scalel is related to the �lter size � through the Smagorin-
sky coe�cient Cs and the velocity scale is given byl jSj, where:

jSj =
q

2Sij Sij (4.3)
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The �lter width is taken as the local grid size, i.e. � = (� x� y� z)
1
3 . Altough

theoretical values ofCs � 0:17 for homogeneous, isotropic turbulence can be found
in the literature [54], usually smaller values are applied in LES computations of
non-homogeneous and non-isotropic 
ows leading to improved results. Cs = 0:1
or even lower values,Cs = 0:065, are typically used for practical applications of
the Smagorinsky model. The disadvantage of the model is thatthe coe�cient Cs is
actually not constant but 
ow-dependent. Close to solid walls � sgs has to be reduced
to account for the anisotropy of the turbulence. Most often,a Van Driest damping
function known from statistical models is used:

f � = 1 � e
� y +

25 (4.5)

The Smagorinsky model is most widely used SGS model for its simplicity. Beside the
fact that the optimal values ofCs may vary with the type of 
ow, Reynolds number
or discretization scheme, the kind of damping to be applied is a 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 scales. Furthermore, it is not
appropriate for simulating transition since it yields positive 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 dynamic procedure which
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Figure 4.1:Schematics of the backward-facing step 
ow (left) and 2-D hill 
ow (right).

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

4.2.1.1 Veri�cation of the Smagorinsky Model Implementati on

The standard Smagorinsky SGS model is implemented in FAN-3Dcode and
tested on the unperturbed backward-facing step 
ow. The 
owcon�guration con-
sidered corresponds to the experiment of Yoshioka et al. [77], with the channel
expansion ratio of 3:2 as shown in Fig. 4.1-left. A description of the experiment
along with the computational details will be subject of the later chapters. Here, the
model implementation is veri�ed by comparing LES predictions of FAN-3D to the
reference results obtained by FASTEST-3D. It is important to note that the same
computational domain, numerical grid and unsteady inlet boundary conditions are
used in both computations. The codes employ virtually the same numerical method,
the only di�erence pertains to the outlet boundary conditions and boundary con-
ditions in the spanwise direction. Instead of periodic boundary condition, FAN-3D
employs symmetry plane in the spanwise direction, whereas zero gradient at the
outlet is applied instead of the convective out
ow commonlyused in LES computa-
tions. LES predictions of the mean streamwise velocities and Reynolds stresses are
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Figure 4.2:LES predictions of the backward-facing step 
ow; comparison 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; comparison 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 shown in 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 betweenthe two simulations is
almost excellent. A small di�erence in back
ow velocity canbe observed atx = 6H
(Fig. 4.2-left), whereas minor discrepancies in turbulentstresses are visible at the
last two stations. In
uence of the exit boundary condition is not expected to be
signi�cant for the exit plane is placed 30 step heights (H ) downstream of the step.
Hence, these small discrepancies could be associated with di�erent boundary con-
ditions in the spanwise direction (spanwise computationalbox size wasL z = �H ).
Evidently, though a typical RANS code, FAN-3D is successfully applied to pre-
dict the 
ow over a backward-facing step by means of LES employing the standard
Smagorinsky model. At least for this 
ow at the Reynolds number Re = 3; 700,
based on the step height and centerline velocity upstream ofthe 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 model designed
speci�cally for aerospace applications involving wall-bounded 
ows [67]. It is usually
used with �ne mesh as a low Reynolds number model but it is su�ciently robust for
relatively crude simulations on coarse meshes as well. It solves a transport equation
for the variable ~� which is dependent on the turbulent viscosity. The model is derived
based on empiricism and arguments of Galilean invariance, dimensional analysis and
dependence on molecular viscosity. It includes a wall destruction 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 present investigations
and are therefore not included in the model. The transport equation for the working
variable ~� is written as:
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The auxiliary relations are functions of ~� and velocity gradients:
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� 3 + c3
v1

; ; � =
~�
�

(4.7)

~S = S +
~�

� 2d2
f v2; f v2 = 1 �

�
1 + �f v1

(4.8)

f w =
�

1 + c6
w3

g6 + c6
w3

� 1=6

; g = r + cw2(r 6 � r ); r =
~�

~S� 2d2
(4.9)

whereS 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:cb1 = 0:135 ,
� = 2=3, cb2 = 0:622, � = 0:41, cw1 = cb1=� 2 + (1 + cb2)=� , cw2 = 0:3 , cw3 = 2
and cv1 = 7:1. The S{A model has been calibrated on 2-D mixing layers, wakes
and 
at-plate boundary layers. It yields very good predictions of boundary layers
in pressure gradients.

4.2.2.1 Veri�cation 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 periodic constrictions. Both

ow con�gurations served as test cases at the 9th ERCOFTAC workshop on re�ned
turbulence modeling [30].
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Figure 4.4:Turbulent viscosity distributions for the backward-facin g step 
ow obtained by
FASTEST-3D and FAN-3D employing the S{A model.

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

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

The next case to be considered is separated 
ow in a channel with streamwise
periodic constrictions. The popular 2-D hill 
ow was one of the test cases at both
the 9th and 10th ERCOFTAC workshops [30, 41]. Flow separates in a channel con-
stricted by periodically distributed hill-shaped protrusions on one wall that obstruct
the channel by 33% of its height and are arranged 9 hill heights apart (Fig. 4.1-
right). The Reynolds number based on the hill height and the bulk velocity above
the crest is 10,595. The length of computational domain is 18hill heights (H )and
the conditions at the inlet are taken from the reference LES solution of Leschziner
et al. [30, 41]. Rumsey (NASA) has performed computations ofthe same hill

ow con�guration using the S{A model. Description of the code employed and
speci�cs of the computations can be found in the authors contribution to the 10th

ERCOFTAC workshop [41]. As compared to FASTEST-3D and the corresponding
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. 4.6 and 4.7 display
velocity and Reynolds shear stress predictions of these twoindependent computa-
tions. Almost excellent agreement between the velocity andturbulence pro�les is
encouraging. Deviations in the normal velocity component at the �rst two stations
arise from di�erent applications of the model, i.e. di�erences in computational grid

20



4.2 Turbulence Models

 0

 0.5

 1

 1.5

 2

 2.5

 3

0.0 0.0 0.0 0.0 0.0 0.5 1.0

y/
H

u/Ub

x/H=0.5 2 4 6 8

FASTEST-3D
NASA

 0

 0.5

 1

 1.5

 2

 2.5

 3

0.0 0.0 0.0 0.0 0.0 0.1 0.2

y/
H

v/Ub

x/H=0.5 2 4 6 8

Figure 4.6:Axial (left) and normal (right) velocity pro�les for the 2-D hill 
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the computations of Rumsey (NASA, Langley) [57]
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Figure 4.7:Reynolds shear stress distributions for the 2-D hill 
ow; comparison with the com-
putations of Rumsey (NASA, Langley) [57]

and numerical method. The foregoing comparison of the predictions of the two 
ows
featuring separation demonstrates reproducibility of theresults, 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 in
uence of the
smallest, unresolved scales on the resolved ones in the framework of the detached-
eddy simulation (DES) computational scheme [68]. It is recalled that the S{A
RANS model determines the modi�ed turbulent viscosity (~� ) from the corresponding
transport equation, whose destruction term (� cw1f w

~�
d2 ) is modelled in terms of the

distance to the nearest wall. The DES formulation is obtained by replacing the wall
distance by ~d, which is de�ned as:

~d = min (d; CDES � DES ) (4.10)

21



4 Numerical Method

where a somewhat modi�ed length scale ('a DES �lter') valid in the 'LES part' of
the 
ow �eld is introduced as � DES = max(� x� y� z). This modi�cation of the
destruction term in Eq. (4.6) tunes the model to function in aRANS mode in near-
wall regions ('attached' boundary layers), whereas away from the walls, in 'detached'
regions of the 
ow, the closure reduces to a (one-equation) Smagorinsky-like model
for the SGS eddy viscosity. The original value of the corresponding model constant
CDES = 0:65 is used in the present work.

Motivated by the excessive LES cost in boundary layers and poor RANS ac-
curacy after separation, DES has been conceived to tackle separated 
ows at high
Reynolds numbers. It is the most widely used hybrid LES{RANSmethod with
increasing number of successful applications, particularly in complex vortical and
massively separated 
ows. However, the issues of grid design and 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 of2-D hill 
ow
is performed. Results can then be compared to the computational data of Breuer
(LSTM Erlangen) who obtained DES predictions for the same 
ow con�guration
with the curvilinear �nite-volume LESOCC code [75]. Since the same computa-
tional grid and boundary conditions are used in both simulations, it is not only
possible to verify model implementation but also to investigate code dependence.
Figs 4.8 to 4.10 compare DES predictions of the hill 
ow con�guration obtained by
FASTEST-3D and LESOCC. The pro�les of mean streamwise and normal veloci-
ties show excellent agreement. The same holds for Reynolds stress and turbulence
kinetic energy distributions noting that minor deviationsmay have resulted due to
di�erences in numerical methods applied and integration times used to obtain the

ow statistics.
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Figure 4.8:Mean streamwise (left) and normal (right) velocity pro�les for the 2-D hill 
ow;
comparison with the DES results of Breuer (LSTM Erlangen) [8]

22



4.2 Turbulence Models

 0

 0.5

 1

 1.5

 2

 2.5

 3

0. 0. 0. 0. 0. 0.04

y/
H

u'u'/Ub
2

x/H=0.5 2 4 6 8

 0

 0.5

 1

 1.5

 2

 2.5

 3

0. 0. 0. 0. 0. 0.02

y/
H

v'v'/Ub
2

x/H=0.5 2 4 6 8

Figure 4.9:Normal Reynolds stress u'u' (left) and v'v' (right) pro�les for the 2-D hill 
ow;
comparison with the DES results of Breuer (LSTM Erlangen) [8]
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Figure 4.10:Reynolds shear stress (left) and turbulent kinetic energy (right) 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 two di�erent com-
putational frameworks; RANS vs. DES. Breuer [8] has recently reported a highly
resolved LES (13:6� 106 grid cells) of the periodic hill 
ow, which is here used as a ref-
erence. DES of the hill 
ow is performed employing 960,000 grid cells (160� 100� 60),
the size of computational domain being 9H � 3:035H � 4:5H . Periodic boundary
conditions are imposed in the streamwise and spanwise directions. At the walls the
no-slip boundary condition is applied for the velocity and the modi�ed turbulent
viscosity ~� is set to zero. Streamwise pressure gradient is imposed and adjusted in
time to provide a target mass 
ow rate corresponding to the 
ow Reynolds number
of 10,595. Evaluation of DES for predicting the 
ow over periodic hills will be pre-
sented in the next chapter. Without going into further computational details, DES
predictions are here compared to the reference LES, and 2D-RANS results already
presented in section 4.2.2.1.

Mean streamwise and normal velocity pro�les are displayed in Fig. 4.11. Un-
like RANS, which returns velocity distributions satisfactorily only at the �rst two
stations, DES predictions are in very close agreement with the reference LES data,
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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. Unsteadiness of the large
scales in the separated shear layer is captured by DES as shown in 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 crucial for capturing the
reattachment location. However, DES overpredicts the 
ow reattachment at 5:12H
as compared to the reference value of 4:69H (LES). This could be explained by
inadequate resolution in the shear layer just after separation, which is responsible
for underprediction of the shear stress peak at the �rst station (x = 0:5H ).
Flow structures can be discerned in Fig. 4.13 which displaysa three-dimensional iso-
surface plot of the instantaneous pressure 
uctuationp0. Organized vortical activity
in the hill 
ow can be observed, consistent with LES treatment of the largest por-
tion of the computational domain. Near-wall region of the 
ow treated by RANS
includes 7-9 cells in the wall-normal direction at the lowerwall, and 4-5 cells at
the upper wall. This 
ow con�guration features separation from a curved surface
with the strong spatial and temporal 
uctuation of the separation line. Hence, it
is possible to distinguish attached boundary layer and separated 
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 p0.

in the time-averaged sense. Such an internally separated 
ow may 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. Leschziner [41] observed
that in LES even slight changes in the time-averaged location of the separation line
result in substantial changes in the reattachment behavior(the ratio being around
1:7). The RANS solutions indicate this sensitivity as well,albeit less distinctly.
Nevertheless, knowing that generally all RANS models perform 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 reference parallel computa-
tion (LES employing 13:6 � 106 grid cells) DES is performed on a 14 times coarser
grid using a single PC. Recall that the S{A RANS model captures boundary layer
separation closely (0:18H , reference value being 0:19H ) but fails to predict the 
ow
reattachment at all. On the other hand, DES predicts recirculation bubble and main

ow quantities close to the reference LES results. It is shown, for the considered hill

ow con�guration, that DES can produce results comparable to the ones obtained
by LES, but employing substantially coarser space and time resolution.

Implementation of turbulence models used in the framework of LES, RANS
and DES was veri�ed by computing the two geometrically simple, but complex 
ow
con�gurations involving separation from a �xed point (backward-facing step) and
separation from a curved surface (periodic hill 
ow). The 
ows feature separation,
recirculation, reattachment, recovery and strong acceleration within the statistically
homogeneous spanwise domain. Close agreement between the results obtained by
the independent simulations is encouraging indicating a high level of �delity of the
predictions obtained by the codes. Finally, FASTEST-3D andFAN-3D codes were
validated by applying DES and LES to the turbulent separated
ows.
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5 Prediction of Separated Flows

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

ow control.

5.1 Separated Flow over a Backward-facing Step

Due to its geometrical simplicity, separated 
ow over a backward-facing step
is most often selected as a starting benchmark for testing turbulence models. Sep-
aration point is �xed by the geometry, yet this 
ow is quite complex featuring
di�erent 
ow regimes (boundary layers, separated shear layer, 
ow reattachment
and recovery) in the presence of a strong adverse pressure gradient. The simulated

ow con�guration corresponds to already mentioned experiment conducted by Yosh-
ioka et al. [76, 77, 78]. Some details and description of the experimentally studied
backward-facing step 
ow will be presented later in the following chapter. Accord-
ingly, the computational method along with features of the performed simulations
will be discussed thoroughly.

Two dimensional, steady RANS computations considered in the comparison
that follows were performed using the one-equation model bySpalart and Allmaras
(S-A, [67]) and k � ! SST model due to Menter [45]), the two most popular sta-
tistical turbulence models in aerodynamics, both allowingintegration to the wall.
Additional results are available from the 9th ERCOFTAC workshop [30], where this
experimental con�guration served as one of the test cases. The aforementioned
RANS results are representative of the predictions obtained by 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 computationalmeshes which
are demonstrably adequate to provide essentially grid-independent solutions. Details
about the k � ! SST computations can be found in the Queutey (Ecole Centralede
Nantes - ECN) contribution to the 9th ERCOFTAC workshop on re�ned turbulence
modeling [30]. The unsteady computations are summarized inTable 5.1 showing
the main parameters of the performed large-eddy and detached-eddy simulations of
a backward-facing step 
ow. The computational domain adopted behind the step
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Table 5.1:Backward-facing step computations (unperturbed 
ow)

Run
L z

H
� tUc

H
� x+ � y+ � z+

min
max

min
max

LES � 220� 82� 32 � 0:047
14
107

0:14
37:7

18:5

DES � 142� 82� 16 � 0:047
25
115

0:14
37:7

37

Figure 5.1:Separated 
ow over a backward-facing step. Computational domain and grid around
the step.

(L x � L y � L z = 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 separate LES of a fully
developed channel 
ow) were imposed just upstream of the step at L i = � 0:5H .

