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Abstract

The two basic ways of computing turbulence have traditionally beatditumerical simulation (DNS) and Reynolds-
averaged (RANS) modelling. In the former the full, time-dependentidiestokes equations are solved numerically,
essentially without approximations. The results are equivalent terarpntal ones. In the latter, only the stationary
mean flow is computed, and the effect of the unsteady turbulent velocitydhimts is modelled according to a variety of
physical approximations.

It was realized early that direct numerical simulations were too expensiveadst cases of industrial interest, while
Reynolds-averaged modelling was too dependent on the characteristicgiofilpaflows to be used as a method of
general applicability.

Large-eddy simulations (LES) were developed as an intermediate apprmxirhatween these two approaches, the gen-
eral idea being that the large, non-universal, scales of the flow were to hputesrexplicitly, as in DNS, while the small
scales were modelled. The hope was that the small scales, which are removétfftmw inhomogeneities and particular
boundary conditions by several steps of the turbulent cascade, woutdveesal (independent of the particular flow) and
isotropic enough for a single simple model to be able to represent ih all situations.

The data contained in the present collection are intended for the validdtlarge-eddy simulations of turbulent flows,
especially at the fundamental level of model development rather than at #deofesomplete codes. They therefore
include relatively few ‘complex’ flows, consisting instead of ‘buiig-block’ experiments documented in as much detail
as possible. These should also be useful for the validation of RANSoarigde preliminary evaluation of experiments or
turbulence theories. They include both laboratory experiments aact diumerical simulations.

Chapter 1 gives an overview of the present stage of large-eddy simulatidmf the similarities and differences between
laboratory and numerical data. Its purpose is to describe the generalzatiamiof the data base, to summarize the
different aspects of LES and of validation, and to give an idea of the gwadd precision that can be expected from the
data. Chapter 2 describes filtering methods and associated file formats.

Chapters 3 to 8 deal with the six flow categories, ranging from homogsrieatomplex, in which the data have been
classified. Each chapter includes an introduction discussing the data efiediility, and how representative are they of
the information presently available for those particular classes o&fl&ach one is followed by a synoptic table of the
data sets corresponding to its category.

These introductory chapters are complemented by data sheets, organizeshiimégroup mentioned above, describing in
detail each data set, the experimental or numerical procedures, the expectededdne initial and boundary conditions.

The data themselves are given in machine-readable form in the CD-ROM thatzamtiesithe present report.



Abreéege

Les calculs d’écoulements turbulents sont couramment effectués par SamiMNaitmérique Directe (DNS) ainsi que par
modeélisation des équations de Navier-Stokes moyennées (RANSEinégue méthode consiste a résoudre numériquement
les équations de Navier-Stokes instationnaires, pratiquement saruxiapgtion. Les résultats sont équivalents a des
résultats d’expériences. La seconde approche permet seulement de calcetigtislesoyens stationnaires, alors que les
fluctuations instationnaires sont modélisées moyennant un certairadmpproximations physiques.

Les simulations directes sont rapidement apparues trop coliteuses poutilisees dans la plupart des applications in-
dustrielles. D’autre part, les modeélisations basées sur les moyennepemtiapparaissent souvent trop dépendantes des
caractéristiques des écoulements pour permettre une application gé&eéralis

Ainsi, les Simulations des Grandes Echelles (LES) ont été dévelompge=uvent &étre considérées comme une ap-
proche intermédiaire entre la Simulation Numérique Directe et la8igation par Fermeture des Equations Moyennées.
L'idée de base est de calculer explicitement les grandes échelles, de carant@éravensel (c’est a dire dépendant de
I'écoulement considéré), et de modeéliser les petites échelles. On peukees’aftendre a ce que les petites échelles
deviennent indépendantes des inhomogénéités de I'ecoulement et dié®osraix limites et suivent un comportement
guasi-universel et suffisamment isotrope pour qu'un modele relatinesimple puisse les modéliser dans toutes les con-
figurations envisagées.

Les informations regroupées dans la présente base de données tnaedesla validation de calculs d’écoulements tur-
bulents par Simulation des Grandes Echelles (LES), en particulier sarléggidamental de développement des modeles,
plutbt que sur celui de la validation de codes complets. La base déedsnantient en effet relativement peu d’écoulements
"complexes”, mais est principalement constituée de données détaillédastmur des écoulements "élémentaires”. Ces
dernieres pourraient également servir a la validation des modeles RANSealuation préliminaire des expériences de
laboratoire. Elles peuvent étre issues d’expériences physiques ou ds palc8imulation Numérique Directe.

Le chapitre 1 présente un rapide panorama de I'état actuel de la SimudasdGrandes Echelles, ainsi qu’une discussion
des similitudes et differences entre les données issues de mesuresipbites données de calculs. L'objectif en est
de décrire I'organisation générale de la base de données, de réssndédférents aspects de la simulation des grandes
échelles et de donner un apercu de la qualité et de la précision queekiren attendre. Le chapitre 2 décrit la méthode
de filtrage et les formats associés.

Les chapitres 3 & 8 sont relatifs aux six catégories d'écoulements retenuetagmase de données, s'étendant des
eécoulements homogenes aux configurations complexes. Chaque chapitrecéstepd’'une introduction qui présente
les données, décrit le degré de confiance que I'on peut leur accorder ded&aauniveau de représentativité pour le
type d’écoulement considéré. Un sommaire présentant les diversesucatifigs d’écoulement sous forme de tableau
récapitulatif est donné a la fin de chaque chapitre.

A la suite des chapitres de présentation, pour chacune des six catégeceslement retenues, une série de fiches doc-
umentaires individuelles est fournie. Ces fiches présentent en détail chadigeiadion, les méthodes d’obtention des
données (a partir d’'expériences physiques ou a partir de simndatiomériques directes), les précisions et les conditions
initiales et aux limites.

Les données elles-mémes sont fournies sous la forme de fichiers efierment lisibles et archivées sur un disque CD-
ROM accompagnant le présent rapport.
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Chapter 1: An overview of LES validation

Javier Jiménez
School of Aeronautics, Universidad Politécnica, 28040 Madrid, Spain
and Centre for Turbulence Research, Stanford CA 94305, USA

1.1 Introduction scribe the data, their reliability, and how representative are

The two basic ways of computing turbulence have tradi-t_hey of the information presently available for thosg par-
tionally been direct numerical simulation (DNS) and Reyn- tlcular_ classes of flows. _The data themselves are given in
olds-averaged (RANS) modelling. In the former the full, Machine-readable form in the CD-ROM that accompanies
time-dependent, Navier-Stokes equations are solved nu€ Present report. Those not interested in the introduc-
merically, essentially without approximations. The results 10NS W!|| find lists of.the data sets for each particular type
are equivalent to experimental ones, although with a differ-Of flow in the synoptic tables at the end of the correspond-
ent set of limitations and advantages which are briefly dis-Nd chapters.

cussed below. In the latter, only time scales much longerchapter 2 discusses data filtering and formats. The pur-
than those of the turbulent motion are computed, and thgypse of the present introduction is to describe the general
effect of the Unsteady turbulent VE|OCity fluctuations is mOd'Organization of the data base, to summarize the issues in-
elled according to a variety of physical approximations.  yolved in LES validation, and to give an overview of the

In a relatively recent development, the requirement of time-duality and accuracy that can be expected from the data.

scale separation in RANS is sometimes relaxed, allowingrhe present states of LES and of validation are briefly re-
the mean flow to evolve according to its natural instabil- viewed first. The differences and similarities between lab-

ities. In these ‘URANS’ Computations, the resolved flow Oratory and numerical data are discusse@]jrsl and the
is usually taken to be unsteady and two-dimensional, an@jata base itself is described§h.4.

a model is applied to account for the effects of turbulence.
Two-dimensional flows behave very differently fromthree- 1 2 Large eddy simulations

dimensional ones, and this approximation is probably onlyIn the pioneering work of [44], the separation of small

reasonable in those cases in which two-dimensional Iarge(‘Sub rid") and large scales was loosely linked to averag-
scale structures dominate the real flow [53]. 9 9 y 9

ing over computational grid elements, and was, therefore,
It was realized early that direct numerical simulations wereintrinsically dependent on the numerical implementation.
too expensive to be used in most cases of industrial in-The large scale field was nevertheless described in terms of
terest, being limited to relatively modest Reynolds num-functions of continuous spatial variables, governed by dif-
bers, while Reynolds-averaged modelling was too depenferential equations. Schumann [188] formulated the scale-
dent on the characteristics of particular flows to be usedseparation problem in a mathematically consistent way by
as a method of general applicability. Large-eddy simula-interpreting the subgrid quantities as volume or surface av-
tions (LES) were developed as an intermediate approximaerages, linked to a particular finite-volume discretization.
tion between these two approaches, the general idea bé&his implied that the large-scale variables resulting from
ing that the large, non-universal, scales of the flow were tohis approach were no longer functions of continuous space,
be computed explicitly, as in DNS, while the small scales and they have been difficult to interpret in terms of turbu-
were modelled. The hope was that the small scales, whiclence theory. Consequently, it has been the former interpre-
are removed from the flow inhomogeneities and particulartation that has prevailed, although the result is that a certain
boundary conditions by several steps of the turbulent caseonfusion of numerical and filtering concepts persists up
cade, would be universal and isotropic enough for a singleto this day. The current formulation of large- versus small-
simple model to be able to represent them in all situationsscale quantities was introduced in [121]. The equations are

The data contained in the present collection are intendeéfvrltten in terms of filtered variables,

for the validation of large-eddy simulations of turbulent (z) = ( Yu(z') da’ (1)
flows, especially at the fundamental level of model devel- i) = [ 9\, T aT
opment rather than at the level of complete codes. They

N .
therefore include relatively few ‘complex’ flows, consist- wher_e the_ker_neg(;r, z') |s_|ndepend_ent of the numerl-
ing instead of ‘building-block’ experiments documented in cal discretization, and the filtered variables are considered

as much detail as possible. They should also be usefu'iobb‘? d((ajfige(:'lovgr corr:tinuous.spacef. quation:ﬂgare
for the validation of RANS and for the preliminary evalua- °Ptained by filtering the equations of motion. Whenever

tion of experiments or turbulence theories. The flows havellonlinéar terms, likerv, are encountered, the resulting

been classified in six different categories, ranging from ho-iered guantities cannot be expressed in terms ahd

mogeneous to complex, for each of which there is a gen_the extra subgrid stresses have to be modelled. Useful re-

eral introduction in chapters 3 to 8. These summaries deyiews of the state of the art at various times can be found in

[177, 189, 148, 61, 75, 122, 147], where the later reviews



do not necessarily supersede the older ones. propriate fora-priori testing, although a few filtered fields

There are many outstanding issues in LES which make th(%g\\//vec?)i?j?tilc?:éuigi?rrt]%Igiourfsed as ‘standard’ initial and in-

validation of the results, and of the models themselves, es-

sential. The most obvious ones are those related to th&he results o&-priori testing have proved disappointing in
physical modelling of the subgrid stresses, which is in manyhose cases in which it has been tried. The subgrid stresses
cases based on engineering approximations, justified by litpredicted by most models turn out to be only poorly corre-
tle more than dimensional considerations. Numerical is-lated with those measured from the filtered fields [35, 8], in
sues are also important, since most models use as inpwpite of which some of those models are very successful in
the velocity gradients of the filtered field, which depend a-posterioriperformance. The reason seems to be, at least
on the smallest scales resolved by the simulations, andh part, that only the mean stresses are needed to compute
which are therefore strongly influenced by numerical er-the mean flows, and that mean values and integral quanti-
rors [71, 111]. It is clear that filtering, modelling, and nu- ties are better correlated than instantaneous ones. Also a
merical techniques are interrelated [169] but in which way certain fraction of the shear stresses is carried by the re-
is still unclear. solved large scales and does not have to be modelled.