Mean velocity and turbulence pro�les are compared in Figs. 5.2 and 5.4. The
predicted reattachment points lie aroundx=H = 7 being considerably larger than
the measured valueX R=H = 6:0 (this value represents a corrected value, Obi [52]);
the originally reported value corresponds toX R=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 (3H ) and its spanwise dimension,
which was only 1 : 4. This is regarded as too short for providing a 2-D 
ow in the
mid-span plane. Hence, the side walls might have contaminated the experimental
results. For example, Kasagi and Matsunaga [35] performed experiment at a compa-
rable Reynolds number (ReH = 5; 540) for the same expansion ratio. However, the
above-mentioned aspect ratio was 1 : 6:7 and, consequently, the reattachment length
was substantially larger (X R=H = 6:51). In favor of the computational results ob-
tained here is the LES of the same case performed by Dejoan andLeschziner [15]
who reported the reattachment length ofX R=H = 7:0. Discrepancies in the back-
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Figure 5.2:LES and DES vs. statistical models of turbulence: streamwise 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 stress at di�erent stream-
wise locationsx=X R0 (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 bysomewhat di�erent
representation of the results. For instance, comparison ofvelocity pro�les at the
selected streamwise locations normalized by corresponding reattachment length (in-
stead of step height) shows very good agreement between LES and experiment in
the region of 
ow reversal (see Fig. 5.3-left). Shear stresspro�les displayed in Fig
5.2-right agree reasonably well with the experimental dataregardless of the method
applied. If the same pro�les obtained by LES are compared at normalized positions
x=XR0, almost excellent agreement with the experiment data is evident (Fig 5.3-
right). Reynolds stresses obtained by LES and DES exhibit closer agreement with
the measurements as compared to thek � ! SST RANS model as shown in Fig 5.4,
clearly demonstrating capability of LES and DES to resolve stress anisotropy.

In summary, all computations of the baseline backward-facing step 
ow return
an excessive reattachment. Due to possible problem of 3-D contamination in the
experiment, it is not possible to reliably judge performance of the methods applied.
Despite the 
ow complexity, a reasonable representation ofthe 
ow can be obtained
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Figure 5.4:Normal stresses (streamwise and wall-normal components) predicted by LES, DES
and k � ! SST RANS model (unperturbed 
ow over a backward-facing step)

Figure 5.5: Iso-surfaces of vorticity colored by pressure obtained by LES of the unperturbed 
ow
over a backward-facing step)

by RANS approach due to the fact that detachment of the 
ow is entirely deter-
mined by geometry. However, predictions of the stresses indicate that only unsteady
calculations, i.e. LES and DES, can resolve the dynamics of the 
ow which is highly
dominated by large-scale vortices. Flow topology is represented in Fig 5.5 which
shows iso-surfaces of the vorticity magnitude colored by pressure coe�cient. The
separated shear layer, which is initially very thin and highly strained, reattaches
and strongly interacts with the wall. Tendency of the 
ow to reorientate a spanwise
vorticity �eld into streamwise vorticity can be observed. It is expected that the
same con�guration subjected to 
ow control will be more challenging since external
forcing gives rise to modi�cations of coherent structures and 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 attack) at a high Reynolds
number of Rec = 9:36 � 105 (based on the free-stream velocityU1 = 34:6 m=s
and the chord lengthc = 0:42 m), situated in a plane channel (height 0:909c) was
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experimentally examined at the NASA Langley Research Center (Greenblatt et al.
[22, 23]) for the purpose of the CFDVAL workshop on computational methods and
turbulence models validation (Rumsey et al. [58]). The sametest case was studied
at the 11th ERCOFTAC workshop on re�ned turbulence modeling (Johansson and
Davidson [33]). Detailed description of the experimental measurements and 
ow
control cases will be presented in the next chapter. Herein,CFD predictions of the
baseline 
ow con�guration will be evaluated. Unlike backward-facing step 
ow, the

ow over a wall-mounted hump is characterized by much more complex separation
which now occurs from a smooth surface. A blow-up of the computational grid
with the geometry of the hump model are displayed in Fig 5.6. The approaching
boundary layer accelerates as it is subjected to a strong favorable pressure gradient
over the hump fore-body. The 
ow separates in the region of strong convex curvature
at x/c � 0.67, separation bubble is formed over the concave ramp of the hump, and
reattachment occurs just downstream of the trailing edge atx/c � 1.1. Time-
averaged streamlines obtained by LES (see Fig 5.7) illustrate the baseline 
ow �eld
in the region of separation.

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

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

The solution domain for the hump geometry (dimensions: 6:14C � 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 spanwise dimension (0:2C),
was meshed by approximately 1.7 Mio. (426� 145� 28) grid cells. RANS computa-
tions have not shown signi�cant di�erence in solutions obtained if the computational
domain was extended further upstream (6:39C) as in the experiment. Furthermore,
it has been demonstrated experimentally that the 
ow is insensitive to the upstream
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boundary conditions. Therefore, in all LES and DES computations available steady
pro�les (the mean experimental velocity pro�les) were imposed at the inlet plane
placed at 2:14C upstream of the hump leading edge. The focus region, just down-
stream of the slot including the region around reattachment, was 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 the spanwise direction
was �ner providing � z+ = 50.

Comparison that follows includes 2D-RANS results obtainedon 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 examined 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 model
developed by Hanjali�c and Jakirli�c (HJ RSM [24]) employing the homogeneous part
of the total viscous dissipation rate as a scale-supplying variable (Jakirli�c and Han-
jali�c [29]) and its high-Reynolds number asymptote due to Gibson and Launder (GL
RSM [21]). The Reynolds-stress model computations requiremore elaborated pro-
�les of all turbulence quantities including dissipation rate of the turbulent kinetic
energy at the inlet cross-section (note that only the pro�les of mean velocity and
streamwise stress component are available from the reference experiment). For this
purpose, the in
ow data were generated by carrying out a separate computation of
the zero-pressure gradient (ZPG) boundary layer with the same free-stream velocity
U1 = 34:6 m=s, using the near-wall second-moment closure model by Hanjali�c and
Jakirli�c (HJ low-Re SMC). Finally, in all RANS computation s the generated in-

ow velocity and turbulence pro�les were imposed at the inlet plane of the solution
domain. RANS predictions of streamwise velocity are compared in Fig. 5.8 with
the measurements at eight positions:x=c = 0:65; 0:66; 0:8; 0:9; 1:0; 1:1; 1:2 and 1:3
During the initial phase of 
ow reversal up to x=c = 0:8 (about 90% of the entire
geometry expansion occurs up to this length) a strong adverse-pressure gradient
dominates the 
ow. This fact is responsible for the good agreement 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 prediction of the shear stresses shown
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Figure 5.9:Shear stress pro�les

Table 5.2:Separation and reattachment locations

(x=c)S (x=c)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

in Fig. 5.9. Further downstream atx=c = 1:1 the shear-stress gradient overweighs
signi�cantly the mean pressure gradient in the momentum equation. A fairly weak
gradient of the shear stress components at this location, asa consequence of a gen-
erally low shear-stress level in the shear layer being aligned with the mean dividing
streamline, causes a longer recirculation region. The latter is a typical outcome of
the RANS method, with a fairly weak dependence on the modeling level adopted.
All models capture separation point correctly but the reattachment location is over-
predicted downstream of the experimental value ofx=c = 1:1 as summarized in
Table 5.2. As far as these gross 
ow parameters are concerned, it is interesting to
note exceptionally good performance of bothk� " models. This happens to be fortu-
itous, presumably due to the correct level of the wall-normal stress as shown in Fig.
5.10, which appears to in
uence the 
ow reattachment signi�cantly. However, down-
stream of the reattachment RANS underpredicts the level of turbulence resulting in
too slow recovery. By closer inspection of Figs. 5.10 and 5.11, one can see that
stress anisotropy is reproduced only to a certain extent by the Reynolds stress trans-
port models. Still, the level of turbulence is insu�cient, all 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 layer.Unlike 2D-RANS, LES
and DES return much better 
ow representation and close agreement with the ex-
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Figure 5.10:Wall-normal stress pro�les
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Figure 5.11:Streamwise stress pro�les

perimental data. Streamwise velocity pro�les obtained by LES and DES are plotted
in Fig 5.12 showing that separation and reattachment, but also 
ow representation
within the recirculating region, are captured correctly. It is interesting to see that
DES predictions are even better than the ones obtained by theconventional LES
(see also the shear stress pro�les in Fig. 5.13). Feasibility of the DES as a hybrid
LES{RANS approach (designed to operate as the RANS method within attached
boundary layers and the LES method in detached, separated regions of the 
ow) is
further expressed through the fact, that these results wereobtained using a coarser
grid (1.7 Mio. in total vs. 4 Mio. for LES). The Reynolds shearstress evolution
presented in Fig. 5.13 demonstrates how crucial it is to capture the level of turbu-
lence in separated shear layers with respect to the mean 
ow features downstream,
especially to the reattachment location. The correct LES and DES predictions of
the shear stress in the region aligned with the mean dividingstreamline lead to the
accurate reattachment length. Noteworthy is a close agreement of the wall-normal
stresses with the reference data as demonstrated in Fig 5.14. Finally, due to the
correct turbulence level in the near-wall region, LES and DES yield an excellent
representation of 
ow recovery downstream of the reattachment.
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Figure 5.13:Shear stress pro�les
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Figure 5.15:Iso-surfaces of vorticity colored by pressure obtained by DES 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�cant in
uence on the

ow separation, which is proven by broadly correct separation obtained by RANS
models, the only way to predict the 
ow characteristics downstream is to resolve
large-scale structures which are dominant in this region ofthe 
ow. The three-
dimensional instantaneous 
ow structures are elucidated in Fig 5.15 showing iso-
surface of vorticity colored by pressure obtained by DES of the baseline hump 
ow.
The DES treatment of the separated region results in clearlyvisible resolved vortical
structures. Strong interaction between the separated shear layer and the wall around
reattachment and further downstream can be observed. Impingement of the sepa-
rated 
ow onto the wall gives rise to a highly anisotropic turbulence as presented by
Reynolds stress components in Fig 5.16. At the same time, thespanwise stress level
is comparable to the streamwise one, especially in the region of 
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 baseline 
ow con�guration is
characterized by unsteady separation governed by large-scale unsteadiness (highly
intermittent separation and reattachment regions, highlyunsteady separated shear
layer), all the features being beyond the reach of the inherently steady RANS ap-
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proach. Hence, one can expect that the same 
ow subjected to 
ow 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, massively separated

ow in a channel with streamwise periodic constrictions. Compared to the previous
two cases, the in
uence of the geometry on separation process from a curved surface
is minor. Consequently, the 
ow is very complex with the sensitive dependence of
the mean reattachment position on that of separation, posing a great challenge for
simulation strategies. An important aspect of the work on this 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 numerical methods and imple-
mentations. The 
ow over a periodic arrangement of smoothlycontoured hills [44]
has been extensively studied over the past few years [19, 8, 30, 41, 6, 28, 7]. Recently,
this 
ow con�guration at Reb = 10; 595 was selected as a common test case within
the French-German research group on 'Large-Eddy Simulation of Complex Flows'.
Originally based on the experiments of Almeida et al. [3], the numerical bench-
mark case had been modi�ed to be more suitable for numerical simulations [44].
An experiment corresponding to this new setup is presently designed at the Univer-
sity of Technology Munich in order to provide future experimental reference data.
New computational reference solutions have been already obtained by the French-
German research group [8, 7]. These include highly resolvedLES at Reb = 10; 595
using 13� 106 grid cells and DNS atReb = 2; 800 and 5; 600.
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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 case for statistical
turbulence models. A distinct 'splatting' of eddies on the windward side of the
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Figure 5.18:Comparison of the RANS results obtained by various turbulence models (the stan-
dard k � " model, the two-layer k � " model due to Rodi at al. (k � " TLV [56]) and
Gibson and Launder Reynolds stress model (GL RSM [21]): a) mean streamvise
velocity, b) Reynolds shear stress u'v'.

hill, which was recently identi�ed by Fr•ohlich et al. [19], represents a structural
feature re
ected by generation of strong spanwise 
uctuations, which is unlikely to
be accounted for by any RANS model. Fig. 5.17 shows DES capturing the strong
spanwise 
uctuations in the regions of 
ow reattachment andstrong acceleration
along the windward slope of the hill. Poor predictions of mean 
ow and turbulence
are obtained by RANS as illustrated in Fig. 5.18. In various workshops [30, 41],
RANS methods failed to predict the reattachment accuratelyand exhibited a great
sensitivity to the individual turbulence closure model. This failure is commonly
attributed to the inability of RANS to capture the large-scale dynamics in the sep-
arated shear layer. This large-scale motion dominates the momentum exchange and
thus determines how quickly the separated 
ow reattaches. On the other hand, LES
is designed to capture these 
ow structures, but predictions of wall-bounded 
ows
(without wall functions) are limited to moderate Reynolds numbers due to extremely
high resolution requirements in the near-wall region. Various hybrid LES{RANS
strategies were proposed to alleviate this dilemma, DES being the most popular
one. If performed on a suitable grid, DES is typically expected 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, serious deterioration of the
predictions occur if the LES{RANS interface resides eithertoo far from or too close
to the wall. Noting that the S-A model has been tuned for external aerodynamic

ows at high Reynolds number, it is interesting to examine DES performance in a
complex wall-bounded 
ow such as the periodic hill con�guration. DES has been
designed relying on the capability of a RANS model to predictboundary layer 
ows,
and on the superiority of LES in separated 
ow regions. The hill 
ow poses yet an-
other challenge for DES: strong spatial and temporal 
uctuations of the separation
line.

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

for computations on present day personal computers. In order to ensure indepen-
dence of the �ndings from numerical methods and particular implementations, sev-
eral independent research groups computed the same 
ow by DES using di�erent

ow solvers, but employing the same standard grid (Nx � Ny � Nz = 160� 100� 60)
depicted in Fig. 5.20. As reference data serve results from ahighly resolved LES
obtained with roughly 13 million cells [7]. The performanceof the DES is further
evaluated by comparison of its results to those computed on the same grid using
LES with the standard and the dynamic Smagorinsky models andan alternative
hybrid LES{RANS proposed by Breuer and Ja�r�ezic [6] and Ja�r�ezic et al. [28].
In addition, LES data employing an immersed boundary technique on Cartesian
meshes are included. Finally, the impact of resolution and,therefore, the location
of the LES{RANS interface is studied.

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

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 boundary for the standard
grid.

of the computational domain areL x = 9:0h, L y = 3:035h and L z = 4:5h. The
choice of the spanwise extent is based on the investigationsby Mellen et al. [44].
The 
ow is assumed to be periodic in the streamwise and spanwise directions, with
a no-slip boundary condition applied at both walls. The 
ow rate is imposed by
a spatially constant pressure-forcing term which is adjusted in time to yield the
target mass 
ow rate. The standard grid used in most of the simulations consists of
160� 100� 60 cells providing a near-wall resolution in wall units of �x+ ; � z+ < 35
in the streamwise and spanwise directions, respectively (see Fig. 5.21). The values of
� y1

+ in the near-wall cells do not exceed 1 for most of the computational domain, i.e.
for x=h = 0 � 8. The exception is the windward side of the hill, where the resolution
decreases. Nevertheless, compared to the values of �y1

+ = O(1), � x+ = O(50) and
� z+ = O(20), typically recommended for wall-resolved LES, the grid is still deemed
to be adequate, although signi�cantly coarser than the gridused in the reference LES
(1 vs. 13 million grid cells). This is mainly due to a larger cell size in the spanwise
direction that is intentionally chosen such that the RANS region in the framework of
DES covers the �rst 7-9 cells and 4-5 cells in the wall-normaldirection at the lower
and upper walls, respectively. In some computations even coarser grids are used,
being obtained simply by decreasing either spanwise or streamwise resolution, while
maintaining the original wall-normal cell distribution and uniformity of the cell size
in the spanwise direction. These additional simulations with coarser resolutions in
the wall-parallel directions are conducted in order to assess the in
uence of the LES{
RANS interface position on the DES performance. Five computer codes, namely
LESOCC [9, 10], LESOCC2 [26], ISIS [16], FASTEST [17] and MGLET [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 �nite-volume methods with
collocated arrangement of the Cartesian velocity components. MGLET employs an
immersed boundary method on a Cartesian grid. For this grid,221� 173� 106 (4.1
million) cells are used. With this number, the high wall-normal resolution achieved
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Table 5.3:Summary of the computations (SJ: �Sari�c & Jakirli�c, code FASTEST; BJ: Breuer &
Ja�r�ezic, code LESOCC, OE-One-Equation model for the turb ulent kinetic energy k;
DC: Deng & Chikhaoui, code ISIS; TF: von Terzi & Fr •ohlich, code LESOCC2; PM:
Peller & Manhart, code MGLET); ta : averaging time, tx : 
ow-through time, ( �)s :
separation point, (�)r : reattachment point.

Case Grid Model � tUb=h ta=tx (x=h)s (x=h)r
LES-ref 281� 222� 200 DSM 0:0018 141 0:190 4:694
DES-SJ 160� 100� 60 SA 0:0105 31 0:214 5:123
DES1-SJ 160� 100� 45 SA 0:0105 30 0:214 5:012
DES2-SJ 160� 100� 30 SA 0:0105 28 0:214 4:792
LES-SJ 160� 100� 30 SM 0:0105 28 0:182 4:902
LES1-BJ 160� 100� 60 SM 0:004 69 0:214 4:576
LES2-BJ 160� 100� 60 DSM 0:004 71 0:247 4:262
DES-BJ 160� 100� 60 SA 0:004 67 0:182 5:235
HYB-BJ 160 � 100� 60 OE 0:004 65 0:279 4:792
DES-DC 160� 100� 60 SA 0:007 200 0:187 5:013
DES1-DC 80� 100� 60 SA 0:007 90 0:214 4:957
DES-TF 160 � 100� 60 SA 0:008 93 0:182 5:123
LES-IB-PM 221 � 173� 106 DSM 0:004 80 0:270 4:270

by the curvilinear grid for the other codes could not be reached. At the point
of maximum wall shear stress, the wall-adjacent cell size is� x+ � 11, � y+ � 8
and � z+ � 56 leading to a maximum wall-normal distance of about 10 wallunits.
In all codes, second-order central di�erences are used to discretize convective and
di�usive terms. An exception concerns the simulations performed with the ISIS
code for which the Gamma Di�erencing Scheme (GDS) is appliedfor the transport
equation for ~� , giving a behavior similar to the �rst-order upwind scheme [31]. 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 periodic hill 
ow, focused
on DES as the arguably most popular and widely used hybrid LES{RANS method.
Another hybrid LES{RANS technique proposed by Breuer et al.[6] is tested for
comparison. This method employs a one-equation (OE) model based on the trans-
port equation for the turbulent kinetic energy which governs the modeled turbulent
kinetic energykmod in RANS mode and the subgrid scale turbulent kinetic energy
ksgs in LES mode. More details about the method and switching criteria de�ning
the LES{RANS interface can be found in [6, 28]. A summary of the simulations
performed is given in Table 5.3 displaying the notation usedhenceforth, the main
parameters and information pertinent to the computations,and the location of sep-
aration and reattachment points. At this point, one should note that the LES-ref,
LES2-BJ and LES-IB-PM computations use the dynamic SM, whereas LES1-BJ
and LES-SJ employ the standard Smagorinsky model with the constant Cs = 0:1
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Figure 5.22:Comparison of predicted separation and reattachment locations.

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

In the following subsections, the performance of DES will beassessed. The
Reynolds number of 10,595 is not as high as desirable for testing an hybrid LES{
RANS method, but an analysis can only be undertaken relying on highly resolved
LES reference data [8, 7] which are not available at higher Reynolds numbers. An
important issue for the successful computation of this 
ow is to accurately capture
the separation point [19]. This is achieved by all applied methods 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 reattachment locations
are observed; the majority of the computations predict a delayed reattachment.

Henceforth, pro�les of velocities, Reynolds stresses and turbulent kinetic energy
are compared to those of the reference LES at the following stations: x=h = 0:5, 2,
4, 6 and 8. The selected positions include the regions just upon separation (x=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 (x=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 on the same standard
grid are presented. Figs. 5.23 and 5.24 show the mean velocity and turbulence
statistics. The mean streamwise velocity pro�les exhibit good agreement with the
reference data at positionsx=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). Despite the good agreement
of the Reynolds shear stresses (Fig. 5.23b), DES results yield insu�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', c)turbulent 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' atx=h = 0:5 cannot be captured
accurately by DES, which has an impact on the results fartherdownstream (see
Fig. 5.23d). One possible reason for this behavior could be that the `DES �lter'
� = max(� x; � y; � z) in this region is 40% larger than the one employed by LES
� = (� x� y� z)1=3 on the same grid. Hence, the SGS-viscosity of DES is larger
in this 
ow region. Code dependency, on the other hand, can beruled out, since
di�erent 
ow solvers with distinct implementations and var ious numerical methods
predict the same 
ow behavior on the same grid. However, minor discrepancies in
the results remain owing to di�erences in numerical methodsand chosen time steps.
Slight deviations in the mean 
ow and predictions of turbulence statistics originate
from di�erences in the computed turbulent viscosity as shown in Fig. 5.24a. The
pro�les of the wall shear stress on the lower wall agree reasonably well with the
reference data (Fig. 5.24b), but they reveal that the DES consistently underpredict
the wall shear stress in the reattachment region and consequently yield a delayed
reattachment. Overall, the mutual agreement of the independently performed DES
is very good, thus demonstrating a high level of �delity of the 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 wall 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 modeling, i.e. applied
simulation strategies, pro�les of the mean streamwise velocity along with the (re-
solved) Reynolds shear stresses obtained with di�erent approaches are compared in
Fig. 5.25. All results in this �gure are obtained with the same code (LESOCC) on
the standard grid. The mean velocity pro�les displayed in Fig. 5.25a exhibit a similar
good behavior of both hybrid LES{RANS computations DES-BJ and HYB-BJ, but
also a surprising de�ciency of the dynamic LES (LES2-BJ) in this simulation, which
will be discussed below. Concerning HYB-BJ and DES-BJ, despite the discrepancy
at the location x=h = 4 already mentioned for all the previously commented DES,
the mean streamwise velocity is in good agreement with the reference LES. It is no-
ticeable that HYB-BJ captures the reattachment point accurately and better than
DES-BJ (see Fig. 5.22). One can see that the hybrid simulation HYB-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 simulations as illustrated
in Fig. 5.19. A detailed evaluation of this hybrid approach can be found in [28].

Excellent predictions of the mean streamwise velocity pro�les obtained by LES
employing the standard SM are evident. This supports the previous assertion that
the grid resolution is deemed to be adequate, with the exception of the region of
separated shear layer (see Fig. 5.25b atx=h = 0:5) where shear stress overpredictions
associated with a locally coarser grid are visible. At the same time, the results reveal
surprisingly poor performance of the dynamic SM. This is demonstrated by the wall
shear stress distribution plotted in Fig. 5.26 which shows the dynamic SM predicting
too a short recirculation zone. This unexpected behavior isan indication of high grid
sensitivity of the dynamic SM, which is con�rmed by direct comparison of various
LES computations presented in Figs. 5.27 and 5.28 all applying DSM. The simulation
LES-IB-PM using the immersed boundary method was performedwith 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, theincrease 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 shear stress u'v'.
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Figure 5.26:Time-averaged wall shear stress distributions on the lowerwall 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 substantially 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 streamwise velocity and shear
stress. In particular, LES-IB-PM yields better velocity predictions (Fig. 5.27a). The
wall shear stress distribution shown in Fig. 5.28 reveals that despite close agreement
within the recirculation zone, these two simulations generate di�erent wall shear
stresses elsewhere. LES-IB-PM fails to capture both the tiny separation at the hill
crest and the small recirculation region just before the windward side of the hill.
These deviations between the two LES predictions using the dynamic SM can be
attributed to the di�erent grids and boundary treatments employed, whereas the
variations between the standard (LES1-BJ) and dynamic SM (LES2-BJ) using the
same code and grid can be imputed to a higher SGS eddy-viscosity prediction 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) mean streamwise velocity,
b) Reynolds shear stress u'v'.
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Figure 5.28:Time-averaged wall shear stress distributions on the lowerwall for LES obtained by
di�erent codes.

5.3.3 DES vs. LES on a Coarser Grid

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

cells. Hence, the considered grids are `not coarse enough'.One could assume that
for higher Reynolds numbers this might not be the case any more and DES might
�nally achieve signi�cant advantages over LES on the same grid.

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 grids are generated simply
by decreasing the spanwise resolution of the standard grid.An additional con�gu-
ration is created by removing every second grid point in the streamwise direction
(grid: 80 � 100� 60). In both cases the original wall-normal cell distribution is
intentionally maintained to provide di�erent positions of the LES{RANS interface
which is dictated by grid design. Fig. 5.31 displays pro�lesof the mean streamwise
velocity and Reynolds shear stress obtained for di�erent DES. No signi�cant di�er-
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Figure 5.31:In
uence of grid resolution on DES: a) mean streamwise velocity, 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 computation DES2-SJ which
predicts an earlier reattachment. However, overpredictions of the shear stresses
and a too fast recovery of the boundary layer are observed downstream of reattach-
ment. Results of DES on an even coarser mesh containing only 25 spanwise cells
are included in Fig. 5.32 showing the wall shear stress distribution and the positions
of the LES{RANS interface for the corresponding computations. As the number of
spanwise cells is decreased from 60 down to 45 and 30, the position of the LES{
RANS interface shifts away from the wall as depicted in Fig. 5.32b. Predictions
of the wall shear stress are consistently deteriorating, but only within the range of
x=h = 0 � 0:5, whereas the separation point is still captured reasonably well. As the
number of spanwise cells is ultimately decreased from 30 to 25, the pro�le changes
dramatically, resulting in extremely poor predictions. This is explained by the LES{
RANS interface position which is now beyond the (time-averaged) 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 0:117 h, DES is clearly used outside its
intended framework.
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Detached-eddy Simulations were scrutinized for predicting turbulent channel

ow with periodic hill constrictions at a Reynolds number of10,595 based on bulk
velocity and height of the hills. Di�erent 
ow solvers were used by independent
research groups to establish independence of the results from numerical methods
and particular implementations. The DES data was compared to results obtained
using a highly resolved LES. While discrepancies to the reference data were ob-
served, the DES performed overall well considering the coarse grid. 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 substantially unless the interface
between LES and RANS mode moves outside the boundary layer onthe crest of the
hill, deteriorating the results substantially.

The predictive capabilities of various CFD methods were evaluated for the three
representative complex separated 
ow con�gurations. It seems to be unlikely that
any existing RANS model, regardless of its complexity, can provide the accurate
predictions needed in a number of complex separated and vortical 
ows. Despite
numerous experimental studies conducted on separated 
ows, their contribution to
the understanding of the 
ow physics and fundamental mechanisms of separation
and reattachment is very limited. Computational strategies like LES and DES are
expected to provide information on turbulence structure and separation process of
the 
ow. Of particular interest is understanding of many complex 
ow interactions
and modi�cations of turbulence structures occurring in separated 
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 studiedin 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 arepresented next.
The two selected test cases relevant to AFC applications, including the baseline
con�gurations (without 
ow control) as well, will be considered. A periodically-
perturbed backward-facing step 
ow at low Reynolds number is investigated in this
chapter, followed by the next one dealing with the computational study of locally
forced separated 
ow over a wall-mounted hump at high Reynolds number. Prior
to discussion of the results, the reference experiments andtheir important outcomes
are described. The main features of the numerical simulations and case speci�c
details will be introduced in order to facilitate proper analysis 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 studying the in
u-
ence of local streamline curvature. The 
ow separates at thestep edge, forming a
curved shear layer which bifurcates at the reattachment region; one branch 
owing
back creates a separation bubble behind the step, another branch creates a new
boundary layer downstream. The level of turbulence in the separated shear layer
aligned with the mean dividing streamline bordering the separation bubble is of
decisive importance when controlling reattachment length. A higher level of shear
stress implies an enhancement of the 
uid entrainment into the shear layer - higher
momentum transport - and consequently shortening of the recirculation bubble. In
addition to the strong mean 
ow gradient in the vertical direction, representing the
main source of turbulence production, and a curvature-generated turbulence pro-
duction, turbulence can be further generated by introducing a high-velocity jet into
the shear layer. The 
ow perturbation created in such a way causes an intensive

ow stretching (mean 
ow deformation enhancement, especially with respect to the
axial velocity component) leading consequently to an enhanced turbulence level.

6.2 Experiments

The backward-facing step 
ow con�guration considered here(Fig. 6.1; ReH =
UcH=� = 3700) has been investigated experimentally by Yoshioka etal. [76, 77, 78].
The experiments were performed in the test section consisting of the backward-
facing step mounted in the closed-loop water channel as described in Yoshioka et
al. [76]. The step heightH was 20mm, resulting in the expansion ratio of 2:3
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Periodic perturbation

H

2H
FLOW

Figure 6.1:Schematics of the periodically perturbed backward-facingstep 
ow.

whereas the aspect ratio based onH and the channel span was 1:12. A slit of 1mm
width was opened at the step edge along the span. The periodicperturbation was
introduced through this slit as a direct, alternating suction/injection in the direction
inclined 45� relative to the horizontal axis of the channel. The injection velocity was
designed to follow a sinusoidal law:ve = Ve sin� , Ve being the velocity amplitude
(Ve = 0:3Uc) and � the phase angle. Perturbation frequencies,f e (� = 2 �f et),
corresponding to the Strouhal numbersSt = 0:08; 0:19 and 0.30 were investigated
(St = f eH=Uc, Uc being the centerline velocity in the inlet channel). The 
owat
the inlet of the test section was a fully developed turbulentchannel 
ow with the
estimated friction velocity corresponding toRe� = 199.

The turbulence statistics of the 
ow was obtained employinga two-dimensional
particle imaging velocimeter (PIV). The reattachment length varied with the applied
perturbation frequency, being reduced by 30% at the optimumfrequency,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 stress. The phase-averaged

ow �eld revealed existence of the organized 
uid motion in the separated shear
layer. The region with strong deformation appeared betweenthe vortex structures,
which promoted the production of the Reynolds stress.

6.3 Numerical Simulations

The results obtained by various statistical models are available from the 9th

ERCOFTAC workshop on re�ned turbulence modeling (Jakirli�c et al., [30]). One
can recall that the workshop results exhibited a certain scatter and are probably
not suitable for a very detailed comparison. Generally speaking, independent of the
modeling level, all turbulence models have exhibited a weaker sensitivity to the per-
turbation compared to the experimental results. The reduction of the reattachment
length was predicted in all unsteady RANS computations (URANS); however, com-
pared to the reference case without perturbation, the magnitude of the reduction
was far below that observed in the experiment. Hence, it is challenging to compute
the 
ow considered by LES and DES, the CFD techniques which are expected to re-
produce unsteady 
ows better than statistical turbulence models. In particular, it is
interesting to see how the same model (S-A) performs in two di�erent 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 isL x � L y � L z = 30H �
3H � �H . Di�erent grid con�gurations were employed comprising between 190.000
(142� 82� 16) and 590.000 (220� 82� 32) grid cells, but preserving the number (Ny =
82) and distribution of the cells in the wall-normal direction. The two grids speci�ed
were �nally adopted for the reference DES and LES computations respectively. In
the course of grid sensitivity study di�erent grid resolutions and spanwise dimensions
were also tested (see Table 6.2 for more details). The grid resolution in the near-
wall region was chosen to ensure between 6-8 grid cells within the viscous sub-
layer for all the cases computed. One of the main di�culties in tackling this 
ow
with LES or DES is to impose the proper in
ow boundary conditions. The inlet
data corresponding to a fully developed channel 
ow are generated by separate pre-
cursor simulations, using both LES and DES methods. It should be noted that the
majority of LES and DES runs are performed with the LES inlet pro�les, having
the same wall-normal and spanwise grid spacing, as well as the time step, avoiding
any interpolation at the inlet plane. However, the additional DES of the backward-
facing step 
ow with the inlet pro�les generated by DES of thechannel 
ow (with
spanwise domain size extended to 4H 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 the Smagorinsky
constant Cs set to 0.065, without damping in the near-wall region. The primary
reason for this selection is the fact that a plane channel 
owis computed with
the sameCs value. Some additional simulations of the channel 
ow usingdi�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 ofboth the Cs value
and its near-wall damping. This might be due to a very low 
ow Reynolds number
corresponding toRe� � 190.