There are two ways to validate a given combination of In selecting the present validation cases we have chosen
the three factors mentioned above. The simplest one ign intermediate path between the data needed-fotori
a-posterioritesting, in which an experiment is simulated testing, which we cannot provide, and those sufficient for
using a complete LES code, and the predictions of the dea-posterioriverification, which we have argued to be in-
sired variables (e.g. mean velocities,) are compared to theomplete. We have taken the view that LES, even if it is
measurements. While agreement of this kind is probablyonly an imperfect representation of true turbulence physics,
the ultimate goal of any simulation, this testing can only be should at least predict those quantities associated with the
incomplete and is difficult to interpret. large scales of the flow. In particular, turbulent intensi-
ties and other Reynolds stresses have to be reasonably well

In the first place, if the results are poor, it is difficult to de- ; .
) . . modelled if the LES equations are to be correctly closed. It
cide what is wrong, since any one of the many components . .
: . is shown in chapter 2 that the computation of the Reynolds
of the complex code may be responsible. But, even if the

agreement is 0ood. it mav be due to compensating error stresses of a filtered field requires the knowledge of the
9 good, y P 9 SH/vo—point correlation function of the velocities in the full

or may only be good for the particular experiment Choser]ﬁeld. This is a high-dimensional quantity which has not

for the test. Moreover, since the information available on . .
; . been reported in most experiments, but an effort has been
the experiments is seldom complete, some parameters have . . . .
) . . made to include it whenever available. In most cases, this
to be guessed (e.g. boundary conditions,) and this provides . : )
i . ) is only true for numerical simulations, but at least one case
enough latitude as to sometimes mask modelling errors ;
. : . HLO4) corresponds to a laboratory experiment. From
In no case is much understanding gained on the causes

) . - oo 1hese correlations, it is possible for a modeller, using an
agreement or disagreement, or on possible simplifications , . ) . .
. arbitrary filter, to compute one-point, second-order statis-
and improvements.

tics of the filtered field, and to compare them to the mean
There are well-known techniques for testing code integritystresses predicted by his model.

and_numenc_al accuracy, independently of physmal ConSId'An attempt to provide even more detailed data has been
erations, which are beyond our scope. @&priori method

) o : . made in the case of some homogeneous flows in chapter

for testing the filtering and modelling parts of LES, in- . . .

. . . 3. A lot of information on the structure of the velocity
dependently of the numerical factors, was introduced in . . : : 2

o : .. fluctuations is contained, for those flows, in the probability

[35]. Assume that the full flow field in a given situation . ; o
. . . . density functions (p.d.f.) of the velocity differences across
is known. It is then possible to compute exactly the fil-

tered fieldz and the subgrid stresses. Framusing only a give_n distance. For large d_istances, this is a Iar_ge-scale
information that would be available to the LES code in a quantity, and should be predicted by any LES which pre-

real situation, it is also possible to compute the stresses th erves the structure of those scales. Itis shown in chapter

would be predicted by the proposed model. and to compar that the p.d.f.s in filtered fields are the same as those in
P y the prop ’ P ?ully resolved ones, as long as the filter width is sufficiently
them to the actual ones derived from the data.

smaller than the distance across which the velocity differ-
Truea-priori testing requires actual flow fields, which are ences are measured, and it should be possible to use them
usually only available from direct numerical simulations to test which scales are well modelled by a given technique,
(see however [145]). It has proved to be impractical to in- and which ones are not. Again, results from numerical sim-
clude such fields in the present data base. A single DNSulations and laboratory experiments are included.
snapshot, at the moderate Reynolds numbers relevant to

large-eddy simulations, requires several hundred Mbytesl.3 Numerical vs. laboratory experiments

of data, and reasonable statistics imply at I€480) such |, this data base we have included both numerical (DNS)

fields.  Includinga-priori data even for the few simple  gnq jaboratory experimental data. They are treated on the
flows which are presently available would have needed apz5me footing as ‘true’, in the sense that both are only sub-

proximately 100 Gbytes of data, and several hundred CDject 1o ‘instrumental’ errors that can be reduced with rea-
ROMs. The data in this collection are therefore not ap-ggnaple procedural care.



However, the limitations and uncertainties of both types ofstance, both try to approximate isotropic turbulence, but
data are different, and they should be taken into accounboth approximations are imperfect and different from one
when using them for validation. another. The same is true of spatially growing mixing lay-
The general magnitude of the experimental errors that cag > M finite wind tunne]s, and. of_temporally growing ones
be expected from hot wire measurements is discussed in Stfeam' and span-wise pgrlqdlc boxes. BOth are approx-
. imations to an infinite self-similar turbulent mixing layer,
chapter 3 §3.1.3), in the context of homogeneous flows. but different ones
Chapter 6 §6.1) extends the discussion to the cases of free '
shear layers and jets, where the errors tend to be highdn this sense the numerical data sets are better suited to
because of the large relative turbulence intensities, espebe used in model validation, because the LES are likely to
cially near the low-speed edge of the flows. This latter share with them many of the limitations in box size and
chapter also examines the uncertainties in Laser Dopplethe artificial boundary conditions, and because the latter
velocimetry, which deals better with high turbulence in- are usually better documented in DNS than in laboratory
tensities, but which has its own set of errors due to limitedexperiments. In a sense, both DNS and LES are simulating
seeding densities and to particle lag. The latter effect is esthe same flows, which are slightly different from those in
pecially troublesome in supersonic flows involving shock the laboratory. The ultimate goal of simulations should be,
waves. The errors in numerical simulations are briefly dis-however, to reproduce the latter.
cussed ir§3.1.3, and each data set description sheet con-

tains, as far as possible, its own error estimation. 1.4 The organization of the data base

The absolute error magnitudes are roughly comparable for

numerical and experimental data. Mean first-order quan-he present report consists of three parts. The first two are
tities should be accurate to a few percent, but second orggntained in the printed volume, and are the set of intro-
der quantities, intensities and correlations, may be off byqyctory chapters and the collection of data sheets for the

10% or more. The cause of the errors is however differ-jygividual sets. Both are organized into six categories, as
ent. While laboratory uncertainties are mainly instrumen-4|jows:

tal, numerical ones tend to be statistical. Laboratory ex-
periments work with '099 data re_cords, often only ap‘prox— Chapter 3: Homogeneousturbulence, including strain and
imately measured, while numerics have very small ‘mea- .

) L . . rotation (HOM).
surement’ uncertainties, but deal with samples which are _ _ _
severely limited in size and number. In particular, the few Chapter 4: Interaction of shock waves with grid turbu-
full flow fields which are included in the data base repre- lence (SHW).
sent single realizations of a random process, and can onlghapter 5: Pipes and channels (PCH).
serve as ‘typical |_n|t|al condmongfor computations. They (,EhapterG: Free shear flows (SHL).
are not necessarily representative of the average state o _ _
their flows, and it is not advised to use them in that capac-Chapter 7: Turbulentboundary layers, especially distorted
ity, such as fom-priori testing. and separating (TBL).

There are other important differences between experimen"hapter 8: More complex flows (CMP).

tal and numerical data. The former tend to be fairly un-

constrained, with walls, entry and exit conditions relatively The introductory chapters should be consulted for a discus-
far away from the flow itself, but those conditions tend to sion of the individual sets. Each one contains a table with a
be poor'y documented. There are, for examp|e, very fev\/summary of what is aVaiIable, and under what name. Each
cases in which information is available on the state of thedata set has been given a name formed by the prefix in the

boundary layers on the side walls, or on the downstreanPrevious list and by a two-digit number, and they are re-
boundary conditions. ferred by that name throughout the data base.

Such information is important in simulations, and most Chapter 1 is the present introduction, and chapter 2 ex-
numerical data are well documented in this respect, buflains how to use the data to obtain filtered quantities, and
their boundary conditions tend to be artificial and relatively describes some of the less obvious data formats.

tight” with respect to the interesting parts of the flow. In Tne third part of the data base consists of the data them-
many cases, for example, the size of the largest scales Qfg|yes, which are contained in machine readable form in
numerical turbulence is pushed to the limitin which itis of {16 cD-ROM that accompanies the printed volume. All the

the same order as the numerical box, which has an impagijes from a given set are collected in subdirectories named
both on their behaviour and on the statistical significancesgier the chapter and set names (e.g. chapter7/TBL10). At

of the data. the time of publication, the data are also available on-line
This difference in boundary conditions means that the nu-Py anonymous ftp fromorroja.dmt.upm.es , in Eu-
merical simulations and the laboratory experiments reprefope, or fromhttp:/thomasc.stanford.edu in the

sent different ﬂOWS, even when they both try to approxi_ USA. Both sites .are privat9|y maintainEd: and there is no
mate the same ideal situation. Decaying grid turbulenceguarantee of their permanence. They might, however, be
and numerical simulations of triply periodic boxes, for in- €nhanced with new data as they becomes available.
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Summary ing, and therefore to which filtered quantities to compare.

The problem of providing filtered DNS or experimental There are nevertheless several sensible choices for the func-
data for comparison to LES results is discussed briefly. Itistional form of g, one of the most common being Fourier
argued that the data base should include enough informaruncation, which corresponds to

tion to allow users to apply their own filtering operators, )

but that this is only practical for first- and second-order gs(z) = 7sm(2m/6)a (2)
one-point statistics. The former requires the inclusion in T

the data b;_ase of unfiltered mean profiles or flow _fields. Thesnd which is mostly used in spectral numerical codes. Its
latter requires the fu_II small—_separatlo_n COfreIatlon tensor.omy parameter is the filter width

The more complete information contained in the full spec-

tral tensor is normally impractically large, except for the Another popular choice is the box filter

articular case of isotropic turbulence.
P P g(x) =1/26 for|z| <4, O otherwise, (3)

Data formats are also discussed, including those for the
correlation tensor in spatially inhomogeneous flows. which is easier to apply to computations or measurements
in physical, rather than spectral, space.

2.1 IntrOdUC_tlon . The spectral counterpart of the convolution (1) is multi-
In Large Eddy Simulation (LES), only the largest scales of plication in Fourier space. Denoting the transform of a
turbulence are simulated, leaving the smaller scales to bgunction ofz by its capitalised symbol

modelled. Therefore, statistical quantities computed from
an LES must be interpreted as statistics of the large scales. U(k) = 2rG(k)U (k). (4)
For some gquantities, such as the mean velocity and the

statistics of multi-point velocity differences (for large spa- For the two examples given above

tial separation), there is no small-scale contribution, and

LES should be able to predict those well. However, for 2rGs(k) = { (1) gth!r\Tvizg/é (5)
many quantities, such as all the single-point moments of '

order higher than one, there is a small-scale contributiong,q

and the large-scale values given by an LES will differ from sin(kd)

those measured in an experiment or computed in a DNS. 2mGy(k) = Tk 6)

Thus, to properly compare an LES with a DNS or experi- the transfer function is defined in the familiar way as
ment, it is necessary to extract the large scale statistics.

_ 2 2
Whenever possible, the data sets in this collection include T(k) = 4n”|G(K)I", (7)

either Iarge—'scale informationin addlthn to the gsual unfil- and, if the co-spectrum of two arbitrary variablesindo
tered statistics or, more often, enough information to allow.
the users to derive filtered values using their own filtering *

; . ) Cuv(k) =R[UK)V* (K 8
operation. The large scales in LES are defined by means of un (k) Wk (k). ®)
a spatial low-pass filter which, for a single homogeneousthe co-spectrum of the filtered variables is given by

spatial direction, is defined through an appropriate kernel

u= /g(ac — 2 u(z") dz'. (1) In the particular case of = v, (9) is the power spectrum
of u. The energy or Reynolds stresses of the filtered flow
The choice of kernel is complicated by the fact that, in are given by the integral of (9), and differ from those of the
many LES, the filtering operation is not explicit, but im- original flow by an amount that depends on the form of the
plied by the presence of a discrete grid, in which case thdaransfer function. LES results should be compared to the
simulator may not even know which filter shape he is us-filtered intensities, rather than to the unfiltered ones.



Since different LES simulations are run with different fil- from (12), and from the fact that filtering and averaging
ters, the only way that a data base can be made useful for@ommute, that the correlation of the filtered field can be
variety of users is to include full spectra and co-spectraobtained by filtering its correlation function over each of
rather than fluctuation energies or stresses. In isotropithe two independent variables,

flows, co-spectra vanish and the information on the energy

spectrum is contained in a single function of the wavenum- Ry (z, 2') = //Ruv(£7 §g(x, g(a', ¢) dgde'.

ber magnitudé = | k|, from which all other spectra can be (13)

deduced [16]. In anisotropic flows, some of the co-spectr orz — ' we recover the one-point second order statis-
do not vanish, and the spectra have to be given, as mu?F =2 ° one-p
¢s Ry, = (uv). Note that it will generally be necessary to

. . . . |

as possible, as two- or three-dimensional functions of the ) .