Figure 6.2:Grid detail in region around the step.

The instantaneous inlet velocities generated by the pre-cursor LES are prescribed
at the inlet placed at L i = H=2 upstream of the channel expansion. The periodic
boundary conditions are employed in the spanwise direction, whereas the convective
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6 Periodically Perturbed Separated Flow over a Backward-facing Step

Table 6.1:Plane channel 
ow simulations

Run
L x

H
L z

H
Re�

� tUc

H
� x+ � y+ � z+

min
max

LES � 64� 32� 32 2� � 188 0:047 18:5
0:14
37:7

18:5

LES � 100� 60� 32 2� 4 188 0:019 11:8
0:56
14:2

23:5

LES � 48� 96� 48 2� � 196 0:047 19:2
0:05
13:3

12:8

DES � 100� 60� 32 2� 4 181 0:019 11:4
0:54
13:6

22:7

boundary condition:
@U i

@t
+ Ucon

@U i

@x
= 0 (6.1)

is imposed at the out
ow plane, the convective velocity being set to the mean stream-
wise velocity integrated across the exit plane. The computational grid typically con-
sists of four blocks, two upstream (one comprising the region of the narrow opening
and one upstream of it) and two downstream of the step edge (one situated behind
the step covering one third of the corresponding channel height and one above it).
The grid detail of the inlet region and the part of the domain around and just down-
stream of the step edge is shown in Fig. 6.2. A simple, periodically oscillating jet
discharging with a uniform velocity pro�le (ve = Ve sin(2�f et)) 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 details, providing also
the notation used throughout when presenting the results. The dimensions of the
computational boxes in both streamwise (only for channel 
ow) and spanwise direc-
tions, and position of the inlet plane (L i ) are in line with the conclusions drawn from
the works of Moin and Kim [46] and Akselvoll and Moin [2]. The simulations 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. Depending on the initial
conditions, the 
ow is computed for a period of 2-6 
ow-through times before tak-
ing the statistics. The statistics are then sampled over a period of 6-8 
ow-through
times. The CFL number, representing the time step chosen, isless then unity over
the majority of the solution domain. The exceptions are the narrow region around
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Table 6.2:Backward-facing step simulations

Run
L z

H
St

� tUc

H
� x+ � y+ � z+

min
max

min
max

LES � 220� 82 � 32 � all 0:047
14
107

0:14
37:7

18:5

DES � 220� 82 � 32 � 0:0 0:047
14
107

0:14
37:7

18:5

DES � 142� 82 � 16 � all 0:047
25
115

0:14
37:7

37

DES � 142� 110� 32 4 0:0 0:019
25
115

0:54
13:6

22:7

the thin slit (1 mm) at the step edge, and the long region with re�ned grid aty = H ,
Fig. 6.2. Here, due to the high grid resolution in the vertical direction and the large
normal velocity component caused by the perturbations, theCFL number reaches
its maximum value between 1.5 (�ne grid-Ny = 110, unperturbed case), 5.3 (�ne
grid-Ny = 110, perturbed case) and 13.3 (coarse grid-Ny = 82, perturbed case).

6.3.2 Results and Discussion

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

6.3.2.1 Pre-cursor Simulations of a Plane Channel Flow

The results of the pre-cursor simulations of a plane channel
ow, used to gen-
erate the in
ow data, are displayed in Figs. 6.3 and 6.4. Besides 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 computedRe� values di�er slightly when
compared to the DNS and experimental value (estimated asRe� = 200), as shown
in Table 6.1. The mean velocity pro�les obtained from the simulations with 32 or
60 points in the wall-normal direction are overpredicted inthe the log-law region
when compared to the DNS and experimental data (Fig. 6.3). This is regarded as
an expected outcome with respect to the relatively coarse resolution. Also, a certain
underprediction of the velocity in the viscous sublayer is clearly noticeable. In gen-
eral, the streamwise velocity 
uctuations are overpredicted, 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, givenin Fig. 6.4-right, show
the same tendency. The only exception is the runDES � 100� 60� 32. Obviously,
it is due to the fact that in this region the DES operates as a RANS. Important
information here is the position of the 'interface' betweenthe LES and RANS 
ow
domain parts in the DES framework, which is dictated by the computational grid.
They matched at y+ = 14:8 (y=H = 0:082), which could be regarded as an upper
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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 severe underprediction
of near-wall maximum of streamwise stress component (Leschziner, [40]), typical for
all linear eddy-viscosity model schemes. On the other hand,the interface penetrat-
ing into the viscous sublayer should also be avoided. If the LES region in this hybrid
approach resides too close to the wall due to insu�cient resolution (one would have
actually a resolution typical for RANS in the LES region), too low viscosity and
turbulence levels could be obtained, possibly causing poor
ow predictions. This
explains the reasons for adopting somewhat larger spanwisedimensions (4H instead
of �H ), providing the proper interface location for the given grid size (the compan-
ion run LES � 100� 60� 32 - is carried out just in order to validate the DES results).
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Figure 6.5:Resolved and modelled SGS kinetic energy; Frequency-spectra of the streamwise
velocity 
uctuations at the symmetry plane ( y+ = 188)

It results in a somewhat larger representative mesh size �DES = max(� x; � y; � z)
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 energy (estimated
as ksgs = � 2jSj2=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 about 8% of the resolved kinetic
energy. Finally, frequency spectra of the streamwise velocity 
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 spatial 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 af � 5=3 range.
A regular decay close to� 5=3 is observed over more than one decade inf , which
is indicative of an inertial subrange. It may be concluded that the results obtained
in this preliminary simulations with the given grid con�gurations agree fairly well
with the available experimental data. In order to overcome the overprediction of
the streamwise stress component and the underprediction ofthe shear stress, a
higher grid resolution in the wall-normal direction is required. It is demonstrated

57



6 Periodically Perturbed Separated Flow over a Backward-facing Step

by performing an additional simulation (these results werenot 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 resolution (LES 48� 96� 48),
signi�cantly improves the results. However, underprediction 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 needed 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 simulations. The intention
was not to generate a highly resolved data �eld, but to apply the LES and DES
computational schemes as engineering CFD tools used for analysis in parallel with
the standard RANS calculations. The goal was to employ a reasonable grid size
being limited to 590,000 CV's, which could be easily handledusing a single PC.

6.3.2.2 Backward-facing Step Flow, Unperturbed Case

The backward-facing step computations are conducted with the time dependent,
velocity inlet pro�les obtained initially with the run LES � 64� 32� 32. The results
of the reference baseline case (without perturbation) are considered �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, which divides the solution
domain into a RANS region and an LES region, resulting from the coarser grid used
is at y=H = 0:128 at the reattachment (x=H = 5), y=H = 0:171 (y+ = 32) in the
recovery region (x=H = 15) and y=H = 0:361 (y+ = 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 directio n (Ny = 110) is additionally
performed (Table 6.2). Similar as in DES of the channel 
ow, the proper interface
location is achieved by slightly extending the spanwise dimension from�H to 4H ,
preserving the number of grid pointsNz = 32. Figs. 6.6-6.7 display some selected
results obtained with LES, and DES using considerably di�erent grid resolutions.
As already mentioned, the unperturbed case is also computedby DES employing
exactly the same grid used for LES. The results obtained are almost 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 model 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 can be argued that a more
advanced SGS model, here the grid-dependent S-A model (certainly constrained by
its calibration in the RANS mode), would cope better with lower grid resolution
and an increasingly anisotropic grid than the simpler, standard 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 deviation isdocumented in the post-
reattachment region, coinciding with the lowest streamwise grid resolution in the
entire 
ow domain. Flow recovery is signi�cantly overpredicted as seen from the
velocity and turbulence pro�les at the streamwise locations x=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 stresses, St = 0 :0

(around y+ � 30) is responsible for such a behavior.
In order to estimate the numerical error in the DES, three di�erent grids are

employed for the unperturbed case. Fig. 6.6-right shows computed streamwise
Reynolds stresses. At the streamwise locationx = 6H , one can observe the im-
provement of results with the grid re�nement. However, the reattachment length is
still signi�cantly overpredicted due to generally lower grid resolutions, in which case
the SGS model plays a more signi�cant role. Presumably, one may expect a larger
numerical error in the region just before and just after the reattachment point. This
is forti�ed by comparing the resolved and modeled streamwise Reynolds stresses, as
shown in Fig. 6.7.

Figs. 6.8-6.9 show the mean velocity pro�les and Reynolds stress components
obtained by all three computational schemes (RANS, LES and DES). All computa-
tions signi�cantly overpredict the measured reattachmentlength X R=H = 6:0 (this
value represents a corrected value, Obi [52]); the originally reported value corre-
sponds toX R=H = 5:5, Yoshioka et al., [77, 78]:X R=H(LES ) = 7 :18 (DES using
the same grid as LES returns the same reattachment length, see also Fig. 6.6-left
for further comparison), X R=H(DES ) = 8 :36, X R=H (RANS k � ! SST ) = 7 :38
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and X R=H(S� ARANS ) = 6 :81. One can observe that the S-A RANS outperforms
the LES and DES at all the stations exceptx = 2h. A fact that the reattachment
length obtained by S-A RANS is the shortest one and consequently closest to the
experimental result is not surprising for this steady case in which the 2-D RANS
computation use substantially higher wall-normal resolution Ny = 110, whereas
the LES and DES use lower grid resolutions (Table 6.2). It is well-known that
the eddy-viscosity-based RANS models return traditionally a shorter corner bubble
(secondary recirculation zone; it represents an outcome ofthe action of the normal
stress components, which are not reproducible by an eddy-viscosity model scheme)
as well as the back
ow of a lower intensity, especially in thereattachment 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 bepointed out. Partic-
ularly important is the aspect ratio based on the channel height after expansion
(3H ) and its spanwise dimension, which was only 1 : 4. This is regarded as too
short for providing a 2-D 
ow in the mid-span plane. Possibility that the side walls
contaminated the results is very high. As already discussedin the previous chap-
ter, Kasagi and Matsunaga [35] performed experiment at a comparable Reynolds
number (ReH = 5; 540) for the same expansion ratio, whereas the above-mentioned
aspect ratio was 1 : 6:7. Accordingly the reattachment length is substantially larger
X R=H = 6:51. In favor of the computational results obtained here is the LES of
the same con�guration (St = 0:19) performed by Dejoan et al. [15], where a reat-
tachment length of X R=H = 7:0 was obtained. Finally, comparison of the velocity
pro�les at the selected streamwise locations normalized bythe corresponding reat-
tachment length (instead of step height) shows very good agreement between LES,
DES and experiment in the region of 
ow reversal, Fig. 6.8-right. Fig. 6.9 shows
that the mean Reynolds stresses obtained by LES and DES agreereasonably well
with the experimental results in the near �eld immediately downstream 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 locations the streamwise stresses
are overpredicted, which is characteristic for a somewhat lower grid resolution in this

ow region. The performance of LES and DES may be explained bythe following
facts: the in
ow data, grid resolution and spanwise dimension may have a great
impact on the results. Underprediction of the computed turbulence intensities in
the precursor channel 
ow simulations could lead to such an overestimate of the
reattachment (7:18H ), compared to the measured value (6:0H ; 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, especially in the spanwise
direction, might be insu�cient. At the same time, the spanwise domain size of�H
could be responsible for the overprediction of the reattachment length. Arnal and
Friedrich [5] indicated that the choice of the spanwise dimension is of decisive impor-
tance. They concluded that an overprediction of the reattachment length up to 30%
could occur if the size of the 
ow domain in the spanwise direction was of the order
less than 4H . They found that L z � 8H was necessary to eliminate the in
uence
of the periodic inlet/outlet through the side planes of the computational box. In
order to check the latter, two additional simulations with substantially re�ned grid
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Figure 6.11:In
uence of the grid resolution and spanwise domain size: mean streamwise velocity
and Reynolds stresses obtained by LES,St = 0 :0
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Figure 6.12:In
uence of the grid resolution and spanwise domain size: Wall-normal and shear
stresses obtained by LES,St = 0 :0

(LES - 354� 110� 32) and signi�cantly larger spanwise domain dimension (LES
- 220� 82 � 64, L z = 8H ) are performed. The results for both �rst and second
moments show no signi�cant di�erences in comparison with the reference LES (LES
- 220� 82 � 32, L z = �H ) as demonstrated in Figs. 6.11 and 6.12. Hence, the
grid sizes adopted for the reference simulations can be regarded as the optimal ones.
Though normalization by the reference reattachment lengthX R0 might partially
compensate for the 3-D contamination which was likely present in the experiments,
the results normalized by the step heightH will be compared henceforth. The main
issue is to study the e�ects of perturbations on 
ow characteristics compared to
the reference unperturbed 
ow. The results of simulations of the perturbed 
ow
con�gurations are presented and compared with the reference data in the following
section.