P subtract local mean values from (13) to obtain the covari-
wavenumber components.

ance, or the fluctuating energy and Reynolds stresses. It is
For homogeneous flows, therefore, it is enough to includenot generally true that the mean values of the filtered and
the appropriate spectra and co-spectra to allow users to demfiltered variables are the same, but first order statistics
rive any second order one-point statistical quantity. Notecan be obtained by directly filtering the mean profiles,
however that this information is more complete that the one _

needed for the computation of the one-point statistics, and (@) = (u). (14)

that it may be rather large for anisotropic flows. It will be
seen below that one-point information is given more com-
pactly by the small-separation correlation function.

In the special case of homogeneous directions the corre-
lation function depends only on a single variahle— z,

but the double filtering operation in (13) still has to be per-
Note also that (9) applies only to second order statistics andormed to recover the second order statistics. If we assume
cannot be used to filter higher order moments. To do sdhat the filter is also spatially homogeneous in that direc-
would require higher order correlation functions with im- tion

practical storage requirements in all but the simplest cases. (uw) = /Rw(ﬁ)h(ﬁ) d¢,

Thus, while higher order moments and velocity p.d.f.s are

useful in characterising turbulent flows, and while the datawhere

base_ includes th_em Whe_never possible, it i_s im_practical to h(€) = /g(g,)g(g, + ) de. (15)
provide enough information for users to derive filtered val-
ues for arbitrary filters. In summary, to generate the first and second order statistics
for filtered flow fields, it is necessary to know the unfiltered
2.2 Inhomogeneous flows profiles of the average velocities, and the full two-point
For inhomogeneous spatial directions, the choice of filterJOiNt correlation function for a]l the variable pairs whose
is not so clear. The analog of (1) is Reynolds stresses do not vanish.
The latter object can be rather large. For a inhomogeneous
= /g(:v, z)u(z") da’, (10)  one-dimensional flow field on &-point mesh, each corre-

lation function is a two-dimensional object wi¥i> points.
with g now a more complicated kernel. It can be written in In the extreme case of a fully three-dimensional field with
a form more closely related to the homogeneous case as three inhomogeneous dimensions, the correlation would be
a six-dimensional object wittv® points. Homogeneous
u= /g(m — ', z)u(z") da’, (11) directions add only one dimension to the correlation func-
tion. The present data base contains no fully inhomoge-
where the dependence on the second argument can be coneous flows, but there are several cases with two inhomo-
sidered parametric, and represents the variation of the filtegeneous and one homogeneous directions, which would re-
width and shape with spatial location. Furthermore, evenquire N® points for the full correlation function.
:)hnetzgeifhg]mhggg?\ggziiisorsgzg?(ladllgce)(r:tsxgsmrg;y g]eggg?:ortunately _not all 'th_e correlation function is needed if
i . . o ! only one-point statistics are to be computed. As noted
coordinates for pipe flow, the filter width in the azimuthal

o L for homogeneous flows, the full correlation contains long
dlrec_:tlon 6¢) should depend on the radl_al direction).(In range information which is not needed for filtering. If we
particular,ds ~ 1/r away fromr = 0, with some appro-

. . . makez = 2’ in (13), and assume that the widest filter has
priate regularity condition at = 0. half-width H, the integrand only differs from zero inside
The question is what is needed to generate arbitrarily fil-the squaré|é — z| < H, |¢' — z| < H). The correlation
tered statistics in this case. The physical space dual of thés only needed in the union of all those squares, which is

co-spectrum is the two-point correlation function a band of width2H centred along the diagonal = z'.
, , For the particular example of two inhomogeneous direc-
Ryy(z, 2') = (u(z) v(z")), (12)  tions (z, y) and one homogeneous directior), the do-

where(-) is the ensemble averaging operator, which is usy-man needed is

ally substituted by time averaging, or by averaging over a
suitable homogeneous direction. The correlation is a func-
tion of two independent variables,andz’, and it is clear lo' —z| < H, |y —y|<H, |2'—z<H (16)

R(CU, mla Y, ylazl - Z)



X' e ‘ of the bytes within a word. The data in this collection are

: | in the ‘big-endian’ form (as used by DEC, IBM/Motorola
A and SGI processors), with the high-order byte in the low-
SN RSt S address end. Utilities are included on the disk for convert-
— ing to ‘little-endian’ form (as used by Intel processors).

,,,,,,,,,
I

Those utilities need to know the length of the floating point
A numbers in the file, which should therefore be fixed. Data
- in binary files only contain INTEGER*4 (four bytes per
A word) and REAL*4 (single precision floating) data, or their
N S C equivalent, except as described next.

: : For the purpose of documentation, the first few Kbytes of
: each binary file are reserved for text data, in plain readable
format, which can be isolated by the Unizad command

or equivalent, or displayed byore. This header contains:

e Afirstline HEADERLENGTH=4096\ngiving the header
length in bytes, followed by aewline(\n ) character
to allow for automatic stripping by user programs.
The length in this example (4 Kb) is equivalent to
about 50 text lines, and should be enough in most
cases, but some files have longer headers.

Figure 1: The two-point correlation function of a one-

dimensional variable is defined in a two-dimensional mesh,
symmetric with respect to the diagonal. Filtered one-point
statistics are computed by convolution with square filters
centred on the diagonal. Only correlation values inside a
narrow band are needed for this operation, which can be o The file name.

reduced in half using the symmetry
e A short description of the data.

Note that, for data defined on inhomogeneous grids, the ® Basic references, including the relevant chapter in

bands in (16), even if they have a uniform geometric width, the accompanying printed volume.

do not necessarily have a uniform number of points, and

that the associated data structure needs to carry informa-

tion on the beginning and the end of eachinterval (see e A short piece of code or pseudo-code that can be

figure 1). imbedded in a computer program to read the data in
the rest of the file.

e A short description of the format.

The maximum filter widthH, is a parameter to be decided

during the generation of the data base, and has been taken

as uniform as possible, even for nonuniform flows. A rea- Note that the byte-swapping utilities that translate between
sonable order of magnitude is one tenth of the relevant flonthe two-floating point formats will read the ‘HEADER-
dimension (such as the channel half-width, or the boundary-ENGTH' line and copy the header accordingly. Thus
layer thickness), corresponding to very coarse LES gridsthese utilities can be used on the included binary files di-
with 10-20 points across that dimension. rectly.

The previous discussion applies mostly to data originating? 4  Correlation functions
from direct numerical simulations. In filtering laboratory
experiments, it is generally only possible to filter in time,
which is homogeneous in all the flows in this data base.

The most complicated format is that for the correlation
function in inhomogeneous flows since, as discussed in the
previous section, only a band of the multidimensional ar-
2.3 Data formats ray is _nee_ded, and_ the width of th_at b_and i§ v_ariable. The
) ] ) following is a possible data organisation within a Fortran
As much as possible, files are self documenting and Selbrogram, which has been followed as much as possible.
contained. Small data sets are given as plain ASCII files p|sq included is pseudo-code to be used in generating and
which can be manipulated, read and edited using standargsing the correlation function. It is assumed that the dif-
editors. Many older editors and Fortran compilers do notferent components of the tensor are included in the code
admit formatted lines longer than about 132 charactersgg the |ast running index of the arreguv . Since differ-
and those have been avoided as much as possible. ent flows have a different number of non-zero components,

Moreover, since many smaller systems would not edit filesthese are identified in the file header.
larger than a few tens of Kbytes, and large formatted I/OThe following are the declarations
operations are impractically slow in most computer sys-
tems, files larger that about 50 Kb are in binary ‘flat’ for-
mat, fO”OWing the IEEE ﬂoating-point standard used by Cc assumes two inhomogeneous directions’
microprocessors. There are two implementation ‘flavours’c x and y, and one homogeneous one z.
of this standard, which differ by the position in memory ¢ nx, ny are grids sizes




OO0 0O000000000000000O00O0O0OO0

nz = H/dz is the max. filter width

m = number of tensor components.

1. uu
2: uv
3. vV

etc.

xmx(i)-> index in x(*) of the highest
i in R(x(i),x(ii),..)

x0(i) -> index in couv of
R(x(1),x(i)...)

ymn(j)-> index in y(*) of the lowest
iiin o RC.y0).y(aD).-)

ymx(j)-> index in y(*) of the highest
i in RC.y0).yaD.-)

y0(j) -> index in couv of

R(...y().y().-)

the dimensions ntx, nty of the list

couv should be large enough to
contain the whole band for each
variable

parameter (nx, ny, nz, ntx, nty)
real x(nx),y(ny),dz

integer xmx(nx),ymn(ny),ymx(ny)
integer x0(nx),y0(ny)

real couv(ntx,nty,-nz:nz,m)

Thez variation of the correlatio®,,,, (z, =’

...) Is stored

case, only data for’ — z > 0 need be stored. Use of such
symmetries is described in the header of the correlation
files.

Note thatnz is not the full extent of the computational grid

in the z direction, but the expected width of the widest fil-
ter. In some cases, especially in experiments collected with
sparse fixed sensor rakes, the spacing between the data
available in some directions may be larger than the widest
expected filter, in which cas& = 1, and no filtering of

the statistics is possible in that direction.

Note finally that the collection of reliable correlation func-
tions requires large amounts of data which are not always
available, and that users should be aware of the possibility
of larger error bars in these quantities.
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along the first indexix , of the list-organised arragouv .
Thei-th line of the function, correspondingio= x(i)

is stored starting from the elemeint = x0(i) , which
contains the information far’ = x, and ending aix =
x0(i) +xmx(i)-i . Note that we have used the symmetry
of the correlation tensor with respectto~ z', y + ¢/,

z +» 2', u +> v to avoid storing data far’ < x. For they
direction, we cannot use this symmetry, which makes the
indexing of they direction slightly different. Here we have
thej-th line of the function corresponding o= y(j)
stored starting from the eleméant=y0(j)+ymn(j)-j ,
which contains the information faf = y(ymn(j)) ,and
ending atiy = yO0(j)+ymx(j)-j . Finally the third in-
dex for thez direction, which is assumed to be homoge-
neous with uniform grid spacindg is simpler. For a grid
spacingdz, the correlation for,’ — 2 = dz*k is stored
with index k. Thus, the information for the correlation
Ryo(X() x(@) yG) LyG) 2 —2) = Rpu(xii)

x(@ ,y@@) .yl ,z-—2"),wherei > i,isfoundin

if (ii.le.xmx(i) .and. jj.ge.ymn(j)

& .and.
& ji-leymx(j) .and. abs(k).le.nz)
& then
R="couv(xO0(i)+ii-i,y0(y)+ijj-j,k,m)
else
R= 0.
endif

where the correlation is set to zero for points outside the
stored band. For a homogeneous spatial direction, there
may also be a statistical symmetry whereby, (. ..,2" —

z) = £Ryy(. ..,z — 2'), where the plus or minus sign de-
pends on the velocity components being correlated. In this
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3.1 Introduction tilinear)homogeneous shear flpalso known asiniformly

3.1.1 The basic configurations sheared flowVarious relatively mild distortions from these
‘pure’ configurations, such as uniform strain and/or stream-

By definition, turbulence iflomogeneoui its statistical  In€ curvature, can also be included within each class. Geo-

properties (with the occasional exclusion of the first mo- metrical distortions of the flow domain or additional strain
ments) are invariant under translation of the origin of the 'ateés may introduce additional production terms in the Reyn-
coordinate system. This implies that, ideally, such a flow ©!dS stress balance equations, or affect production implic-
should be unbounded. Simple analysis further shows thaltly Py modifying the turbulent shear stress. Of special in-
non-trivial turbulence cannot be both homogeneous and€rest in many applications, including flows in turboma-
stationary(i.e. with statistical properties which are invari- chinery and planetary flows, are the effects of rotation.
ant under shifts of the time origin). Neither experiment RoFatlon introduces centrlfugal gnd Coriolis accelerations,
nor computation produces exactly homogeneous flows, butvhich affect the turbulent kinetic energy and the turbu-
both introduce a number of approximations. Notwithstand-'€Nnce structure. Rotation, curvature and buoyancy have
ing such limitations, it is convenient to maintain this term Peen identified as analogous mechanisms, so, with pro-per
in order to distinguish some relatively simple flow config- c&ré; knowledge of the effects of one mechanism may be
urations from more complex ones. In the following, the USed to understand the effects of the others.

term ‘homogeneous’ will denote several classes of approxHomogeneous turbulence has been studied by all available
imately homogeneous flows, which approximate, to somemeans for as long and as intensely as any other class of
degree, the theoretical notion of unbounded, exactly hofjows. Its obviously appealing features are the relative sim-
mogeneous turbulence. Furthermore, there is a differencgjicity of the statistical equations of motion and the lack of
between experimental and simulated homogeneous turbynterfering factors, such as wall and entrainment effects. In
lence: in experiments, usually conducted in steadily OPeérparticular, its subclass of homogeneous &wdropic (i.e.

ating wind-tunnels, turbulence is, at beisansversehho-  one whose statistical properties are invariant under rota-
mogeneous but changes statistically along the direction ofjons and reflections of the coordinate system) turbulence
the mean stream; in DNS, turbulence is nearly homogeis mathematically the simplest possible turbulence that can
neous within the Computational domain but it is allowed be devised. On the other hand, the argument has also been
to change, statistically, with time. The usual convention made that lack of production and preferential orientation of
is that wind-tunnel turbulence can be consideredessly  the turbulent eddies complicates rather than simplifies the
homogeneous in a frame convected with the mean speeqyrbulence structure. Another drawback of homogeneous
if its statistical properties do not vary appreciably within a flows is that they do not occur in nature or in technology,
volume which is small compared to the dimensions of thewhich reduces their direct applicability. Despite these lim-
apparatus, but large compared to the size of the most eneftations, homogeneous flows continue to play a very im-

getic turbulent eddies. Then, one can follow the temporalportant role in the advancement of turbulence research and
evolution of this flow in terms of the mean convectiontime, maintain a firm position as test cases for the adjustment

which is proportional to the streamwise distance from angng verification of new theories and models.
actual or effective flow origin.

Turbulence can only be homogeneous if its production rate3-1-2  The reported parameters

is uniform in space; similarly, transversely homogeneousathough, ideally, all measured and computed values of
turbulence can Only be preserved if its prOdUCtion rate iSeach parameter should Correspond to the same or equiv_
uniform on a transverse plane. The simplest possible casglent mathematical definitions, in practice, discrepancies
occurs when the turbulence production rate vanishes evhave been introduced in the literature, either by the use
erywhere, in which case the turbulent kinetic energy wouldof different definitions or by different types of approxima-
decay Another relatively simple configuration is the (rec- tjon to the original definition. To avoid any confusion, it



seems worthwhile to summarize the definitions and mea- Direct numerical simulations
surement/computation procedures used for the main pa-

rameters reported in the present chapter. Quantities used in these simulations follow the definitions

in [16]. The r.m.s. one-component velocity is computed
Experiments from the three-dimensional energy spectruifk), as

o0
The mean and r.m.s. velocity components are routinely u'”? = %/ E(k) dk.
computed by time or ensemble averaging of the correspond- 0
ing fluctuating signals. The integral length scales are for-The instantaneous energy dissipation ratés computed
mally defined as the integrals of the corresponding two-gs
point correlation coefficients; for example, the streamwise
integral length scale, which is by far the most commonly
reported, is defined as

o0
e=ww'"? = 21// k*E(k) dk.
0

The integral length scale is computed as

o0
L:/ Ry (r,0,0)dr. L T / k7 E(k) dk,
0

= 2
2u"? Jq

In practice, however, this scale is usually computed byand the Taylor microscald, is defined from\2 = 1504’2 /e.
integrating the streamwise auto-correlation coefficient 10rhe microscale Reynold; number is definedms,

its first zero, or to near zero va_llues, in cqmbinat_ion with w'\/v, and the large eddy turnover timeBs= L /v
Taylor’s frozen flow approximation. Occasionally, integral
length scales have been estimated from one—dimensiona\\jl_l_3 The uncertainty of the reported results
spectra (see below). The measurement of the Taylor mi-
croscale, could also be a source of confusion. The orig-
inal definition [16] of the Taylor microscalée,,, involves

a limiting process of a two-point correlation in a direction )
normal to the direction of the correlated velocity compo- Because all presently reported measurements in homoge-

Hot-wire measuring uncertainty

nents, for example, as neous flows were taken with hot-wire anemometers, their
uncertainty stems mainly from the construction and use of
— 1/2 that instrument. However, a general characterization of
2u . . .
= [ ] modern hot-wire uncertainty [30] might not apply to all
(Ou/0y)? reported experimental results, which span several decades

A diff h d ten b . and are concurrent with such important technological ad-
literent approach, used most often by experimenters, ,,qq g the integrated circuit, the fast Fourier transform

is to estimate this microscale from the streamwise velocityand the digital data acquisition and processing. Some of

time seres as the classical hot-wire measurements were obtained with
— 1/2 entirely analog means, including analog linearizers, r.m.s.
— u T meters, correlators and delay lines, and also utilized home-
[(311/675)2] made probes and instrumentation. On the other hand, ho-
mogeneous flows are relatively free of sources of large hot-
Although in isotropic turbulence the two definitions coin- \yire uncertainty (e.g. large turbulence intensity, composi-
cide, in shear flows the latter definition produces substanyjgn and temperature variations and flow reversal) and care-
tially larger microscales than the former one does [207].¢| experimenters have, over a long time, produced reli-
Another approach that has occasionally been used is t@pje measurements, particularly those of velocity moments
compute) from the turbulent kinetic energy dissipation znd other parameters depending primarily on the energy-

rate,e, estimated as the balance of other measurable termgontaining and inertial-subrange ranges of turbulent scales.
in the kinetic energy equation. In the latter case, the as-

is unambiguously defined aBey = u'\,/v. In non-  conventions, are considered at a standard deviation level.

isotropic flows, however, the use of different definitions The combined uncertainty of a measurement at a given
and estimation methods for the microscale and the turpuconfidence level, usually the 95% level (i.e. with 20:1
lence scale (for example, the use of the r.m.s. streamwis@dds that the true value would be within the interval whose
velocity or the r.m.s. turbulence kinetic energy) has created?Oundaries are the reported value plus/minus the reported
substantial ambiguity in the meaning BE,. Itis advis-  uncertainty; for large samples, the value of this uncertainty
able to consult with the original source of experimental or iS €gual to twice the rms uncertainly, which has been cus-

numerical data for the appropriate definition. tomarily reported in the past), can be estimated by prop-
erly combining all existing uncertainties and taking into

account possible correlations among the different uncer-
tainties [36, 37]. Among the main sources of systematic
uncertainty are drifts in the velocity or temperature of the
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flow-producing facility, imperfections in the fabrication of accurate to that precision. The relation of numerical with
the probe, dirt accumulation and aging effects, misalign-physical experiments has been discussed in chapter 1. Here
ment with the flow direction, hot-wire length and spacing we briefly discuss the reliability of the simulations.

effects (spatial resolution), differences between calibrationThe main uncertainty in theesulisof numerical simula-

and test conditions, inadequacy of the calibration relation-. ~ . - ;
o . tions is statistical. Computations are seldom run long enough
ship, instrumentation offsets and human errors. These ef: -
. ; to reach totally converged statistics. In steady-state forced

fects are usually impossible to trace backwards from pub-

. . .. experiments, like those in HOMO3, the running time is
lished results and the best available means of estimatin . ;

: ; ; : guivalent to a few eddy-turnover times. In unsteady cases
the resulting uncertainty would be to consider combina-

. ! - : . like HOMO2 or HOM23-25, they correspond to single re-
tions of some typical uncertainties, while relyingontheex- _ .~ . . .
. ) . alizations. Moreover, the computational boxes are only big

perimenter’s experience to exclude others. Random uncer- ) .

. . . enough to contain a few large eddies.
tainty may be traceable in the form of scatter and includes
instrumentation noise, inadequate sample size uncertaintif we assume that the smallest uncorrelated eddies in a tur-
and random occurrences of systematic errors, for examplequlent flow have diameters of the order bin, a large
effects of a fluctuating temperature on velocity measure-simulation, like the5123 forced case in HOMO02, contains

ment and varying misalignment during probe traversing. roughly5x10° uncorrelated eddies. Since the statistics are
. . . compiled over a few flow fields, the sample is equivalent to
An updated analysis of cross-wire uncertainty, conform-

ing to current standards, has been performed in [81] andafew million eddies. The uncertainties of small-scale sen-

applied to the measurements of [33]. It accounts for CurVe_smve quantities, like vorticities or gradients, can therefore

fitting uncertainty of calibration data to King's law and un- be expected to be small, of the orden6f .

certainty in the determination of sensor and probe bodyOn the other hand, the ratio of the box size to the inte-
orientations, which are the main contributors to the uncer-gral length is typically about 3, which implies that the total
tainty of first and second moments, while it proves that number of large eddies in the sample®)ig 00), and that
electronic noise and finite sample uncertainty are higheithe statistical uncertainty of large-scale properties, such as
order effects, at least when modern instrumentation andenergy densities or Reynolds stresses, is of the order of
methods are used. As typical estimates of measuring uni0%.

certainty in homogeneous flows, one could use the follow-

ing results of this study: An exception is HOM02, which was specifically designed

to improve the large-scale statistics and can probably be
Mean streamwise velocity componegi2%. trusted to the level of 3-5%, even for those quantities.

Mean transverse and spanwise velocity componeirit$} 3.2

. Isotropic and grid turbulence and their
of the mean streamwise component.

distortions
Streamwise Reynolds stressd%. 3.2.1 Experiments
Transverse and spanwise Reynolds stress8%;.
Dominant Reynolds shear stress (for shear flows%. Decaying grid turbulence

Shear stress correlation coefficies.03.
Since the earliest known experiments on grid turbulence in

1934 [191], a large number of experimental studies have
The uncertainty of the streamwise mean velocity and streafdeen conducted, involving stationary grids, screens and
wise mean stress decreases substantially if these paramperforated plates, swept grids, oscillating grids, grids with
ters are measured with single wires. The typical uncer-injection, nozzle-type grids, and, most recently, grids with
tainty in other measured properties is more difficult to esti-randomly rotating rods carrying winglets, thus resulting in
mate, in view of the wide diversity in measuring instru- very large Rey [154]. The most widely used published
mentation and procedures. Integral length scales wouldlata are those by Comte-Bellot and Corrsin [40, 41]. These
likely have an uncertainty comparable to that of the corre-results, presented here as case HOMOO, are well docu-
sponding stress. The directly measured Taylor microscalénented, particularly on spectral statistics, and have been
is very sensitive to the spatial and temporal resolution ofused almost exclusively in the development of DNS, LES
the hot-wire probe and it is more likely to be systematically and turbulence models, thus providing a bridge to the com-
overestimated, often by a relatively large percent, in whichputational and theoretical literature. They achieved a par-
case a correction must be applied to the measurements. ticularly good isotropy (with the r.m.s. velocities equal to
each other within less than 5%) by passing the grid tur-
bulence through a slight (1.27:1) contraction. These and
many other experiments in the incompressible regime have
established that the kinetic energy of grid turbulence de-
There are virtually naneasuremenincertainties in mod- cays with distance from an effective origin, and can be
ern direct numerical simulations. The numerical errors infitted by a power law with an exponent in the range be-
a high-quality spectral code may easily be belowibte? tween 1.2 and 1.3. The analytical/numerical prediction of
level. This does not mean, however, that the results are proper decay exponent remains a major challenge.

Turbulent kinetic energy+3%.