6.3.2.3 Backward-facing Step Flow, Perturbed Cases

A computational investigation is undertaken focussing on the in
uence of the oscil-
latory blowing/suction on the reattachment pattern for all perturbation frequencies
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6.3 Numerical Simulations

Figure 6.13:Time-averaged streamlines and turbulent kinetic energy contours (St = 0)

Figure 6.14:Time-averaged streamlines and turbulent kinetic energy contours (St = 0 :19)

treated experimentally: St = 0:08; 0:19 and 0:30. The main e�ect of the oscillatory
blowing on a separated shear layer is that it reattaches earlier due to momentum
transfer enhancement caused by an increase in turbulence production. Figs. 6.13
and 6.14 display the time-averaged streamlines and contours of the kinetic energy
of turbulence behind the step obtained by LES for both perturbed (St = 0:19) and
unperturbed (St = 0) 
ow cases. The increase in turbulence intensity in the shear
layer (denoted by a dark area) and consequent shortening of the mean recirculation
zone are clearly recognizable. The main e�ect of the perturbation is reproduced by
LES and DES as illustrated in Fig. 6.15, where the perturbation e�ectiveness can
be deduced by analysing the mean skin-friction distributions at the bottom wall.
Secondary corner separation bubble is captured by all simulations. The size of the
bubble appears to be signi�cantly reduced only for higher perturbation frequencies
(St = 0:19 and 0.30). At the same time, the maximum and minimum levelsof skin-
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Figure 6.16:Mean streamwise velocity (left) and shear stress (right) pro�les, St=0.19
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Figure 6.17:Pro�les of streamwise and wall-normal stresses, 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 case (St = 0:08). At this perturbation frequency
DES, and particularly 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 velocityand three Reynolds
stresses (u2, v2 and uv) for the optimum perturbation frequency in all characteristics
regions behind the step: within the recirculation zone (x=H = 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 better agreement with
the experimental data, when compared to the unperturbed case. Similar behavior
is obtained for the other two perturbation frequencies,St = 0:08 andSt = 0:30, as
demonstrated in Figs. 6.18-6.21. Exceptions are observed at the stations x = 4H
and 6H . These discrepancies in the lower near-wall region are associated with a
slight underprediction of the inlet turbulence, as will emerge later. On the other
side, underprediction of the streamwise velocity in the upper near-wall region in the
post-reattachment zone atx = 8H and 10 can be attributed to insu�cient grid res-
olution. A noticeable di�erence can be seen in the wall-normal stress pro�les, which
are consistently underpredicted at the position immediately downstream of the step
(x = 2H ) for all frequencies investigated. This may be related to the inlet boundary
conditions (note underprediction of thev2 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 back
ow in the mean
recirculation zone, as well as on the size (length and height) of separation bubble
itself, is documented in Fig. 6.22-left. The obvious shortening of the reattachment
length can also be deduced from the position of zero value of the mean velocity,
being closest to the wall in case of the optimal frequency,St = 0:19. Fig. 6.22-right
shows the pro�les of streamwise stress component for all perturbation frequencies
considered, closely following the experimental results. Fig. 6.23 displays evolution
of the reattachment length (normalized by the reattachmentlength obtained for
the unperturbed caseX R0) with the imposed perturbation frequency. Although the
quantitative agreement between experimental and computational results is rather
poor, it is encouraging to see that also the URANS computations using S-A andk� !
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Figure 6.20:Mean streamwise velocity (left) and shear stress (right) pro�les, St=0.30

SST statistical models reproduce a reduction of the reattachment length with respect
to the unperturbed case (St = 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 S-A (only 5.9 %
compared to the unperturbed case) andk � ! SST (12.9 %) models results in a
very weak sensitivity to the perturbation. Contrary, very close agreement with
experiment is obtained with the DES (24.5 %) and LES (35 %) methods. Fig.
6.23-right documents the well-known weakness of RANS models, namely very low
turbulence intensities (here the shear stress component isshown) in the separated
shear layer. As already discussed, the proper level of turbulence in this region is
of crucial importance for accurate prediction of the 
ow reattachment. The reason
for such a result lies in the unsteady nature of the 
apping motion of the separated
shear layer (Fig. 6.24-left) and oscillation of the instantaneous 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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6.3.2.4 Frequency Characteristics of the Mean Flow Structu re

As LES and DES are found to signi�cantly outperform RANS method, the re-
sults obtained by LES and DES for all perturbation frequencies will be compared
against the experiment at various streamwise locations. The frequency character-
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Figure 6.25:Overall comparison of mean streamwise velocity pro�les at various streamwise lo-
cations, St = 0 ; 0:08; 0:19 and 0.30

istics of the mean 
ow can be investigated by careful inspection of Fig. 6.25 which
displays response of the mean streamwise velocity to the perturbation. 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 trend is reproduced by
LES and DES, the only exception being the unperturbed case. The issue of 3-D
contamination in the experiments, as already discussed, isdeemed responsible for
this outcome. As shown in Figs. 6.26-6.29, the e�ect of perturbation at x=H = 2
is expressed by an increase in turbulence level across the separated shear layer.
The simulations return this increase in both normal and shear stress components.
Despite certain underpredictions of the wall-normal stresses in general its striking
enhancement relative to the unperturbed case (by a factor 4 for the optimum, and
by a factor 3 for other two frequencies) is qualitatively captured. The level of v2

may be linked to the momentum transport due to turbulent mixing in the separated
shear layer. It is clearly recognized that reduction in the reattachment length follows
the evolution of v2 at this station, x=H = 2.
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Figure 6.26:Overall comparison of shear stress pro�les at various streamwise 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-frequency perturbation,
St = 0:19. Simulations do not fully return this feature, the back
ow is still visi-
ble, albeit signi�cantly weaker. Nevertheless, a consistent decrease in the back
ow
velocity depending on the perturbation frequencies is predicted by both LES and
DES. The level of turbulent stresses is correctly represented by LES, whereas DES
yield somewhat poorer results (note substantial overprediction 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 theu2 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 components are 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 suggest that the 
apping motion
of the separated shear layer, as a mechanism responsible forsuch a modi�cation of
the turbulence �eld, is most e�ective at the lower frequencyperturbation.

The remaining streamwise locations,x=H = 6; 8 and 10 correspond to the
regions of reattachment and 
ow recovery. Regarding mean streamwise velocity
pro�les, LES and DES follow similarly the tendency observedin the experiments
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Figure 6.27:Overall comparison of streamwise stress pro�les at variousstreamwise locations,
St = 0 ; 0:08; 0:19 and 0.30

at x=H = 6. A remarkable di�erence is present in DES of theSt = 0:19 case
in the near-wall region. Relative to the other two frequencies, 
ow recovery is
overpredicted with respect to the reference data. This is anindication that DES
might su�er from insu�cient streamwise resolution in this r egion, which manifests
itself by typical overpredictions of bothu2 and uv (Figs. 6.26 and 6.27). Response of
the mean 
ow to the perturbation in the recovery region (x=H = 8 and 10) is credibly
represented by LES and DES, the only exception being DES of the unperturbed case.
It seems that DES, and to a certain extent LES, are more susceptible to the grid
resolution in this 
ow region for St = 0. Second moment distributions are also in
agreement with the experimentally documented trend. The simulations reproduce
experimentally observed increase in turbulence level for the lower frequency case
in the region of y=H � 0:5. It is to be pointed that streamwise stress increase in
the near-wall region is fully captured as well. All these observations imply that
there exists an increased vortex activity in this 
ow region. As a consequence of
vortex stretching, the spanwise stress increases signi�cantly as displayed in Fig.
6.29 which show LES predictions of this stress component. Inaccordance with
the experiments, the response of the 
ow turbulence to perturbations is such that
three di�erent frequencies can be identi�ed. The optimum frequency,St = 0:19,
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Figure 6.28:Overall 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 step where a substantial
increase in the spanwise stress is clearly noted. Unlike theoptimum one (the most
e�ective in terms of reattachment reduction), the two remaining 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 inspection of 6.29, one can
distinguish di�erent responses of the 
ow; at the lower frequency, there exists a
signi�cant increase in the spanwise stress in the near-wallregion, in particular at
the station x=H = 6. On the other side, the enhanced turbulence production excited
by the higher frequency is evident only just downstream the step (note the peak of
w2 at x=H = 2), dissipating rapidly further downstream. These modi�cations of
the 
ow structures can be seen in Fig. 6.30 which visualize the 
ow at various
perturbation frequencies. Note that the iso-surfaces of the instantaneous pressure

uctuation are extracted for arbitrary phase angles, thus representing a 'snap-shot'
of the 
ow structure. Nevertheless, one can identify a certain tendency of 
ow
modi�cation with respect to the unperturbed case (Fig. 6.30-a). The optimum
frequency (Fig. 6.30-c) gives rise to the enhanced vorticalmotion in the recirculating
region of the 
ow. Fig. 6.30-b represents the response to thelower frequency
excitation, a higher interaction of the vortices with the wall in the post-reattachment
region is recognized. Finally, the higher frequency perturbation (Fig. 6.30-d) causes
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Figure 6.29:LES predictions of spanwise stress component at various streamwise locations,St =
0; 0:08; 0:19 and 0.30
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Figure 6.30:Iso-surfaces of pressure 
uctuations obtained by LES for di�erent 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 behind the step (already
con�rmed by the peak of w2 at x=H = 2), rapidly decaying further downstream
where the 
ow structure resembles the one of the unperturbed
ow.

6.3.2.5 In
uence of the Inlet Boundary Conditions

The in
uence of the inlet boundary conditions on the 
ow predictions need
some additional considerations. In order to assess sensitivity of the 
ow to the
upstream turbulence, two additional simulations of the unperturbed 
ow are per-
formed imposing the inlet pro�les obtained by another pre-cursor 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 compares predictions of
the mean streamwise velocity and turbulence intensities tothe 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 underpredicted (Re� = 178
compared to the LES reference valueRe� = 188), centerline velocity consequently
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being overpredicted in the core 
ow. The turbulence intensities are displayed in
Fig.6.31-right. In absence of the near-wall measurements,by careful inspection of
the experimental results, one can note the new simulation follows the experimental
gradient of the streamwise stress. It seems that capturing the near-wall turbulence,
especially the wall-normal component, has an impact on the mean 
ow downstream
the step. Indeed, this assertion is supported by the resultsof two LES runs (LES1-
the standard Smagorinsky model withCs = 0:1 and near-wall damping, LES1-DSM
- the dynamic Smagorinsky model) as demonstrated in Fig. 6.32. As it has al-
ready been shown that results virtually do not change regardless of the grid or SGS
model employed (cf. Figs. 6.6, 6.11 and 6.12) these two LES runs conducted with
a somewhat higher in
ow turbulent intensity demonstrate the 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 and further downstream,
as far as the mean velocity is concerned (6.32-left). On the other side, except the
station x = 4H where the resultingv2 improves yielding more accurate prediction
of the 
ow reattachment, turbulence pro�les are even deteriorated at x � 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 followingthe experiment. Keep-
ing in mind all uncertainties associated with the experiment (3-D contamination due
to the side-wall e�ects, possible departure from the fully developed 
ow conditions
at the inlet), it is supposed that the imposed inlet pro�les are not signi�cantly in-

uential. Recall that the main issue is to study response of the 
ow and turbulence
to the perturbation relative to the reference case, noting that all simulations have
the same inlet boundary conditions. Finally, the LES results of Dejoan et al. [15]
for the two cases (St = 0 and St = 0:19) support this supposition.
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6.3.2.6 Phase-averaged Flow Field

In order to investigate behavior of the phase-averaged 
ow �eld, an addi-
tional LES run using the above mentioned new inlet data and dynamic variant of
the Smagorinsky model is conducted. The samples of instantaneous 
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] recently presented
the phase-average results based on 15 injection cycles) compared to the experiment
(1000 samples), nevertheless, the resulting phase-averaged 
ow �eld provide useful
information about the mechanisms and processes underlyingthe 
ow control by
means of periodic excitation. The phase-averaged 
ow �eldsat the selected phase
angles can be represented by the phase-averaged streamlines displayed in Fig. 6.33-
left. Typical presence of two to three vortices observed in the experiment (see Fig.
6.33-right) is reproduced con�rming the existence of organized vortex motion behind
the step. The large-scale vortices emerging from the step edge are found to move
downstream at a velocity roughly equal to 0.3Uc (this experimental observation is
denoted by the dashed lines in Fig. 6.33- right). The presentLES compares well
with the experiment yielding a convective speed ofUcv = 0:36Uc (Dejoan et al. [15]
reported a movement of the structures at a speed ofUcv = 0:4Uc). The experi-
mental �ndings point to the fact that there exists a remarkable increase in stress
production due to the organized vortex motion behind the step. The region between
two adjacent vortices is characterized by signi�cant straining of the 
ow resulting
in the stress production. The phase-averaged shear stress pro�les obtained by LES
are displayed in Fig.6.34, exhibiting a close agreement with the experiment. In or-
der to elucidate a motion of the 
ow structures in the periodically perturbed 
ow,
the instantaneous iso-surfaces of vorticity colored by pressure at four characteristic
phase angles are displayed in Fig. 6.35. At the instant corresponding to the phase
angle � = 0 (Fig. 6.35-a), two vortices are present in the region behind the step.
The �rst one which emerged rolling up from the step is clearlydiscernable by the
pressure minima (dark blue region). The vortex stretching in the spanwise direction
is followed by its breakup and consequent helical pairing downstream, whereas the
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Figure 6.33:Phase-averaged streamline patterns,St = 0 :19; LES predictions (left), experiment
(right)

Figure 6.34:Phase-averaged Reynolds shear stress contours� < uv > =U c
2, St = 0 :19; LES

predictions (left), experiment (right)
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a) b)

c) d)

Figure 6.35:Iso-surfaces of vorticity colored by pressure obtained by LES, St = 0 :19; a) � = 0,
b) � = �= 2, c) � = � and d) � = 3 �= 2

second vortex interacts with the wall being disrupted with the 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 vortices (recognized by a
dark blue color) are convected downstream without major structural modi�cation
as seen in Fig. 6.35-c showing the 
ow topology at an instant corresponding to the
switch from injection to suction cycle (� = � ). As the suction peak is reached at
� = 3�= 2, the abovementioned structures can not be clearly distinguished (see Fig.
6.35-d). One can observe a strong interactions between the vortices with a tendency
of pairing and stretching in the streamwise direction. As the injection/suction pe-
riod is completed, the coherent structures appear to be separated from the step
which is also shown by the phase-averaged streamlines in Fig. 6.33 (� = 3�= 2).

Concluding Remarks

A potential of the methods for unsteady 
ow computations: LES, DES and
URANS was investigated by predicting the 
ow and turbulence�eld for a backward-
facing step 
ow con�guration perturbed by a periodic blowing/suction with zero-
net-mass 
ux from a thin slit situated at the step edge. In general, both the LES
and DES computations have reproduced all important e�ects observed in the exper-
iment. The imposed perturbation frequency corresponding to St = 0:19 was found
to be the optimum, leading to the maximum reduction of the reattachment length.
Compared to the measured value of 28:3%, LES and DES exhibit the closest agree-
ment, predicting the reduction of 24:5 and 35%, respectively. URANS underpredicts
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substantially the intensity of the reduction with 5:9% (S-A model) and 12:9% (k � !
SST model), exhibiting a very weak sensitivity to the perturbations. The grid res-
olution and spanwise size of the computational domain and their relation to an
overprediction of the absolute reattachment length for both LES and DES were dis-
cussed. However, a further grid re�nement, as well as a doubling of the spanwise
dimension did not result in any signi�cant change. The wall-normal and shear stress
components, including also the wall shear stress at the stepedge obtained from the
precursor simulation of a plane channel 
ow were slightly underpredicted compared
to the experiment. A computational analysis of the in
uenceoriginating from the
in
ow boundary conditions has shown that there is a certain impact of the inlet tur-
bulence intensity on the 
ow around and downstream the reattachment. However,
it is believed that the imposed inlet pro�les are not appreciably in
uential. Since
all simulations have the same inlet boundary conditions, itis possible to explore
response of the 
ow and turbulence to the perturbation relative to the reference
unperturbed case. Overall comparison of the mean 
ow and turbulence for di�erent
perturbation frequencies has shown a close agreement with the experimentally ob-
served trends. Not only a general enhancement of the turbulence production with
the perturbation was reproduced but also the frequency dependence of the Reynolds
stress increase. Some peculiarities in the stress �eld arising from the 
apping mo-
tion of the perturbed shear layer were captured by LES and DES. Beside a close
agreement with the experiment concerning time-mean behavior of the 
ow for all
perturbation frequencies, the extracted phase-averaged LES 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 hump at high Reynolds
number, which has recently attracted attention of the CFD community, will be pre-
sented in the remaining text. The 
ow separation from smoothsurfaces is an impor-
tant phenomenon relevant to the aircraft dynamics that requires 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 concise description of the
experimental con�guration and measurements will be outlined next, followed by
comparison and discussion of the results for the hump 
ow with separation control.

7.1 Separated Flow over a Wall-mounted Hump

Originally, this 
ow has been experimentally studied by Seifert and Pack [64,
65]. The turbulent 
ow over a wall-mounted hump (Fig. 7.1, simulating the
upper surface of a Glauert-Goldschmied type airfoil at zeroangle of attack) at
a high Reynolds number ofRec = 9:36 � 105 (based on the free-stream velocity
U1 = 34:6 m=s and the chord length c = 0:42 m) situated in a plane channel
(height 0:909c) was experimentally investigated at the NASA Langley Research
Center (Greenblatt et al. [23, 22]) for the purpose of the CFDVAL workshop on
computational methods and turbulence models validation (Rumsey et. al [58]). The
same test case was studied at the 11th ERCOFTAC workshop on re�ned turbulence
modeling (Johansson and Davidson [33]).