Uncertainties in numerical simulations
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the distinct feature of presenting the development of the

10°F O oos correlation coefficientw/v'w' under the influence of a
[ o =004 Ve 1 transverse strain; it reaches values comparable to those
L] S 4 of w/u'v' in shear flows. HOMO6 documents the ad-
R - Gaussian g 1 justment of anisotropic turbulence to an additional plane
102k E strain. Finally, as a representative study of the recovery
. g 1 of turbulence towards isotropy after the removal of plane
;3] 10 strain, we present case HOMO7 [116]. This work docu-
= g & 4 E ments that the rate of return towards isotropy depends on
A o ] g §' ] the initial energy patrtition to its components: it is faster
A ,s‘fé-’ g &‘% when the turbulence is initially nearly axisymmetric and
sl ff;%} ‘2_,&5-5 E slower when one of the two transverse components is sub-
W7 eddy e stantially larger than the other one.
[ o og:&uA M_," !‘!:ﬂcPw guo o ]
10° F oo ,' Grid Turbulencei‘; o ooos ] 3.2.2 Direct numerical simulations
107 Y ‘ , A Because of its simplicity, isotropic turbulence has histori-
10 8 6 -4 2 0 2 4 6 8 10 cally been the subject of some of the the largest numeri-
Au/Au! cal simulations at any given time. It is usually modelled

i o o ... as a periodic cubic numerical box, without solid bound-
Figure 1: P.d.f. of longitudinal velocity differences in grid aries, using spectral numerical schemes similar in spirit
turbulence. or in detail to the one described in [176]. We will re-

strict ourselves to incompressible flows. High quality com-

The Comte-Bellot/Corrsin results will be supplemented wittPressible turbulent codes have only recently appeared, al-
some recent measurements [59] of probability density functhough they already include fairly large calculations [170,
tions (p.d.f.) of velocity differences in decaying grid turbu- 106]. Because of the possibility of discontinuities, the lat-
lence, presented as case HOMO1. These include p.d.f. der codes are usually not spectral, and rely on high-order
both streamwise and transverse velocity differences ovefinite-differences or finite-volumes techniques.

distances corresponding to the inertial subrange of the enrpg e i general agreement that the large scales of isotropic
ergy spectrum, which would be particularly useful to LES jncompressible equilibrium turbulence are essentially in-
development. As typically shown in figure 1, these p.d.f. yonendent of the Reynolds number, which would seem to
are skewed when the distance between points is much smallgt, 14t a single simulation, at sufficiently high Reynolds
than the integral length scalé, (compare these results o, mper, should be enough to characterize this flow. This
the skewness of the velocity derivative [206]) and approachy, a5 yrned out to be an oversimplification. In the first place
the Gaussian p.d.f. as this distance becomes comparable i, ,_oqilibrium effects are important, and several simula-
L, indicating that the two velocities become statistically tj;ns have centred on the differences between forced and

independent. decaying turbulence, and on the influence on the latter of
the form of the initial energy spectrum [202]. Another
Grid turbulence subjected to plane straining complication is the intermittent behaviour of turbulence

[17], which is known to depend on Reynolds number, and

From its inception, grid turbulence has also served as thé("hICh has mot'lvated a numper of S|mula't|ons of forced
initial state from which turbulence is allowed to develop to turbulencg, Wh'(,:h at prgsent include the highest Reynolds
a distorted, more complex, state. The development of grionumber simulations available.

turbulence in distorted ducts was first studied in conjunc-

tion with the development of the Rapid Distortion theory Decaying flows

[136, 214], but the experiments that have been referenced

the most are those by Tucker and Reynolds [216], whichExperimental realizations of decaying turbulence are usu-
include a case of lateral distortion in a duct with a rect- ally approximated by the spatial damping of properly ma-
angular cross-section of constant area but varying heightnipulated grid turbulence, with the best known example
to-width ratio, such that there was no streamwise mearbeing [41]. This experiment has historically become one
strain rate. These results will be presented here as casaf the first benchmarks against which to test new sub-grid
HOMO4. More recently, several studies dealing with the scale LES models, particularly their ability to match the
adjustment of turbulence energy and structure followingtime evolutions of the turbulence kinetic energy and of
application of one or more plane strain rates and their rethe energy spectrum. Because neither grid turbulence nor
moval have been published. This was achieved by passaumerical simulations are perfectly isotropic, increasingly
ing grid turbulence through distorting ducts with ellipti- detailed simulations of temporally decaying, spatially-pe-
cal [67, 68, 124] or rectangular [116] cross-sections. Asriodic, numerical analogs of [41] have been undertaken pe-
representative results for the application of a single planeiodically, so as to serve as comparison with LES and to
strain, we have selected case HOMO5 [124] and, for tworemove one of the possible sources of disagreement [141].
successive plane strains, case HOMO06 [67]. HOMO5 hasThe challenge is to include enough of the large scale spec-
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trum while retaining adequate resolution of the small scales 10’
at the Reynolds numbers of the experiments.

. . . L . 10"
A new simulation of this flow is included in the data base

as case HOMO2. It was carried at a numerical resolution
of 5123 (kpmae = 241), using the code in [176]. The flow
was initialized with random phases at an initiaé, =
945, and was allowed to decay ®e, ~ 60. Only results
with Re) below about 105 are included in the data base,
as corresponding to a flow that had sufficient time to relax
from the initial conditions.

10°}
b= 3
T 10

10*

3

107 .
] -6 \
. 10 6
104 AVIAV
SK!
g 0]
o] Figure 3: P.d.f. of transverse velocity differences for
w10 kY Ar/L =1/3,and:——, Rey = 62; - ,95,——,
o 1 L 142;—--—, 168.0, Gaussian.
T
e 10% 100
1d3: — — — T 4
10° 10° 10" 16 18 10°¢

10°
Figure 2: Evolution of the three-dimensional energy spec-

tra of decaying isotropic turbulence at comparable times. 5 10°}
Lines are simulations from case HOM02. Symbols repre-

sent measurements from HOM0O6—— ands , Re) = 10*
71.5;—-—ande , 65.1;---- anda , 60.7.
10°
An important issue in simulations is the specification of
initial conditions. Most simulations of turbulence are ini- 10°
tialized with a random flow field having a given spectrum AVIAV

but uncorrelated phases. It is easy to show that such a

fleld does not dissipate energy §|gn|f|cantly until the veloc Figure 4: P.df. of transverse velocity differences for
ity develops short term correlations. The skewness of the o !
. - o . : . Az/L =1/3,andRe, = 142. Velocities are low-pass fil-
velocity derivative, which is an indicator of non-linear in- . . ; >N e
2 : - i : tered with Gaussian spectral windowxp (—k* H?), with:
teractions is, typically, initially zero, it increases rapidly to

a maximum, and then it decreases slowly as the Reynolds  H/L =0;----,0.025—-—,0.05; - 0.1.
. : o, Gaussian.
number of the decaying turbulence decreases. Different

initial conditions result in different initial transients, which

model only poorly the development of turbulence closely mogorov hypothesis [109], according to which all turbu-
behind the grid; this is one of the major causes of disagreetent velocity differences within the inertial range should be
ment between experiments and simulations. The data set igatistically similar, is not precisely satisfied. It was found
the present data base includes a flow field, filtered to a resfirst that the p.d.f. of velocity derivatives are non-Gaussian
olution 128°, with an energy spectrum corresponding to a and Reynolds number dependent [17], and it has become
Reynolds number somewhat larger than the most upstrearglear since then that non-Gaussian behaviour is also dis-
station in [41], but with fully developed correlations. This played by two-point velocity differences: their statistics
field develops numerically into flows with spectra which change gradually from Gaussian to non-Gausssian as the
follow closely those in the experiment (figure 2). This case separation distance is decreased from the integral length
may be concluded to have fairly realistic initial conditions gegle to the Kolmogorov microscale [101]. In fact, the de-
and is recommended for comparisons with LES attemptingsendence of the structure functions (moments of the veloc-
to simulate decaying isotropic turbulence. ity differences) on separation distance has been used as a
test for the different theories on intermittency [110].

Forced flows There is experimental evidence that the p.d.f. of the ve-

locity differences are only functions of the separation dis-
One of the main motivations for the simulations of forced tance, normalized with the integral length scale of the flow,
isotropic turbulence has been the study of intermittency.and therefore essentially independent of Reynolds num-
It has been known for a long time that the original Kol- ber, as long as the separation distance is within some ‘ex-
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tended’ inertial range [101, 77]; the same result has alsacomputation of rotating turbulence in HOM13.

been found by numerical simulations (figure 3). More- . . . .
. These simulations achieved Reynolds numbers which are
over, for separations large compared to the Kolmogorov,

. ) X mong the largest available at the moment. In some cases,
microscale, these p.d.f. are independent of the details o . S .
the small turbulent scales, and, thus, could be measureg* '° large enough for the dissipation to reach its asymp-

with probes which are too large to resolve the dissipative otic value, and for most scaling laws to settle to their large-
P g P - Rey behaviours [94]. It should be realized, however, that

length scales. From this, one may conclude that, in numeri- : ) .
. . L the spectra of these simulations do not actually contain an
cal simulations, the p.d.f. of velocity differences should be S : 7
. L N o equilibrium inertial range. This can be seen in figure 5,
insensitive to spatial filtering of the velocity field, at least ~ - . )
. A . which tests the validity of the Kolmogorov ‘4/5’ law, which
as long as the filter width is narrower than the separation : .- .
. ) ) , should hold in the self-similar range of scales for which
distance (figure 4). A ‘good’ LES should also be able to ~ . : . . . .
. : neither viscosity nor forcing are important. According to
reproduce intermittent p.d.f. at the resolved scales. ) : : ; .
Kolmogorov’s hypothesis, the quantity plotted in the figure

should be equal td/5 in the inertial range. Nevertheless,

1.0 none of the plotted curves reaches that value, although the
.. simulations with the highegke, show a tendency to ap-
0.8 @y — proach it. The same conclusion follows from the analysis
. ST e . of the energy spectra [93], which suggests that an inertial
06l o T~ range would not appear unfile, becomes at least 600.
x o N T~ B
s i R e . . . .
= % S 3.3 Rotating turbulence and its distortions
= 0'47);},’/ Ny g | 3.3.1 Experiments
oo N .
I N .
0.2—{ . S g All measurements reported here were taken in the same ba-
/ o sic facility, at ONERA, France. Rigid body rotation (about
) ‘ its streamwise axis) was imposed on an air stream by pass-

0.0 L
0 100 200 30C ing it through a rotating cylindrical duct equipped with a

AxIn relatively long, fine-mesh, honeycomb. Turbulence was
produced by a grid, positioned near the exit of the rotat-
Figure 5: Normalized third order structure functions for ing duct, and then it was let to develop in a non-rotating
the forced simulations in the data base. For an asymptotielownstream section.
inertial range, the function should be equal to 0.8. Lines
are as in figure 3. Symbols are jetfat, = 852 from [5]

The simplest configuration occurs when the downstream
duct is also cylindrical, in which case the rotating turbu-

. . . lenceis leftto decay. Thisis presented here as case HOM10
The study of thg phepomenon of mtermﬂtency h.as rnOtI'[92], which largely supersedes an earlier study in a similar
vated several simulations of forced cu_blc periodic turbu'configuration [223] and is closer to being homogeneous
lent boxes [219, 181, 34]. The numerlcgl codes are gen'away from the walls) than any previous attempt to pro-
erally thg same as those usgd for depaymg turbulence, b uce rotating turbulence using a variety of different con-
the floyv is dnvep by energy'lnput at its large scales SO asfigurations. The mean speeff, in the duct was fixed

to gchleve a stat!stlcally stationary state. The forced simu-, 4 qifferent conditions were achieved by changing the
lations have ac_hlev_ed somewhat higher Reynolds numb_erFrid (three different mesh sized/) and the rate of rota-
t_han the (_jeca_ylng S|mulat|o_ns, because they bypass the in jon Q (five different rates, including the reference case
tial transient in the format!on of _the turbulen_t structure, ¢ rotation), within the range a@trid Rossby numbers
during which some decay is inevitable. Forcing also im- Row = UJ/2QM, from 95.4 to 4 (excluding the no ro-
proves the statistics at a given Reynolds numbe_:r, bec_aus[%tion case). Measurements include the decay rates, inte-
the flow can be observed for_ as _Iong as the S|mulat|on%ra| length scales and energy spectra of the streamwise and
run. Qn the oiher hand, forcing introduces an unnaturaltransverse velocity components. The effects of rotation on
behaviour of the large scales. the turbulence have been characterized by the value of the
The data base includes a set of simulations (HOMO3) aturbulent Rossby numbefRo, = (1/Q)/(q?/¢), which
various Reynolds numbers, all of which were obtained withcan be connected to the grid Rossby number through the
the same code and forcing scheme [176], and at the samigirbulent kinetic energy equation. The results show that
resolution in Kolmogorov units. The reported simulations the effects of rotation on the turbulence structure and de-
are inthe rang86 < Re, < 168. In general, only statisti- ~cay rate become measurable only fas, < 1. The main

cal averages are given, both because initial conditions areffects are an overall decrease of the decay rate of the ki-
irrelevant for driven flows, and because the fields are toonetic energy and an enhancement of anisotropy, with the
large in most cases for inclusion. However, a single flowtransverse components losing energy through dissipation
field from the Re, = 95 simulation has been included, slower than the streamwise one does. At any rate, the ef-
filtered to 32% resolution, to be used as initial conditions fects of rotation in these experiments are far from spectac-
in LES experiments. A version of this field, 88 reso-  ular, so one would expect that they can only be predicted
lution, has been used as the initial condition for the DNS by refined theoretical or numerical studies.
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In subsequent studies, rotating grid turbulence, generatethtes of rigid body rotation and plane strain on grid turbu-
as above, has been subjected to different distortions byence in a duct with a rotating, cylindrical, upstream sec-
passing through ducts with varying cross-sections. Caséion and a non-rotating, elliptical, downstream section hav-
HOM12 is a combination of rigid body rotation and ax- ing a constant cross-sectional area but varying eccentricity
isymmetric straining, achieved with the use of an axisym-and orientation. The mean shear rate in these experiments
metric contraction as the downstream duct [128, 127]. Twowas comparable in magnitude with typical values in the
ducts, with the same contraction ratio but different lengths,streamwise shearing experiments, and the flow maintained
were used. Compared to non-rotating grid turbulence suba good homogeneity. There was a consistent development
jected to the same axisymmetric strain, rotating turbulenceof anisotropy and the shear stress correlation coefficient
displays: a) a non-uniformity of the radial distribution of reached values comparable to those in other shear flows.
the mean velocity, although sufficiently weak to ensure ap-Unfortunately, the developmenttime in the test section was
proximate homogeneity of the turbulence near the axisrelatively small (the maximuntotal strain was 2.25), so

b) a reduced decay rate, especially that of the streamwiséhat the Reynolds stresses were still decreasing at the end
component, and c) a reduction of the Reynolds stress anef the duct, which indicates that production by the mean
isotropy, mainly as a result of reduced streamwise energyhear was still not the dominant process. Despite these lim-
component decay. itations, however, these experiments have some advantages
over the other shear flow configurations: decoupling of the
shear and turbulence generation mechanisms, well defined

[124, 126]. This was achieved with the use of a duct having('%ntrance conditions (grid turbulencg) into the sheared sec-
Fon and turbulence measurements in the flow development

an elliptical cross section with a constant cross-sectional ~ .
L : : . . ) region.
area but periodically varying axis ratio and orientation. Com-
pared to a corresponding undistorted grid turbulence withThe remaining cases in this section correspond to conven-
the same decay time, this flow maintained substantiallytional uniformly sheared flows. The idealized concept of
higher energy levels and appeared to reach a plateau of khomogeneous sheared turbulence, attributed to von Kar-
netic energy, implying a balance between the productionrman, was realized experimentally and carried to maturity
and dissipation rates. The Reynolds stress anisotropy exat the Johns Hopkins University in the 1960s and 70s. In

Finally, case HOM14 presents the development of grid tur-
bulence in solid body rotation subjected to plane strain

hibited an oscillatory pattern. these and all subsequent studies, the shear was generated
by passing the flow through a device with a variable resis-
3.3.2 Direct numerical simulations tance and some care was taken to homogenize the initial

The numerical simulation of rotating turbulence, like those length scales. The first detailed study with a reasonable

of decaying turbulence and homogeneous shear flow, Suft_ransverse homogeneity had a relatively low mean shear
. X ; ' “7[32] and is known to suffer from insufficiently developed
fers from the non-equilibrium problem, in which both large

. . . .2~ turbulence structure; one should avoid using this work, de-
and small scales are important. All available simulations

of three-dimensional rotating turbulence correspond to thesloIte its frequent past use in many computational studies

. : : C X and turbulence models. Higher shear experiments [74, 207,
spin-up problem, in which rotation is suddenly imposed to . .
. - . . 208, 210] have resolved this problem. Two sets of inde-
a non-rotating periodic box, containing either a fully devel-

oped or a random-phase field [211, 140]. This is diﬁerentpendem experiments will be presented here: case HOM21

from the experimental configurations, in which turbulence .[207’ 208, as representative of the Johns Hopkins exper-

) . oo ; . “iments and case HOM22 [210], as representative of the
is created, by a mechanical device, in a previously rOtatmgUniversity of Ottawa experiments. Some recent [43] ex-

fluid. Therefore, experiments and simulations of rotating ~_ . : .
. eriments at very high shear rates, showing a dependence
turbulence can be expected to be comparable, if at all, onl S

. S - of the turbulence structure upon the mean shear and similar
after a decay time which is sufficiently long to erase the

effect of the initial conditions. This requires a high numer- to DNS results [117, HOM25], are not detailed enough for

ical resolution and a wide range of scales, which have onlythe present purposes.

recently become possible. Unfortunately, no appropriateCase HOM21 largely supersedes all earlier [74] experi-
simulation on rotating tubulence was available at the timements in the same facility and is the best documented uni-
of publication of this report. formly sheared flow experiment. The published results
[207, 208] include ample information about the fine struc-
3.4 Uniformly sheared turbulence and its dis- ture as well as spectra and p.d.f., however, in the present
tortions database, we present only the most essential statistics, name-
3.4.1 Experiments ly the development of Reynolds stresses, integral length
scales and microscales and some two-point correlations.
By this term, one commonly understands a rectilinear flowCas€ HOM22 includes flows with different values of the
with a uniform transverse mean velocity gradient, such thatM€an shear and initial length scale and is, thus, suitable for
the shearing action is in the streamwise direction. Thedetecting any possible sensitivity of LES results to those
exception to this rule is one experiment [151], to be pre_parar.nete.rs. Some .recent measurements [59] of p.d.f. of
sented here as case HOM20, in which the mean streamwiséelocity differences in the same flow, have also been pre-
velocity was constant and the shearing occurred on transS€nted as case HOM22. These include p.d.f. of both stream-
verse planes. This was achieved by superimposing equaliSe and transverse velocity differences over distances cor-
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3.4.2 Direct numerical simulations

10°F & p-o006 . . . : .
F O 0060 1 As noted in [176], spectral simulation codes for isotropic
10 ’ thgg;g turbulence can be easily adr_;lpted to homogeneous shear
A 1 flow by a simple transformation of the set of wavenum-
SF - Gaussian ] bers. This approach has been used in a number of simu-
10 lations. The transformation is equivalent to distorting the
< B E computational grid with the mean shear, and it is custom-
ﬂ 10 ary to compensate this distortion at regular intervals by
3 ] re-interpolating the flow field into the original orthogonal
BT g i grid. As a consequence, in these simulations, most quanti-
1y § Aﬁ__ % .‘-e_;_, o 1 ties are only available at the discrete interpolation times.
1075 e A R ?&, o In the present data base, we have included three different
L2 v ' vy v ] data sets, all of them incompressible, in which the flow is
10° a¢ L. 4 S triply periodic in a parallelepiped and the mean shear is in
i ; Uniformly Sheared F'O""“_I ] thez, direction. An equivalent compressible flow simula-
10 7_10 5 6 4 =5 o0 5 1 s s tion at moderate Mach numbers can be found in [187].

=
o

Au/Au! The first set, HOM23 [178], contains three different flow
simulations, with different combinations of viscosity and
shear. The same simulations contain a passive scalar field,
subjected to an imposed, constant, mean scalar gradient.
Two more simulations are dynamically identical to the cases

responding to the inertial subrange of the energy. As typi_mentioned above (U), but with different Schmidt numbers
cally shown in figure 6, these p.d.f.s are non-Gaussian anfPr the scalar.

skewed when the distance between points is much smallethe second set, HOM24 [187], has a Reynolds number
than the integral length scalé, and approach the Gaus- comparable to that in the highest value case above, but
sian p.d.f. as this distance becomes comparablg todi-  yses a different numerical scheme and a different initial
cating that the two velocities become statistically indepen-spectrum. It is included to allow a comparison between

dent. Although, qualitatively, the p.d.f. in shear flow re- gitferent numerical experiments at comparable conditions.
semble those in isotropic turbulence, quantitatively, there

are distinct differences between the two sets, only part of! € third case, HOM25 [117], has a much higher dimen-
which can be attributed to differencesRe,. There are sionless shear rate than the other two. The structure of this

also differences in the p.d.f. of velocity differences be- flow was found to be different from those at low shear rates

tween points separated in the streamwise direction fronfnd exhibited longitudinal velocity streaks similar to those
those separated in the transverse direction. These differl! the near-wall region of boundary layers and pipes (see

ences appear to contradict local isotropy. also [43]).
Geometrical distortions of uniformly sheared turbulence The simulations in the two first data sets were started from

seem to be fruitful environments for testing theoretical hy- Ntially random-phase Fourier modes with a given power
potheses and adjusting computational schemes. Itis, theréP€ctrum, while that in the third set was started from fully-
fore, somewhat surprising that only relatively few studies 9€veloped isotropic turbulence, computed in a previous de-
of this type exist. The application of streamwise strain to @Ying turbulence simulation. The difference in the subse-
uniformly sheared turbulence, by passing it through two-duent developmentis seen in figure 7(a), which shows the
dimensional contractions, will be presented as case HOM2@Volution of the turbulence Reynolds number for all simu-
[204]. The effects of centrifugal actions / streamline cur- lations. While for the random-phase initial conditiaie,
vature will be presented as cases, HOM27 and HOMZSShOWS_ an initial 'decrr-;a.s_e, for the. fully d.eveloped initial
[82, 33], in which fully developed uniformly sheared tur- conditions there is no initial relaxation period.
bulence was passed through curved ducts with a constant gtjgure 7(b) shows the evolution of the dimensionless shear
abruptly changing radius of curvature. There have been ngate, 5* = S¢? /e, together with experimental results from
corresponding DNS for these types of experiment, but thg210]. It is clear that the long-time numerical values dif-
geometries appear to be quite suitable for LES studies. Ifer from each other and from the experimental ones. One
particular, these experiments document both the rate of adshould keep in mind, however, that, in these simulations,
justment of uniformly sheared flow structure to additional mgst of which used 283 grid, the statistics are taken over
strains as well as the quasi-self-similar asymptotic struc- relatively small ensemble of flow structures and without
ture that such flows achieve under the prolonged influencghe benefit of time averaging. Therefore, the oscillations in
of a uniform additional strain. individual evolution curves are most likely due to the nu-
merical and statistical uncertainties. On the other hand,
the dimensionless shear rate in the simulations presents
an increasing trend, which is beyond the uncertainty, and

Figure 6: P.d.f. of longitudinal velocity differences in uni-
formly sheared turbulence.
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which is not present in the experiments. Such differences
should not necessarily be disconcerting because the simu-
lations and the experiments represent somewhat different
kinds of flows [207], subjected to different initial condi-
tions. Even so, it is still interesting to determine whether
the simulations and the experiments attain the same self-
similar asymptotic regimes. As seen above, both types of
flows have growing Reynolds numbers, which is an indica-
tion that the turbulence structure is dominated by the mean
shear. A quantitative test can be derived from the simpli-
fied energy equation,

Ok/0t + Suruz = ¢,

which shows that self-similar growth requires that produc-
tion be proportional to dissipation, i.e. that

Sujus /e = const.

This quantity is plotted in figure 7(c), which suggests that,
unlike the experiments, most simulations reach their self-
similar stage only towards the end of computational time.
Extension of the computation to longer times is prevented
both by the growth of the longitudinal integral scale, which
interferes with the finite size of the computational box, and
by the increase iRey, which degrades the resolution for

a given computational grid. The numerical aspects of each
simulation are discussed in the respective papers. In gen-
eral, all of them are discontinued when the longitudinal
integral scale becomes of the order of 10% of the length
of the box, or when the resolution falls beldyy,,.n ~ 1,
which is generally considered to be an adequate limit.