This test case has been considered as the best de�ned of all three cases con-
sidered at the NASA Workshop. It is nominally two-dimensional, although the end
plates bring some 3D e�ects. The hump is 420 mm long with the crest of 53.7 mm
and is mounted on a splitter plate of thickness 12.7 mm, whichextends 1,935 mm
upstream from the hump leading edge and 1,129 mm downstream from the hump
leading edge. The hump with the splitter plate is placed in a wind tunnel of 771
mm width and 508 mm height, but the nominal test section height (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 containing 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 accomplished by steady
suction through a thin slot (0.004 c wide) situated at approximately 65% of the
chord length, immediately upstream of the natural separation point, as well as by
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Figure 7.1:Schematic of the hump geometry, left - Greeblatt et al. [22]
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an alternating suction/blowing (zero net-mass-
ow rate) of a jet into the boundary
layer with nominal peak velocity of 26 m/s and frequency of 138.5 Hz. The oncoming

ow is characterized by a zero-pressure-gradient turbulent boundary layer, whose
thickness� is approximately 57% of the maximum hump height (hmax = 53:74 mm)
measured at the location about two chord lengths upstream ofthe hump leading
edge (coinciding with the origin of the coordinate system, Fig. 7.1-right), corre-
sponding to the momentum-thickness-based Reynolds numberRe� � 7500. The
latter result was obtained applying a near-wall, second-moment closure model, Fig.
7.2. The experimentally measured pressure, reattachment location and spanwise
pressure 
uctuations reveal that both baseline and controlled 
ows are basically two-
dimensional. Moreover, the selected hump model appears to be virtually insensitive
to Reynolds number and in
ow conditions. Due to these facts,the experimental data
base of the hump 
ow represents an attractive separation control CFD-validation
case. The baseline 
ow separates atx=c � 0:665 and reattaches atx=c � 1:1. As
compared to the baseline case, application of steady suction accelerates the 
ow
upstream of the slot and slightly delays separation (x=c � 0:686), increases the
pressure downstream thereof, and shortens the recirculation 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 immediately 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. Oscillatory control is not as e�ec-

80



7.2 Computational Method

tive as the steady suction, the reattachment being shifted upstream to the location
x=c � 1:1.

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

7.2 Computational Method

Majority of the computations are performed with FASTEST 3D code, whereas
FAN3D code is used initially to conduct some preliminary coarse LES which would
give an insight into main features of a speci�c 
ow con�guration. FASTEST 3D is
parallelized applying the Message Passing Interface (MPI)technique for communi-
cation between the processors. Typically three and six processors are utilized when
doing DES and LES, respectively. The sub-grid scales in the LES are modelled by
the most widely used model formulation proposed by Smagorinsky with Cs = 0:1.
A one-equation turbulence model by Spalart and Allmaras, based on the transport
equation for turbulent viscosity, is employed to model the in
uence of the smallest,
unresolved scales on the resolved ones within the DES computational scheme (e.g.
Travin et al. [73]). The S-A turbulence model is also appliedin the RANS mode.
Various statistical turbulence models were examined by computing the baseline and
steady-suction cases. They include the standard high-Reynolds numberk � " model
and its near-wall adaptation due to Launder and Sharma (LSk � " ; 1974 [39])
as well as the low-Reynolds number Reynolds-stress model developed by Hanjali�c
and Jakirli�c (HJ RSM; 1998 [24]) employing the homogeneouspart of the total vis-
cous dissipation rate as a scale-supplying variable (Jakirli�c and Hanjali�c, [29]) and
its high-Reynolds number asymptote due to Gibson and Launder (GL RSM; 1978
[21]). The length scale correction proposed by Hanjali�c and Jakirli�c [24] is introduced
in the latter models to prevent the back-bending of the mean dividing streamline
at the reattachment. The convective transport of all variables is discretized by a
second-order, central di�erencing scheme (CDS) when performing LES, DES and
RANS-EVM calculations. In the case of the Reynolds-stress model computations a
blended 1st-order-upwind/2nd-order-central di�erencing scheme, implemented in a
deferred-correction manner, is applied with the value of blending factor 0.7 corre-
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7 High-Re Number Flow over a Wall-mounted Hump with Separation Control

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

7.2.1 Solution Domain and Computational Grid

The solution domain (dimensions:L x � L y � L z = 6:14c � 0:909c � 0:152c)
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 DES. The solution
domain employed for DES with a somewhat larger spanwise dimension (L z = 0:2c)
is meshed by approximately 1.7 Mio. (426� 145� 28) grid cells. As revealed at
the two relevant workshops, the RANS computations have not shown remarkable
di�erence in the solutions obtained if the computation domain was extended further
upstream (6:39c) as in the experiment (e.g. Krishnan et al. [38]). Some additional
simulations are conducted on purpose employing the coarsergrid (426� 145� 32)
grid cells within a domain of dimensions:L x � L y � L z = 6:14c � 0:909c � 0:152c).
Motivation, case speci�c details and important results of these runs will be presented
as well.

7.2.2 In
ow conditions

It has been demonstrated experimentally that due to the selected hump geome-
try resulting separated 
ow is insensitive to the upstream boundary conditions and
Reynolds number. Therefore, in all LES and DES computationsavailable steady
pro�les (the mean experimental velocity pro�les) were imposed at the inlet plane
placed at 2:14c 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 employed LES to predict
the same 
ow con�guration. These computations have actually followed the present
study and reproduced to a large extent its main results. Particularly encouraging
is agreement among the results, since the authors applied unsteady inlet boundary
conditions.

The Reynolds-stress model computations require more elaborated pro�les of all
turbulence quantities including dissipation rate of the turbulent kinetic energy at
the inlet cross-section (despite insensitivity to the in
ow conditions, note that only
the pro�les of mean velocity and streamwise stress component are available from
the reference experiment). For this purpose, the in
ow dataare generated by doing
a separate computation of the zero-pressure gradient (ZPG)boundary layer with
the same free-stream velocityU1 = 34:6 m=s, using the same near-wall second-
moment closure model (denoted by HJ low-Re SMC). The pro�lesobtained at the
streamwise location corresponding to the boundary layer thickness� = 30:5 mm
(Re� � 7; 500, Figs. 7.2 and 7.3), being in accordance with the experimental 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 agreement with the available
experimental data. In addition, the results of the boundary-layer measurements
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Figure 7.3:Reynolds stresses (left) and dissipation rate (right) at location x=c = � 2:14 cor-
responding to the zero-pressure gradient boundary layer atRe� = 7500. � hom =
� � 0:5D �

k

performed by Klebano� [37] at the location corresponding toRe� = 7; 150 are also
displayed, con�rming the ZPG boundary-layer structure of the 
ow at this location.
Fig. 7.3 (right) shows the pro�le of the homogeneous dissipation rate which di�ers
from the total viscous dissipation rate only in the immediate wall vicinity (up to y+ �
20) for one half of the molecular di�usion of the kinetic energy of turbulence: � hom =
� � 0:5D �

k . In order to quantify this computational result at such a high Reynolds
number Re� � 7; 500 (solid line in Fig. 7.3-right), for which no reference data
(neither experimental nor from a DNS) exist, the pro�le obtained at an upstream
location x=c = � 6:28 corresponding toRe� = 1; 410 is compared with the Direct
Numerical Simulation (DNS) of Spalart [69], exhibiting very good agreement. The
latter comparison is important with respect to the credibility of the dissipation rate
prediction. It should be noted that the energy dissipation rate obtained by this
near-wall SMC model is also used for the resolution assessment (cf. 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 
ow control cases are con-
cerned. Although there is no forced 
ow within/through the cavity in the baseline
case, the experiment was performed using the opened slot. Accordingly, a low-speed

ow through the cavity opening could be generated due to the pressure di�erence.
However, the S-A RANS computations of the baseline and suction cases show that
modeling of the cavity opening does not result in noticeabledi�erences (cf. Fig. 7.4.
Consequently, di�erent 
ow con�gurations are computed by imposing the appropri-
ate boundary conditions directly at the control slot. Steady 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 frequency of 138:5 Hz. Di�erent
velocity amplitudes are examined. If the measured peak slotvelocity of 26:6 m=s
is taken, the resulting mass 
ow rate becomes twice as high asthe experimental
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7 High-Re Number Flow over a Wall-mounted Hump with Separation Control

Figure 7.4:Contours of the mean streamwise velocity for the suction case 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 imposethe slot velocity cor-
responding to the experimental mass 
ow rate. Interestingly, boundary conditions
in the oscillatory case are not in
uential as far as the gross
ow characteristics like
locations of 
ow separation and reattachment are concerned. However, the latter
boundary condition turns out to be more adequate, yielding superior 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 addressed later in discussion
of the results. No-slip boundary conditions are applied at both walls resolving the
wall boundary layer fairly well when performing LES and DES.The dimensionless
wall distancey1

+ of the wall-closest computational nodes werey1
+ < 1 for the lower

wall and y1
+ = 1:0 � 1:75 for the upper wall. The values ofy1

+ of the wall-nearest
grid point were between 0.5 for the low-Re number, RANS calculations and 15 for
the high-Re number RANS calculations. In the case of the high-Re 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 dimensionless time steps
of 0.005 and 0.003 (based on the hump chord length and free stream velocity) are
used in the DES and LES, respectively, providing a CFL numberless than unity
throughout the largest portion of the solution domain. The only exception is the
narrow region around the thin slot at the hump (1:7 mm wide) in the oscillatory
blowing/suction case, where a high velocity jet is introduced into the separated shear
layer. The CFL number reaches its maximum value being around15 in a very few
cells in this region which is characterized by a strongly re�ned grid. Additionally,
some preliminary simulations of the oscillatory blowing/suction case employing �ner
time steps (0.0016 and 0.003) reveal that the results are notsigni�cantly a�ected
by the time step re�nement. Fig. 7.5 compares the results obtained by both LES
and DES employing the standard time step size (0.005) and three times �ner time
step. The computed case is the oscillatory 
ow control whichis expected to be more
demanding regarding the time resolution. Moreover, the slot velocity is assumed
to be equal to the experimentally measured peak value of 26 m/s, thus yielding
approximately twice as high mass 
ow rate peaks compared to the experimental
ones. Evidently, time step re�nement a�ects, but interestingly does not improve
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7.2 Computational Method

the streamwise velocity pro�les, only in the region downstream of the reattachment.
Hence, the time step adopted in majority of LES and DES appears to be an optimum
compromise with respect to the time resolution and requiredCPU time.
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Figure 7.5: In
uence of the time resolution on the mean streamwise velocity; LES (upper) and
DES (lower) of the oscillatory control case (note that the slot boundary condition
yields approximately twice as high mass 
ow rate peaks compared to the experimental
ones).

7.2.4 Grid Density Study

The 
ow region of interest just downstream of the slot including the region
around the reattachment was meshed to provide (�x+ )max = 80, � y+ = 1 � 80,
(� z+ )max = 150 (DES grid), and (� x+ )max = 100, � y+ = 1 � 100, (� z+ )max = 60
(LES grid). The grid resolution (in wall units) along the bottom wall is displayed
in Figs. 7.6 and 7.7. Compared to DES, the LES resolution is signi�cantly �ner
with (� z+ )max = 60 because of the �ner grid (Nz;LES = 64 vs. Nz;DES = 32) and
a somewhat smaller spanwise domain size (L z;LES = 0:152c vs. L z;DES = 0:2c).
Admittedly, the resolution adopted is coarser than it wouldbe required for resolving
the near-wall streaky structures, which demands a spacing of order � y+ = O(1),
� x+ = O(50) and � z+ = O(20) [25]. The reason for the slightly extended spanwise
dimensionL z;DES = 0:2c is shifting of the LES{RANS interface away from the wall
in order to provide its optimal position for the given grid size, 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. Ifthe LES region would
reside too close to the wall due to insu�cient resolution (one would have actually
a resolution typical for RANS in the LES region), lower viscosity and turbulence
levels could be obtained, possibly causing a premature separation and poorer 
ow
predictions. It is recalled that the interface position corresponds to the DES-�lter
(CDES max(� x; � y; � z)); CDES = 0:65.

The ratio of the grid length scale to the Kolmogorov length scale (� =� k ; � k =
(� 3=�)1=4), representing to a certain extent the position of the cut-o� in the frequency
spectra, is displayed in Fig. 7.8. Three positions along thegridlines in the stream-
wise direction are considered, two of which reside in the near-wall region (j=20,
40), whereas location j=60 corresponds to the separated shear layer (Fig. 7.8).
The Kolmogorov length scale is estimated from the dissipation rate obtained from
the RANS computation of the baseline case employing the Reynolds stress model
formulation of Hanjali�c and Jakirli�c (1998). In absence of the turbulence-energy
budget, the dissipation rate obtained from the second-moment closure can provide
an insight into the grid resolution (see Fig. 7.3 (right) to check capability of the
HJ RSM model to capture dissipation pro�le correctly). Based on this assessment
it appears that the near-wall region has a su�cient resolution for LES (ideally, a
value of � =� k � 10 � 12 would provide the spectral cut-o� being fairly close to
the high-frequency wave-number range, corresponding to the dissipative part of the
spectra [19, 14]), while the grid resolution in regions awayfrom the walls, including
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the separated shear layer, seems to be coarser. However, theemployed resolution
still provides modelled turbulent kinetic energy (estimated asksgs = � 2jSj2=0:3,
according to Mason and Callen, 1986) which does not exceed 5%to 9% of the re-
solved one and the ratio of the instantaneous SGS viscosity to the molecular one
remains typically between 5 to 13 (maximum values apply within the region around
the hump).

The spanwise autocorrelation functionsRuu , Rvv and Rww obtained by LES
along a spanwise line within the separated shear layer aty=c= 0:079, i.e. y+ = 359,
at the streamwise locationx=c = 0:78 (corresponding to the middle of the separation
bubble) are plotted in Fig. 7.9 in order to check the adequacyof the spanwise size
of the solution domain. The spanwise extent of the vortical structures corresponds
approximately to double the value of the correlation lengthrepresenting the distance
between the origin and the separation where the correlations drop 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 Separation Control

largest separation (z=c = 0:075). Such an increased correlation length is typically
a consequence of the spanwise rollers in the shear layer. This analysis provides a
clear indication that the correlations do not vanish withinthe half of domain size in
the spanwise direction. Therefore, the adopted spanwise dimension is not entirely
su�cient to ensure spanwise decorrelation. The spanwise extent adopted in the
detached-eddy simulation is somewhat larger (L z;DES = 0:2c). Looking at the 
ow
structures presented in Chapter 5 (Fig. 5.15), it could be regarded as su�cient. It
should be furthermore recalled that the main objective of the work is comparative
analysis of the most widely used method for unsteady 
ow calculations, such as
LES and DES, and they both are carried out under comparable conditions. At this
point, it should be noted that Krishnan et al. [38] have used asubstantially smaller
spanwise dimension (L z = 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 the time-averaged
results are extracted to provide comparison with the available experimental data.
The results comprise the wall pressure distribution, skin-friction coe�cient, time-
averaged streamlines, corresponding pro�les of mean velocity �eld and turbulence
quantities at the characteristic locations within the separation zone and post-reattac-
hment region, as well as the instantaneous 
ow �eld: velocity �eld, pressure 
uc-
tuations, spanwise and streamwise vorticity. Finally, some phase-averaged results
extracted from the LES of oscillatory control case will be compared to the experi-
ment.