3.5 SUMMARY OF HOMOGENEOQOUS FLOWS

ISOTROPIC AND GRID TURBULENCE AND THEIR DISTORTIONS

HOMOO Decaying grid turbulence E Comte-Bellot & Corrsin [41] pg. 59

HOMO1 Decaying grid turbulence E Ferchichi & Tavoularis [59] pg. 61

HOMO02 Decaying isotropic turbulence N Wray pg. 63

HOMO3 Forced isotropic turbulence N Jiménez & Wray [94, 93] pg. 65

HOMO04 Grid turbulence with plane E Tucker & Reynolds [216] pg. 67
strain

HOMO5 Grid turbulence with transverseE Leuchter & Benoit [124] pg. 69
strain

HOMO6 Grid turbulence with successiveE Gence & Mathieu [67] pg. 72
plane strains

HOMO7 Return to isotropy of strainedE Le Penven, Gence & Comte-Bellot [116] pg. 74
grid turbulence

ROTATING TURBULENCE AND ITS DISTORTIONS

HOM10 Rotating decaying turbulence E Jacquin, Leucétexd [92] pg. 76

HOM12 Rotating turbulence with ax-E Leuchter & Dupeuple [128, 127] pg. 79
isymmetric strain

HOM14 Rotating turbulence with planeE Leuchter & Benoit [124] pg. 82
strain

SHEARED TURBULENCE AND ITS DISTORTIONS

HOM20 Transversely sheared flow E Leuchtenl[151, 125] pg. 85

HOM21 Uniformly sheared flow E Tavoularis & Corrsin [207] pg. 87

HOM22 Uniformly sheared flow E Tavoularis & Karnik [210] pg. 89

HOM23 Homogeneous shear flow N Rogers & Moin [178] pg. 91

HOM24 Homogeneous shear flow N Sarkar [187] pg. 93

HOM25 Homogeneous shear flow (highN Lee, Kim & Moin [117] pg. 95
shear)

HOM26 Uniformly sheared flow with E Sreenivasan [204] pg. 96
streamwise plane strain

HOM27 Uniformly sheared flow with E Holloway & Tavoularis [82] pg. 98
uniform curvature

HOM28 Uniformly sheared flow with S- E Chebbi, Holloway & Tavoularis [33] pg. 100

shaped curvature

E: experimental cases. N: numerical ones. Consult individual data sheatsife details
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Chapter 4: Interaction of Shock Waves with Grid Turbulence

Otto Leuchter
ONERA
F - 92190 Meudon, France

4.1 Introduction authors observed that upstream compressibility produces

Interactions between shock waves and turbulence occur iffigher vorticity components parallel to the shock wave,
a variety of flow configurations of practical relevance. Typ- Whereas the axial componentis convected through the shock
ical examples are shock wave/boundary layer interactiondVave without major alterations. Simultaneously, the de-
and shock wave/free shear layer interactions encounteregf€as€ of micro-length scales relative to the transverse ve-
in external and internal aerodynamics. Complex linear and©city fluctuations is less pronounced in the presence of up-
nonlinear mechanisms come into play in such situations Stréam compressibility, and the increase of the dissipation
resulting in a drastic change of the turbulence structure an¢endth scale is slightly reduced. The important role played
the statistical properties of the flow. The theoretical back-PY the acoustic and entropic fluctuations upstream of the
ground of these structural changes is the existence of comshock/turbulence interaction has also been highlighted in
plex interactions between the basic modes of compressthe recentwork by Mahesét al [137, 138]. The effect of
ible turbulence known as vorticity, acoustic and entropic SNOck strength was discussed by letel. [118].

modes. Fundamental questions arise in this context, conas mentioned before, experiments in this field can be di-
cerning the amplification of the turbulence passing throughyided into two main classes. The first covers experiments
the shock wave, the change of anisotropy of the Reynoldgerformed in supersonic wind tunnels, where a (normal)
stresses and the associated |ength Scales, and the way tg&tionary shock wave is produced by means of a suitable
ShOCk'impaCtEd turbulence adapts itself to the new ﬂOWShOCk generating device. The turbulence is usua"y cre-
conditions downstream of the interaction. ated in the sonic region of the supersonic nozzle using

The basic physics of such complex interactions are mos@ 9rid-type turbulence generator. Homogeneous (quasi-
conveniently investigated in reasonably simplified flow conSOtropic) turbulence is achieved at the position where the
figurations. A typical example is that of homogeneous floW impacts the shock wave. The measurements are made
quasi-isotropic turbulence subjected to sudden compresat a given axial distance with respect to the position of the
sion by a normal shock wave. This type of flow was orig- shock wave. Unambiguous statistics are determined as a
inally investigated in shock tubes [79, 105, 84, 26] andfunction of the distance between the measurement point
more recently in stationary wind tunnel flows. [91, 13]. @nd the shock wave, for a given upstream state of the tur-
The relevant parameters in these investigations are the shdé/ence. These experiments are easy to compare with nu-
strength (i.e. the shock-normal Mach number), and themerical simulations considering homogeneous turbulence
initial state of the turbulence interacting with the shock flowing through a stationary shock wave.

wave, as defined by the turbulent energy level, the ‘com-The second family of experiments reported in the literature
pressibility’ content, the Reynolds stress and length scaleyn free turbulence/shock wave interactions considers trav-
anisotropy, and the turbulence Reynolds number. For &iling shock waves moving through a homogeneous turbu-
general review of compressibility effects on turbulence onejent field. The experiments are performed in shock tubes,
can consult [120]. where the interacting shock wave results from the reflec-

Direct numerical simulations (DNS) of decaying turbulencelion of an incident shock wave that first passes through a
passing through a shock wave have been performed by vafurbulence-generating grid, entraining a transversely ho-
ious authors (see e.g. [119, 180, 73, 118, 138]). This typdN0geneous turbulent flow of constant velocity. The flow
of approach is commonly restricted to Reynolds numbersrem.ai.”s subsonic provided that the incident shock wave is
that are too low to be representative for practical applica-Sufficiently weak. The strength of the reflected shock wave
tions. Large-eddy simulations (LES) are expected to go be{and accordingly the flow velocity behind it) can be con-
yond this bound and become more relevant for real-worlgtrolled to a certain extent by replacing the reflecting solid

applications. Nevertheless, DNS computations, even afvall with a porous end wall. A remarkable facility based
fairly low Reynolds numbers, do provide interesting in- " this principle has recently been constructed at CUNY

sights into the physics of the complex mechanisms whichPY the group of Andreopoulos (see [25, 26, 27]), allowing
govern the interactions. For instance, the effect of up-turbulence measurements with good space and time reso-
stream compressibility (i.e. dilatational velocity fluctu- !Ution.

ationS) on the turbulence amplification (hard to evaluateUSefL“ information can be gained from this type of ex-
experimentally!) has been brought to light clearly in the periment about the basic mechanisms involved in shock
work of Hannappel and Friedrich [73]. Besides the ba-\yave/turbulence interactions. Statistical measurements per-

sic observation that initially isotropic turbulence becomesformed at a fixed position in the shock tube are not easy
axisymmetric when passing through the shock wave, the
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to interpret, however, in terms of statistical measurementdo a variation of one percent per millimeter in the upstream
made in stationary wind tunnel experiments, or in terms ofvelocity). Hot-wire techniques and LDA were used for the
statistical results obtained from numerical simulations con-measurements.

sidering stationary shock waves (as e.g. in [73] or [118])'The measurements showed that the streamwise velocity

This is primarily due to the fact that during the useful pe- ; . .
: i fluctuations are increased through the shock wave, in agree-
riod of measurements, the distance between the probe an . ; ) L

ment with Ribner’s theory, whereas the longitudinal inte-

the upstream-propagating shock wave increases, while the

.gral length scale is decreased. Like in the ONERA exper-
state of the turbulence encountered by the shock wave i S
: : o iment, the amount of compressibility in the upstream part
continually varying. These intrinsic difficulties are fur-

ther aggravated by the relatively short time available forOf the flow could not be quantified by the techniques used

the measurements, which (for a given dimension of theforthe measurements.

shock tube) is a decreasing function of the shock intensity.4 3 Comments on Experiments
Therefore, shock tube experiments are generally run with
relatively low shock intensities compared to those achiev-NO direct information is included in the data base concern-
able in wind tunnels. This is also done to ensure subsonidnd Velocity spectra, since spectral analysis was not possi-
flow behind the incident shock wave and to avoid choking ble with the LDA measurements. Only in the second ex-
of the turbulence grid. periment (CEAT-Poitiers) was spectral analysis performed

) o ) on hot-wire signals which may be assumed to represent
The following description of possible test cases for LES a5 flux fluctuations. The lack of turbulent kinetic energy
with stationary shock waves will be restricted to wind tun- gpecira is a serious limitation regarding the assessment of
nel experiments in supersonic flow. numerical simulations, since initial spectra can only be es-

. timated analytically from the statistical quantities reported

4.2 Experiments in the data bztse. Y ’ i

To our knowledge, ther_e are tV_VO r‘?ce”t and rea_sonablya\ further significant limitation of both data sets arises from
well-documented experiments in wind tunnels with sta-

tionary shock waves. The first was carried out at ONERA-the lack O.f m_formaﬂon on one.-pomt stat|s_t|.cs (as well as
. o . : spectral distributions) concerning the additional modes of
Meudon in a supersonic wind tunnel in which the turbu-

; fluctuation (entropic and acoustic modes). As evidenced
lence was created by means of a grid located at the nozzIB .
o . : y DNS (see above), these modes have a strong influence
entrance. The grid itself constitutes the sonic throat of the : : ;
. . _~on the interaction mechanism, and must therefore be ac-
nozzle and provides a Mach number of 1.4 at the location . . S .
o counted for in the generation of compressible initial condi-
of the normal shock wave. The shock position is controlled . ;
: tions for LES, as well as in subgrid models. Due to metro-
by a second throat and by suction of the boundary layer " . e . ; . L
. logical difficulties, no direct information on the relative im-
at the wall of the wind tunnel. The measurements are by . . .
Laser-Doppler Anemometry (LDA) portance o_f such fluctuations could be included in the data
' base. The increased energy decay downstream of the shock
The most salient feature of this experiment is the sharpwvave, and the absence of any noticeable amplification of
change in the energy decay through the shock wave anthe turbulent energy observed in the ONERA experiment,
the absence of any significant amplification of the turbulentcould possibly be attributed to a relatively high level of ir-
energy. Based on recent DNS results, it may be conjecrotational fluctuations produced by the specific turbulence
tured that low amplification of the turbulent kinetic energy generating device used for that experiment. The difference
through the shock wave could be due to intrinsic compressbetween the two experiments regarding the turbulent en-
ibility effects in the sense that the thermodynamic pressureergy amplification may be explained by a possibly lower
fluctuations store energy at the expense of turbulent kinetidevel of dilatational fluctuations in the CEAT experiment,
energy and alter the interaction mechanism [63]. due to a “milder” turbulence generating procedure and a

The second experiment was performed at CEAT—Poitiers,S'gmflcantly lower Reynolds number.

in a similar facility. A multi-nozzle turbulence genera- LDA measurementsin compressible flows with shock waves
tor (constituted by 625 adjacent conical nozzles) was usedre usually contaminated by uncertainties due to the finite
here instead of a turbulence grid, providing supersonic flowparticle response. Particle drag affects the mean velocity
at Mach number 3 in front of the shock wave, with a sig- recovery immediately behind the shock wave and produces
nificantly lower turbulence intensity level than in the ON- spurious turbulence in the case of polydispersed particles,
ERA experiment (and consequently lower Reynolds num-the extent and level of which depend on the actual size dis-
ber). From this point of view (and also with regard to dif- tribution of the particles. Basic studies of the behavior of
ferences in the measuring techniques used), the two expeparticles flowing through a shock wave in laminar flow (see
iments may be considered as complementary. A normafor example [123, 212]) have demonstrated the possibility
shock wave is created in the central part of the test secef quantifying these effects, using current laws for the par-
tion by means of a Mach effect produced by the interac-ticle drag and estimated (or measured) forms of particle
tion of two oblique shock waves of opposite inclination. distribution. For both experiments, the recovery distance
This particular arrangement causes the axial mean velocitgan be estimated to be of the order of a few millimeters,
to be linearly increased behind the shock wave, at a ratdor particles of sub-micron size commonly used in the ex-
AU/AX of approximatelys.4 x 10® s~ (corresponding  periments.
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For the ONERA experiment, the mean flow and turbulence
data given in the data base represent average values of sev-
eral axial explorations performed at different vertical posi-
tions in the plane of symmetry of the nozzle. These mea-
surements reveal satisfactory transverse uniformity of all
flow parameters recorded in the data base. A moderate
negative mean gradient of the axial mean velocity is ob-
served upstream of the shock wave, with a more or less
pronounced corrugated variation of the velocity, presum-
ably due to steady Mach waves originating from the turbu-
lence generator [20].