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

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

the steady suction case) results are in a very close agreement with the reference
experiment with respect to both separation and reattachment locations. The ex-
perimental observation, that the steady suction represents the most e�ective 
ow
control mode, that is the case with the minimum reattachmentlength, is con�rmed
by both computational methods. These results will be discussed in more details in
the following sections. The predictions of the separated 
ow 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=c)S (x=c)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 the 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 be payed 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:
L x � L y � L z = 6:14c� 0:909c� 0:152c) so as to provide certain guidelines for the sub-
sequent simulations. In particular, the grid design for DESis known to be the most
critical point. As already mentioned, if not properly selected, the position of the
LES{RANS interface that is dictated by the grid may cause serious deterioration of
the 
ow predictions. To shed some light on this issue and demonstrate DES sensitiv-
ity to the interface position, DES and LES are performed on exactly the same grids.
First, LES of the baseline 
ow is conducted on the grid 426� 145� 32, the mean
streamwise velocity pro�les being shown in Fig. 7.11-upper. Despite 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 performed on the same
grid yields extremely poor predictions downstream of the separation. On the other
side, the same 
ow is recomputed but now employing the coarser grid (426� 145� 28)
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Figure 7.11:DES vs. LES on the same coarse grid; superiority of DES over LES (coarser span-
wise resolution)-upper, poor performance of DES compared to LES (�ner spanwise
resolution)-lower.

and larger spanwise computational domain (L x � L y � L z = 6:14c � 0:909c � 0:2c).
LES performs poor due to the coarser resolution as much expected. However,

the DES results improve strikingly despite substantially coarser 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 deeply into the oncoming
boundary layer. The resolution in this region is not su�cient to support LES, re-
sulting in extremely low turbulence levels (see shear stress pro�les in Fig. 7.13).
The separation point is captured, quite fortuitously, but due to the underpredicted
turbulence, poor predictions downstream of the separationoccur. Underpredicted
turbulent shear stress implies insu�cient mixing (note an excessive shear strain at
x=c = 0:9 in Fig. 7.11-upper) in the separated shear layer which reattaches far too
late. Hence, a detrimental e�ect of the LES{RANS interface position is evident.
Re�nement of the LES grid by doubling the spanwise resolution (426� 145� 64)
leads to a signi�cant improvement of the results as demonstrated by mean stream-
wise velocity pro�les shown in Fig. 7.14. Note that henceforth, unless otherwise
speci�ed, LES and DES refer to the computations employing the grids and domain
sizes speci�ed in sec. 7.2.1.
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Figure 7.13:Shear stress pro�les obtained by DES employing di�erent computational grid and
domain size.

Predictions of the pressure coe�cient for the baseline caseare shown in Fig.
7.15. The LES and DES results agree better with the measurements than the ones
obtained by the 2D S-A RANS. However, the peak suction pressure is 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 computations. Indeed, the
additional baseline experiment performed without side plates 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 this experiment in Fig.
7.15-right. It is believed that the fact that blockage e�ects are not accounted for in
the simulations does not invalidate a study of the 
ow con�gurations subjected to

ow control.

Predictive capability of various RANS closures with respect to the baseline

ow con�guration was already evaluated in section 5.2. Herein, the S-A RANS
model will be included in comparison with the experimental data along with the
results obtained by DES and LES. All RANS models overpredictthe 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 (lef t) and without (right)
side plates in the experiment.

length despite partially correct capturing of the separation location (see Table 7.1
for the quantitative comparison). The mean streamwise and wall-normal velocity
pro�les are compared in Fig. 7.16. The LES and DES results agree closely with the
experimental data. It is interesting to see that DES predictions are even better than
the ones obtained by the conventional LES especially in the region of the velocity
pro�le in
ection, that is the region with zero value of its second derivative (see also
the shear stress pro�les in Fig. 7.17). The reason for such anoutcome could be
justi�ed by a more suitable modeling of the oncoming wall boundary layer (near-
wall Spalart-Allmaras model in the DES framework vs. mixing-length-hypothesis-
based Smagorinsky model), the fact coming especially into focus under conditions
of a lower grid resolution. It should be noted here that the channel (height =
0:909c � 381:78mm) constriction due to hump (hmax = 53:74) is not too strong
(only about 14%), causing the separation point as well as theseparated-shear-layer
structure (and consequently the size and shape of the separation zone itself) largely
depend on the oncoming wall boundary-layer prediction. Furthemore, the available
measurement of the mean skin-friction coe�cient for the baseline case reveal the
superiority of DES in the post-reattachment region. As shown in Fig. 7.18, 
ow
recovery is accurately reproduced by DES illustrating the main 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 hybrid LES{RANS
approach is further expressed by the fact that these resultsare obtained using a
coarser grid (1.7 Mio. in total vs. 4 Mio. for LES).

The Reynolds shear stress evolution presented in Fig. 7.17 demonstrates how
crucial it is to capture the correct level of turbulence in the separated shear layer
with respect to the mean 
ow features downstream, especially to the reattachment
location. The correct LES and DES predictions of the shear stress in the region
aligned with the mean dividing streamline lead eventually to the correct predictions
of the reattachment length. By careful inspection of the shear stress pro�les obtained
by LES, one can see the in
uence of grid resolution in di�erent regions of the 
ow.
As a consequence of the under-resolved boundary layer upstream of the separation
location, LES typically returns too a high level of shear stress (locationsx=c = 0:65
and 0:66). Likewise, due to a coarser resolution, underprediction of the shear stresses
is observed downstream atx=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 between the new wall boundary
layer being generated in the post-reattachment region and the bulk 
ow occurs;
cross-sections atx=c = 1:1; 1:2 and 1:3). The coarser grid in this region causes
high dissipation and consequently lower turbulence level.Nevertheless, it is to be
noted that close agreement with the measured shear stresses, and particularly wall-
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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 complies with 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 consequently downstream
at x=c > 1:0. Certain overpredictions at the locationsx=c = 0:8 and 0:9 are likely
associated with the grid resolution. In this region, the DESsu�ers from insu�cient
streamwise resolution as indicated by remarkable overpredictions of the streamwise
stresses (7.19-upper), but one should recall that the maximum 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 level, the RANS predic-
tions of the steady suction case appear to be even less accurate. The representative
results are displayed in Fig. 7.20. As found in the experiments, the 
ow sub-
jected to the steady suction control experiences a signi�cant acceleration at the
ramp (x=c = 0:65 and 0.66). By careful inspection of the velocity pro�les at these
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Figure 7.19:Streamwise (upper) and wall-normal stress pro�les obtained by LES and DES (base-
line case)

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

The pressure coe�cient distributions for the steady suction 
ow control case are
presented in Fig. 7.21. Underprediction of the peak suctionpressure is present in
the suction case as well. Contrary to the baseline case, advantages of the DES over
the S-A RANS predictions are not observed in the pressure distributions, noting that
both the RANS models and DES fail to capture the correct reattachment location
(Table 7.1). On the other hand, LES shows in general very close agreement with
the experimental data despite using the same grid as for the baseline case, which
was regarded as not su�ciently �ne. Such a behavior can be explained by the fact,
that the suction applied at the natural (baseline) separation point reduces to a
certain extent the necessity for a highly resolved wall boundary 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 region is damped to a large
extent leading to an almost �xed separation point. A slight overprediction of the
pressure coe�cient along separation and recovery regions may be attributed to the
blockage e�ects.
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Figure 7.20:Mean streamwise velocity (upper) and shear stress (lower) pro�les obtained by
various RANS closures (suction case)

Mean velocity pro�les shown in Fig. 7.22 support the previous observation
expressed regarding the pressure distribution. The deviations from the experimental
results with respect to the back
ow intensity within the recirculation 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 predictions of the
mean velocity are in very good agreement with the experimentin spite of the slightly
underpredicted separation location. Reynolds shear stress pro�les are presented
in Fig. 7.23-upper. The intensi�cation of the mean straining due to local 
ow
forcing in the suction case results in an enhanced turbulence level, representing the
basic mechanisms of active 
ow control. Compared to the S-A RANS and DES,
LES captured the increased turbulence level in the separated shear layer region
very well. Moreover, pro�les of streamwise and wall-normalstresses (Fig. 7.23-
middle and lower) con�rm credibility of LES predictions, both qualitatively and
quantitatively. An excessive gradient of the streamwise velocity 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 overpredictions of the wall-normal
velocity (Fig. 7.22-lower) and particularly low level of the corresponding stress
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Figure 7.21:Pressure coe�cient for the steady suction case.
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Figure 7.23:Streamwise (upper) and wall-normal stress (lower) pro�les obtained by LES and
DES (suction case)

component v0v0. The results presented so far imply that, in order to reproduce
main characteristics of the hump 
ow, it is extremely important to capture the
correct level of wall-normal stress just upon the separation location. 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 baseline case, but poor
in the suction case) indicates the importance of the grid design within the DES
framework. Interestingly, Krishnan et. al (2004) have alsoreported the poor DES
predictions of the suction case compared to the baseline con�guration. Nevertheless,
DES is capable of predicting basic response of the 
ow subjected to the steady
suction. To strenghten this assertion, some additional experiments performed using
di�erent suction rates are considered. Steady suction, as ameans to control the
hump 
ow, has been proven to alter the pressure distributionwithout a�ecting the
mean 
ow reattachment. Fig. 7.24-left shows that, if the suction rate is increased
by approximately 80% percent, the pressure upstream of the separation increases
whereas decrease in the pressure is observed downstream. DES of the hump 
ow
with a comparably increased suction rate clearly captures this e�ect of the suction
mass 
ow rate on the mean pressure coe�cientCp (Fig. 7.24-right).

The issue of the LES{RANS interface, whose position is dictated by the grid
adopted (independent of the 
ow structure), appears to be crucial for exploiting
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advantages of both RANS and LES strategies in di�erent regions of the 
ow. In
the suction case, the position of the interface in terms of the wall units is signi�-
cantly increased around the slot as shown in Fig. 7.25. Here,the 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 towardsthe wall to improve
predictions of the 
ow featuring such a shallow separation.Hence, an important
outcome regarding hybrid simulations of 
ows with separation control in general
can be recognized. As 
ow control a�ects the structure of theboundary layer on
the verge of separation, the LES{RANS interface changes in terms of the wall units
but actually remains �xed in absolute sense. The question that arises is whether a
grid used for the baseline case can be successfully utilizedto predict di�erent 
ow
control scenarios as well, i.e. suction and oscillatory 
owcontrol?
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7.3.3 Oscillatory Suction/Blowing Flow Control

The LES and DES results of the oscillatory case computationswill be assessed
next. Among the 
ow con�gurations considered, the oscillatory case seems to be
the most challenging one. In
uence of the modeling of the control slot on the 
ow
predictions in the oscillatory case is addressed �rst. Predictions 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 �eld. In addition, the
phase-averaged behavior of the 
ow �eld will be examined by comparing the LES
against the phase-averaged quantities available from the measurements.

7.3.3.1 In
uence of the Control Slot Modeling

Unlike the steady suction case ( _msuc = 0:01518kg=s), the oscillatory 
ow con-
trol is achieved applying the zero e�ux blowing with the peak mass 
ow rate of
_mosc� peak = 0:0179 kg=s. As the experimental conditions are speci�ed in terms

of the peak slot velocity (Vpeak = 26 m=s), which is a locally measured value, a
due attention has to be payed if meaningful velocity boundary conditions are to be
applied at the slot. For this reason, a series of simulations, both LES and DES,
is performed in order to assess the e�ect of alternative choice of velocity bound-
ary conditions for modeling the slot jet instead of simulating the 
ow inside cav-
ity. Initially, the measured peak velocity of Vslot � normal = 26 m=s (normal to the
slot) is assumed at the slot. Consequently, the resulting peak mass 
ow rate is
doubled compared to the measured value. Alternatively, theaxial velocity com-
ponent is imposed asUslot = 26 m=s while the remaining velocity component is
adjusted to match the experimental mass 
ow rate. Finally, the slot normal veloc-
ity of Vslot � normal = 13:52 m=s, corresponding to the experimental mass 
ow rate,
is adopted as a velocity boundary condition. Table 7.2 summarizes the separation
and reattachment locations obtained by the simulations employing di�erent velocity
boundary conditions. The results indicate that control e�ects on the hump 
ow
are almost una�ected by the choice of velocity boundary conditions. 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
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Table 7.2:Separation and reattachment locations obtained by LES and DES applying di�erent
velocity boundary conditions at the control slot

B.C. at the control-slot ( x=c)S (x=c)R

Exp. _mexp� peak = 0 :0179kg=s � 0.677 � 1.0

LES _mexp� peak , Vslot � normal = 13:52 m=s 0.671 1.050

LES-A _mexp� peak , with Uslot = 26 m=s imposed 0.675 1.026

LES-B _mpeak = 0 :0344kg=s , Vslot � normal = 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 Uslot = 26 m=s imposed 0.669 1.095

DES-B _mpeak = 0 :0344kg=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 andDES-A which im-
pose the axial velocity of 26 m/s at the slot with the remaining velocity component
conforming to the experimental mass 
ow rate. Pro�les of themean streamwise
velocity displayed in Fig. 7.27 - upper and middle reveal somewhat better DES-A
predictions whereas LES-A does not show any evident sign of superiority compared
to the other boundary conditions. Therefore, no solid conclusion can be drawn based
solely on the �rst moments. The same holds for the pressure coe�cient distributions
plotted in Fig. 7.26. However, one can distinguish a better performance of DES
and LES runs in the recirculation region. Indeed, this boundary condition, i.e. the
normal slot velocity corresponding to the experimentally measured peak mass 
ow
rate, seems to be the most realistic approximation to the experiments, as far as
this grid topology is concerned. This is clearly visible if the pro�les of shear stress
shown in Fig. 7.27-lower are examined. Hence, in what follows the predictions of
two runs denoted simply by DES and LES (see Table 7.2) will be compared with
the time-averaged results of the oscillatory control experiment.

7.3.3.2 Time-mean Velocity and Turbulence Fields

The control mechanism of the oscillatory case turns out to beless e�ective than
the one of steady suction, as observed in the experiment as far as the separation
delay and recirculation zone shortening are concerned (Table 7.1). A reduction of the
reattachment length compared to the baseline case is reproduced by both LES and
DES, but DES overpredicts the reattachment location. The mean pressure coe�cient
distributions shown in Fig. 7.28 reveal even more pronounced wall blockage e�ects in
the experiment with the oscillatory control. DES and LES perform 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 (upper) and LES (mid-
dle); shear stress pro�les obtained by LES (lower)
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Figure 7.30:Shear stress (upper), streamwise (middle) and wall-normalstress (lower) pro�les
obtained by LES and DES (oscillatory case)
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upto the separation location. Further downstream, LES fails to capture the pressure
minimum in the recirculating region whereas DES reproducesthe behavior ofCp in
this region of the 
ow. Downstream of the 
ow reattachment DES overprediction
of the pressure recovery is observed. Predictions and measurements of the mean
streamwise and wall-normal velocities are compared in Fig.7.29. Compared to
DES, LES yields more accurate velocity predictions, particularly in the recirculation
region. Shear stress pro�les are shown in Fig. 7.30-upper. An overprediction of the
shear stress at the locationx=c = 0:66, which was observed in the baseline case,
is extremely pronounced and could be attributed to the grid resolution 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. 7.29-middle) might be an
indicator of poor data convergence. However, the 
ow statistics taken over a period
of �ve 
ow through times ( FTT = L x=U1 ) are monitored and compared during
the simulations as displayed in Fig. 7.31. The results demonstrate that even two

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0 0.5 0 0.5 0 0.5 0 0.5 0 0.5 0 0.5 0 0.5 0 0.5 1.0

y/
c

u/U¥   (LES - oscillatory case)

0.66c 0.8c 0.9c 1.0c 1.1c 1.2c 1.3c

2 FTT
3 FTT
4 FTT
5 FTT

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0 0.01 0 0.01 0 0.01 0 0.01 0 0.01 0 0.01 0 0.01 0 0.01 0.02

y/
c

-u'v'/U¥
2 (LES - oscillatory case)

x=0.65c 0.66c 0.8c 0.9c 1.0c 1.1c 1.2c 1.3c

2 FTT
3 FTT
4 FTT
5 FTT

Figure 7.31:Convergence of the streamwise velocity and shear stress statistics 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 integrationperiod of at least four
FTT. In general, with respect to the 
ow Reynolds number and grid resolution, all
stress components are predicted fairly well. Underpredictions of the shear stress
and overpredictions of the wall-normal stress in the separated shear layer are a
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7 High-Re Number Flow over a Wall-mounted Hump with Separation Control

consequence of insu�cient grid resolution. Since the oscillatory 
ow control induces
large-scale vortical structures in the separated shear layer, the 
ow structure is
substantially modi�ed. Therefore, the resolution requirements for the baseline 
ow
become inadequate in the oscillatory case. For instance, a strong interaction of the
structures in the separated shear layer with the wall leads to an intensi�cation of
the turbulence in the near-wall region. A coarse grid resolution often results in the
overpredicted streamwise stress which is consistently present in this region of the

ow (see Fig.7.30-middle). On the other side, it is remarkable that comparison of
the mean velocity pro�les reveals more accurate DES predictions 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 recirculation bubble by 42%
and 26%, compared to the baseline case, is achieved by applying steady suction and
oscillatory 
ow control respectively. LES predictions of the control e�ectiveness are
in close agreement; the same tendency of the mean velocity �eld is achieved (Fig.
7.32), while shortening of the recirculation bubble is slightly underpredicted: 38%
and 25% for the two control mechanisms. Not only qualitativebut also quantitative
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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 documented by the mean
velocity and shear stress pro�les in Fig. 7.33. Just upstream of the separation loca-
tion (x=c = 0:66), LES closely follows the trend of streamwise velocity modi�cation.
In particular, a strong 
ow acceleration due to the suction is clearly reproduced. As
discussed previously, LES su�ers from a coarser resolutionin this 
ow region which
comes into play when the 
ow control is applied. Consequently, in both control cases
the shear stress is overpredicted at this station. Further downstream atx=c = 0:8
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and 0:9 LES returns response of the 
ow to the suction control whereas 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 movement of the peak shear
stress towards the wall (suction case) that is an indicationof enhanced turbulent
mixing. Due to disagreement just upstream, LES fails to produce 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 shear stress distri-
butions. A remarkable increase in the shear stress in the region corresponding to
y=c� 0:06 is captured which should be actually expected from LES since this region
is populated by large-scale vortices induced by the oscillatory jet.

7.3.3.4 Instantaneous and Phase-averaged Flow Fields

Isosurface of the instantaneous pressure 
uctuation obtained by DES is shown
in Fig. 7.34-a. This visualization shows the roll-up of the spanwise vortex, which is
formed in the region of the contol slot, experiencing disruption due to high stream-
wise vorticity just downstream of the slot. By inspection ofthe vorticity magnitude
(colored by pressure) in Fig. 7.34-d, one can observe that the oscillatory control
mechanism tends to reorientate the spanwise vorticity �eldinto streamwise vortices.
This can be explained by increased velocity 
uctuations in the separated shear layer,
in both the wall-normal and particularly spanwise direction as demonstrated in Fig.
7.35. In order to elucidate coherent 
ow structures, isosurface of the spanwise vor-
ticity is displayed in Fig. 7.34-b. The DES treatment of the separated region results
in clearly visible resolved vortical structures. Evolution of the large-scale spanwise
vortices downstream of the slot is observed as a result of theimposed oscillatory per-
turbation. Despite an e�ectively two-dimensional 
ow �eld , the three-dimensional
instantaneous 
ow structures (vortices disrupted in the spanwise direction) can be
identi�ed. Evidently, the spanwise domain of 0:2c employed for DES appears to be
su�cient for capturing streamwise vortices displayed in Fig. 7.34-c.

One of the experimentally observed features of the oscillatory case is that typ-
ically two to three vortices were present in the PIV-measurements region covering
the entire separation bubble and the reattachment region upto x=c = 1:3 at any
instant. This can be seen in Fig. 7.36, showing the instantaneous velocity �eld
snap-shots for di�erent phase angles produced by LES. It displays generation, roll-
up and shedding of the vortices through the phase angles of 90� (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 discern the movement of
separation point as found in the experiment. A picture of the
ow is completed by
the phase-averaged velocity �elds displayed adjacent to the instantaneous ones. It is
to be noted that the sample LES data set is limited to 50 blowing/suction cycles, yet
it provides a useful and credible information about the phase-averaged behavior. At
the instant corresponding to the blowing peak (� = 90� ) the separation zone moves
upstream towards the slot, the shear layer being lifted o� the wall. This is in accord
with the experimental �ndings so that one can speak of actualpromotion of the sep-
aration at this phase angle. At the same time the reattachment length is reduced
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a)

b)

c)

d)

Figure 7.34:DES predictions of the oscillatory 
ow control case: Iso-surfaces 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 7.36: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 phase-averaged 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 small vortex visible at
� = 180 � as the control switches from blowing to suction. As the suction peak is
reached (� = 270 � ), the shear layer is pulled towards the wall and separation point
moves downstream of the slot. The skin-friction at this phase reveals a movement of
the 
ow reattachment downstream exceeding the long time-averaged value. A small
secondary vortex just downstream of the slot is disrupted into two smaller vortices
which eventually vanish as the control switches from suction to blowing (� = 0 � ).
Based on the skin-friction evolution (Fig. 7.37) one can observe that the reattach-
ment location at this phase angle reaches its maximum. Concerning existence of
two to three vortices within the instantaneous recirculation zone, it is recalled that
a similar observation in the periodically perturbed backward-facing step 
ow was
reported by Yoshioka et al. [77]. It is encouraging that LES accurately predicts
the convective speed of the vortices estimated asUcv � 0:36U1 , the measured value
being Ucv � 0:35U1 . A curious result obtained both experimentally and numeri-
cally (LES) is that convective velocities at which the large-scale vortices (emerged
either from the step or from the control slot) move downstream are very close to
each other, 0:3Uc. vs. 0:35U1 .

Phase-averaged coherent part of the pressure coe�cient obtained for the four
representative phase angles by subtracting the long time-averagedCp ( ~Cp = < C p >
� Cp) is plotted in Fig.7.38. Despite encouraging agreement forthe phase angles
corresponding to the blowing (� = 90 � ) and suction (� = 270 � ) peaks, LES captures
only a trend of ~Cp for the two remaining angles. For each of angles, there is either a
considerable overprediction or underprediction of~Cp. It is di�cult to �nd a proper
explanation for such a curious result especially because the phase-averaged skin-
friction pro�les do not exhibit such an odd behavior for the given phases. One
should however point out that although these two deviationscancel each other in
the long time-averagedCp, undulations of the mean pressure coe�cient obtained
by LES and failure to capture the second pressure minima in Fig. 7.28 could be
associated with this disagreement disclosed by the phase-averaged plots.

Regarding the phase-averaged pro�les of streamwise velocity which are dis-
played in Fig.7.39, one can see that LES predictions are in very close agreement
locally, depending on the phase angle and station considered. Likewise, certain lo-
cal deviations from the measurements are noted. Certainly,the data sampled over 50
cycles are not su�cient to obtain smooth and absolutely reliable pro�les as demon-
strated by the phase-averaged shear stress distributions shown in Fig.7.40. However,
it is noteworthy to emphasize qualitatively good agreementof the phase-averaged
shear stress predicted by LES. Local discrepancies may be attributed to the resolu-
tion issues but one should keep in mind the maximum uncertainty in the measured
stresses estimated as 20%. A distinct feature of the hump 
owsubjected to the
oscillatory control can be recognized by carefull inspection of the phase-averaged
shear stress pro�les in line with the evolution of skin-friction (cf. 7.37). One can
see that shear stress maxima occur consistently at the location in vicinity of the
local reattachment (in the phase-averaged sense). In accordance with the previ-
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Figure 7.37:Phase averaged skin-friction coe�cient

ous discussion of the phase-averaged behavior, the shear stress 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 thereof (x=c = 1:1) at � = 0.

Concluding Remarks

Di�erent computational approaches: LES (Large-eddy Simulation), DES (Detached-
eddy Simulations) and RANS (Reynolds-Averaged Navier-Stokes) were used to pre-
dict the 
ow over a wall-mounted hump aiming at comparative analysis of their
features and performances in such complex 
ow situations relevant to the aircraft
aerodynamics. In addition to the baseline case, the computations 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 hump crest close to the
natural separation point were performed. Among the 
ow con�gurations considered,
the oscillatory case appears to be the most challenging one for the unsteady 
ow com-
putational strategies like LES and DES. The LES and DES predictions of the main
characteristics of separated 
ow over a wall-mounted hump,obtained on relatively
coarse grids with respect to the 
ow Reynolds number considered (Rec = 9:36� 105),
are encouraging, outperforming signi�cantly the examinedRANS models. As it
was expected, the RANS approach was not capable of capturingthe dynamics of
the large scale motion being especially pronounced in the separated shear layer. A
typical outcome is expressed in a lower turbulence level in this 
ow region leading
consequently to a larger recirculation zone and decreased sensitivity against pertur-
bations. LES provided good predictions of the important e�ects 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 results are almost iden-
tical to those obtained by using the conventional LES in the baseline case. It is
especially encouraging when one knows that a lower grid resolution (only 1.7 Mio.
cells in total vs 4 Mio. cells for LES) was applied. However, poorer performance
in the suction case (LES superior to DES ) indicates the importance of the DES
grid design with respect to this controlled 
ow featuring a thinner boundary layer
upstream of the separation. The issue of LES{RANS interfaceappears to be crucial
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Figure 7.38:Coherent part of the pressure coe�cient ( ~Cp = < C p > � Cp)

for exploiting advantages of both RANS and LES strategies indi�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 case can be used for dif-
ferent 
ow control scenarios, i.e. suction and oscillatory
ow control? Simulations
of the oscillatory case demonstrate in general good predictions of the recirculation
bubble, both instantaneously and in the time mean sense. Close agreement with
the experiment is observed regarding the velocity and shearstress pro�les. De-
spite relatively coarse grid resolution and a narrow computational domain in the
spanwise direction (L z;LES = 0:152c and L z;DES = 0:2c), it was possible to capture
the three-dimensional instantaneous 
ow structures. The mean velocity �eld is not
a�ected by the choice of slot velocity boundary condition, but an appropriate mod-
eling conforming with the experimental mass 
ow rate is essential for capturing the
turbulence characteristics within the recirculation zone. Finally, the phase-averaged
results extracted from LES of the oscillatory controlled hump 
ow are in good agree-
ment with the measurements, reproducing the main control mechanisms observed
in the experiments. LES predicts accurately the convectivespeed of the vortices es-
timated asUcv � 0:36U1 , the measured value beingUcv � 0:35U1 . A curious result
obtained both experimentally and numerically (LES) is thatconvective velocities
at which the large-scale vortices (emerged either from the step or from the control
slot) move downstream are very close to each other, 0:3Uc. vs. 0:35U1 .
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Figure 7.39:Phase-averaged streamwise velocity predicted by LES
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Figure 7.40:Phase-averaged shear stress predicted by LES

115



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

116



8 Conclusions and Recommendations

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

8.1 Conclusions

The main goal of this work was a computational study of the e�ects of boundary-
layer forcing on the mean 
ow and turbulence using various methods for turbulent

ow computations (LES, DES and RANS), with an emphasis on theunsteady ap-
proaches LES and DES, aiming also at mutual comparison of their features and
performance in complex 
ow situations. The numerous simulations 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 evaluated for the three rep-
resentative complex separated 
ow con�gurations without 
ow control. Arguably, it
seems to be unlikely that any existing RANS model, regardless of its complexity, can
provide the accurate predictions needed in a number of complex separated and vorti-
cal 
ows. Obviously, RANS requires additional modeling andempiricism to achieve
credible AFC predictions. A potential of the methods for unsteady 
ow computa-
tions: LES, DES and URANS was investigated by predicting the
ow and turbulence
�eld for the two experimentally investigated AFC con�gurat ions. They involve the
two recent experimental works pertinent to AFC: periodically 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 etal. [22, 23]). The
following conclusions can be drawn based on the results of the present study:

� In general, both the LES and DES computations have reproduced all impor-
tant e�ects observed in the BFS experiments. The imposed perturbation 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 measured value of
28:3%, LES and DES exhibit the closest agreement, predicting the reduction of 24:5
and 35%, respectively. URANS underpredicts substantiallythe intensity of the re-
duction with 5:9% (SA model) and 12:9% (k � ! SST model), exhibiting a very
weak sensitivity to the perturbations.

� A computational analysis of the in
uence originating from the in
ow bound-
ary conditions has shown that there is a certain impact of theinlet 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 in
uential.

� Overall comparison of the mean 
ow and turbulence for di�erent perturba-
tion frequencies has shown a close agreement of LES and DES predictions with the
experimentally observed trends. Not only a general enhancement of the turbulence
production with the perturbation was reproduced but also the frequency dependence
of the Reynolds stress increase. Some peculiarities in the stress �eld arising from
the 
apping motion of the perturbed shear layer were captured by LES and DES.

� Beside a close agreement with the experiment concerning time-mean behav-
ior of the 
ow for all perturbation frequencies, the extracted phase-averaged LES
results for the case with the optimum frequency (St = 0:19) compare well with the
reference experimental data.

� Among the hump 
ow con�gurations considered, the oscillatory case appears
to be the most challenging one. The LES and DES predictions ofthe main charac-
teristics of separated 
ow over a wall-mounted hump, obtained on relatively coarse
grids with respect to the 
ow Reynolds number considered (Rec = 9:36 � 105), are
encouraging, outperforming signi�cantly the examined RANS models. As it was
expected, the RANS approach was not capable of capturing thedynamics of the
large scale motion in both the baseline and steady suction cases, being especially
pronounced in the separated shear layer. A typical outcome is expressed in a lower
turbulence level in this 
ow region leading consequently toa larger recirculation
zone and decreased sensitivity against perturbations.

� LES provided good predictions of the important e�ects 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 results arealmost identical to
those obtained by using the conventional LES in the baselinecase. It is especially
encouraging when one knows that a lower grid resolution (only 1.7 Mio. cells in
total vs 4 Mio. cells for LES) was applied.

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

� LES and DES of the oscillatory case demonstrate in general good predictions
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of the recirculation bubble, both instantaneously and in the time mean sense. Close
agreement with the experiment is observed regarding the velocity and shear stress
pro�les. Despite relatively coarse grid resolution and a narrow computational do-
main in the spanwise direction (L z;LES = 0:152c and L z;DES = 0:2c), it was possible
to capture the three-dimensional instantaneous 
ow structures.

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

� The phase-averaged results extracted from LES of the oscillatory controlled
hump 
ow are in good agreement with the measurements, particularly encouraging
is that LES accurately predicts the convective speed of the vortices estimated as
Ucv � 0:36U1 , the measured value beingUcv � 0:35U1 .

� A curious result obtained both experimentally and numerically (LES) is that
convective velocities at which the large-scale vortices (emerged either from the step
or from the control slot) move downstream are very close to each other, 0:3Uc. vs.
0:35U1 .

� 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 (v2). It has been shown that capturing the near-wall turbulence, especially
the wall-normal component, has a great impact on the mean 
owpredictions down-
stream of the step/hump.

8.2 Recommendations for Future Work

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

� Failure of DES to predict the steady suction case should be further investi-
gated. Di�erent grid con�gurations could be examined in order to achieve predic-
tions comparable to the baseline case, which implies a sort of the interface optimiza-
tion with respect to the 
ow considered.

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

� As the experiments have demonstrated a weak dependency on the 
ow Reynolds
number, the same con�gurations with a substantially lower Reynolds number could
be computed by LES and DES thus providing a well resolved reference data set
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which could be used to improve the existing turbulence models. However, decreas-
ing the Reynolds number at the presently used computationalgrids implies a �ner
grid resolution which is expected to be more sensitive to theinlet boundary condi-
tions. Hence, unsteady inlet pro�les would be required for these simulations.

� Compared to the baseline case RANS predictions of the hump 
ow have
proven to be less accurate in the suction case. Scarcity of RANS calculations of
the oscillatory case is motivation for a detailed investigation of the oscillatory 
ow
control case employing solely URANS. This would help answering the question: to
what extent RANS approach does work in real AFC applications?
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