Forthe CEAT experiments, the reported measurements were
performed by single explorations on the axis of the flow.
Separate measurements have revealed satisfactory trans-
verse uniformity of the velocity in the central region of the
flow interacting with the shock wave [2].

The CEAT data set also includes information about the be-
havior of integral length scales relative to mass flux fluctu-
ations, deduced from autocorrelations of hot-wire signals
via Taylor's hypothesis. This procedure yields only ap-
proximate estimates of the length scale downstream of the
shock wave, due to the fact that the mean velocity is not
constant. However, the associated uncertainty of the length
scale estimation remains acceptably small, of the order of
a few percent. The data indicate a larger decrease of the
lengthscale than that found in the DNS of Legeal [118]

for the same Mach number, and nearly the same Reynolds
number (but for a higher level of the turbulence Mach num-
ber). The comment on the crucial limitation of DNS re-
garding the level of the Reynolds number (see above) also
applies to that experiment.

It is emphasized that the present compilation is to be con-
sidered as a first attempt to create reliable data bases on the
topic of (stationary) turbulence/shock wave interactions. In
spite of severe limitations with regard to LES assessment
(as outlined before), it is expected that the data selected
for this purpose will provide useful information for first
checks on numerical simulations of compressible turbulent
flows involving shock waves.
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4.4 SUMMARY OF SHOCK-WAVE/ GRID-TURBULENCE INTERACTIONS

SHWO00 Stationary shock on grid turbulence E Jacquin, Blin & Geffrdy [9 pg. 105
SHWO01 Stationary shock on grid turbulence E Barre, Alem & Bonnet [13] . 169

E: experimental cases. N: numerical ones. Consult individual data sheatsife details
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Chapter 5: Pipes and Channels

Robert D. Moser
Department of Theoretical and Applied Mechanics
University of lllinois at Urbana-Champaign
Urbana, IL 61801, USA
and
Brian Cantwell
Department of Aeronautics and Astronautics
Stanford University
Stanford, CA 94305, USA
and
L. Patrick Purtell
Mechanics and Energy Conversion Division
Code 333 - Office Naval Research
800 N. Quincy St.
Arlington, VA 22217-5660

5.1 Introduction However, since these are the only cases for which detailed

Fully developed pressure gradient driven turbulent flows inDNS data are available, one of the pipe simulations is in-

pipes and channels are ideal model flows for simulationstluded here [132]. Furthermore, a numerical simulation of
of wall-bounded turbulence. Since the flow is fully devel- @ rotating pipe [160] is included to provide a case with an

oped, itis homogeneous in the streamwise direction. Thus&Xtra complication.

periodic boundary conditions may be used in that direction,|n addition to being attractive flows to simulate, the chan-
avoiding the problems associated with inflow and outflow ne| and pipe are also experimentally attractive, and for many
boundary conditions. Further, by assuming homogeneityof the same reasons. For providing data that is consistent
in the spanwise direction in the channel and imposing pewith the idealizations inherent in a numerical simulation
riodicity, or by using the natural angular periodicity in the (LES or DNS), the pipe is the preferred geometry, since the
pipe, one can use transform methods to invert the ellipticcomplication of experimental side walls is avoided. Chan-
Operators that occur in time diSCfetiZing the NaVier-StOkeSne| flow experiments are usua”y donein rectangu|ar chan-
equations. This greatly simplifies the numerical proce-ne|s with large aspect ratios (12 or higher is common), to
dures. Finally, since the flow is statistically stationary, by ayoid large side wall effects. On the other hand it is of-
making an ergodicity assumption, statistical quantities canen easier to make measurements in a channel, due to the
be easily computed by averaging in time. planar boundaries. Several sets of experimental data are

For these reasons, fully developed channel flows have Ion%‘dUded for both pipes and channels. For channels, there
been simulated numerically, both by LES (e.g. in [149, Nave been many experiments over the years (e.g. [114, 39,

167]) and DNS [108, 139, 135, 182, 104]. The pipe flow 55, 95, 222, 158)). Tvv_o recent experimental stuQies using
is less often simulated due to the need to use cylindricafn® best currently available measurement techniques were
coordinates, and deal with the coordinate singularity at the>elected [222, 157]. The Niederschulte experiment [157]
centre-line. A variety of researchers have reported succesase PCH11) is ake, = 921 (Re, = 18, 339) provides

in simulating channel flows using a variety of LES models. V&Y well resolved profiles, down to very close to the wall.
The Wei & Willmarth data [222] (case PCH12) has less

There have been many of DNS'’s of the channel flow atyel|l resolved profiles, but includes a range of Reynolds
low Reynolds number, starting with the simulation of Kim, numbers Re, = 708 to 1655). In addition, data from the
Moin & Moser [108], which was afte, = 180 to match  classical experiment of Comte-Bellot [39] are included as
the oil-channel experiments of [55, 112]. These low-Reyn-case PCH13. These remain the highest Reynolds number
olds-number simulations are not included in this data baseghannel flow data availablee, = 2340 to 8160). How-
though they have been used extensively in the past (esp&wver, the measurements of Comte-Bellot were made with
cially [108]) for comparison to LES. The reason is that the relatively long hot wires (see the relevant data sheet on
Reynolds numbers are so low as to make LES a questionpage ), so great care is required in useing these data. In
able endeavour. However, there are three simulations availpartiCL“ar, the near-wall data are not reliable. Experimen_
able at higher Reynolds numbe®Bd, = 300, 395 and  tal pipe flow data from 4 sources ([54, 166, 213, 228]) are
590) [139, 164]. The simulations at 395 and 590 reportedincluded here as cases PCHO1 through PCHO4. They span

by Mansour, Moser & Kim [139] are included here as caseg range of Reynolds number from 7500t0x 106 with a
PCH10. There are also two fully developed pipe flow DNS yariety of data available.

available [132, 56], both at the samRe, = 380 (based on ) ) )
diameter), which is also really too low for meaningful LES. Finally, channel flows and pipes have been simulated and
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measured experimentally with a variety of complicating sumed to be fully developed once time averaged statistical
features such as rotation and curvature. These flows proguantities converge and good agreement with experimen-
vide an opportunity to address these complications in aally measured mean velocity profiles has been reached. In
flow with very simple geometry. Thus several rotating this respect simulations are not carried out for the express
flows are included in this section. They include the ax- purpose of generating mean velocity data but rather they
ially rotating pipe simulation by Orlandi [160] (PCHO5), are undertaken to provide information about pressure and
and both experimental ([97, 156], PCH20 and PCH23) anchigher order velocity statistics which may be difficult or
numerical ([168, 113], PCH21 and PCH22) rotating chan-impossible to obtain experimentally.

nels. Although experiments on pipe flow have a long history

The pipe, channel and rotating channel flows are discussedoing all the way back to the classical work of Osborne
in more detail below. The cases included in this section areReynolds there remains today intense interest in this flow.

listed in table 1. Most recently basic logarithmic scaling laws for the mean
_ velocity near the wall, which were once universally ac-
5.2 Pipes cepted, have been called into question by Barenblatt [9]

Perhaps no other flow has been studied as much as turb)t0 Proposes to replace the Reynolds number invariant
lent flow in a pipe. Aside from its obvious practical impor- l0garithmic profile with a Reynolds number dependent power
tance in a vast variety of industrial applications, pipe flow 'aw profile which asymptotes to a logarithmic envelope.
has drawn the interest of researchers because of its ged-"€ distinction between the two profiles goes to our most

metrical simplicity and because of the apparent ease witfundamental understanding of the dependence of turbulent
which it can be studied experimentally. flows on Reynolds number when the Reynolds number is

very large. At the time of this writing, this controversy has

The laminar parabolic pipe profile is known to be stable not been resolved one way or another and there are strong
to small disturbances and so the creation of turbulent pipgeelings on both sides.

flow is usually attributed to transition in the pipe entry . o
boundary layer. As the layer develops along the wall Sma||Eventually,_when the dust settles a key rqle in deciding the
disturbances become amplified producing turbulent spot@utcome will have been played by the pipe data enclosed

which convect downstream eventually merging to produceWith this data base. In particular, the re(_:ent m_easurements
turbulent flow across the full width of the pipe. of Zagarola (Case PCH04) when combined with the mea-

surements of Henbest (Case PCH02), Durst (PCHO1) and
Lindgren [131] and later Wygnanski & Champagne [224] Toonder (PCHO3), provide a range of nearly five orders of
showed that this piCtUre is a little too S|mp||St|C Below a magnitude in the Reyno|ds number with a useful amount
pipe Reynolds number of about 3200 (based on diameteryf redundant overlap between cases. The simulation data
a variety of mechanisms play a role in transition depend-pase of Loulou (Case PCHO00) provides fundamental in-
ing on whether the entry flow is smooth or disturbed. Be-formation about flow statistics particularly near the wall
low a Reynolds number of 2300 even large disturbancesyhere measurements of skewness and flatness have been
at the pipe entrance will decay and the flow will relam- the subject of debate. The rotating pipe case of Fatica
inarize. Above a Reynolds number of about 3200, tur-(Case PCHO5) is included to provide data on the effect of

bulence |n|t|ated by a diSturbed entl’y COI’IditiOI’l will be rotation on turbulence in awe” defined geometry_
maintained. Considerations of the transition process are

particularly important in the context of direct numerical 5.3 Channels

simulations which, due to computer hardware limitations, . .
Lo : The idealized turbulent flow between two parallel plates
are necessarily limited to relatively low Reynolds numbers. _ . . ;
. . . ; ; driven by a mean pressure gradient parallel to the wall is
Since most simulations are time developing the flow must : ;
O L . perhaps the easiest wall bounded flow to understand. It is
be initiated with disturbances which are large enough to ; . . L
homogeneous in the streamwise and spanwise directions.

excite nonlinear amplification mechanisms and the sim- ; : )
. Also, integrating the mean streamwise momentum equa-
ulation Reynolds numbers must exceed fhe = 3200 . .
tion from wall to wall yields

threshold.

A number of criteria have been proposed to test whether Tiot = —UD + 190 = ya—P

a pipe flow is fully developed. Probably the most rig- Re 0y Oz

orous is the requirement that fully developed flow corre- wherer,; is the total mean shear stregsis the coordi-
sponds to a state where the turbulence intensity in the pip@ate normal to the wallgy(= 0 at the channel centre)]

is independent of significant changes in the entry condi-is the mean velocity an%g is the mean pressure gradi-
tions. The equivalent criterion for a temporal simulation ent. Thus, we have an analytic expression for the mean
is that the turbulence level of the simulation at late timesshear stress. This provides a sanity check on both ex-
must be independent of the turbulence level used to iniperimental and computational data, and in experiments, it
tiate the flow. While this criterion is probably the most allows the wall shear stress to be unambiguously deter-
rigorous, it is rarely used for practical reasons of compu-mined, either by measuring the pressure gradient or the
tational cost or facility limitations. Experimentally, fully Reynolds stress far from the wall where the viscous stress
developed flow is generally accepted to occur beyond aris negligible. The Reynolds stress and equilibrium total
entry distance of 100 to 150 diameters. Simulations are asstress are plotted from both the simulations [139] (PCH10)
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Rey Re, Roy, Comments

PIPE FLOWS

PCHOO 5600 380 Spectral Method

PCHO1 7442-20800 490-1200

PCHO2  29300-80500  1610-3900 Includes roughness

PCHO03 24580 1382

PCHO4 3100035 x 106 1700408 Superpipe

PCHO5 4900 340 0-2 Finite Difference
CHANNEL FLOwsS

PCH10 6875-10935 395-590 Spectral Method

PCH11 18400 921

PCH12 13145-35353 708-1655

PCH13 57000-230000 2340-8160 Analog Hot Wire
ROTATING CHANNEL FLows

PCH20 5500-17500 0-0.21

PCH21 2850 177 0.144  Spectral Method

PCH22 2900 194 0-0.5 Finite Difference

PCH23 850-5000 67-300 0-0.055

Table 1: Comparative listing of cases in this chapter of the database. ICdatsheets of individual cases for more
details, also see Table Re, is Reynolds number based on bulk (average) velocity and channel half{didtheter for

pipe), Re, is based on friction velocity and half-width (diameter), and the rotatiomberRo, = 2Q6/U,, whered is
half-width andUj, is bulk velocity.

and the experiments [157, 222, 39] (PCH11, PCH12 and %° [

PCH13) in figure 1. For largg, all the data should lie I

just slightly above the equilibrium line, by the amount of  -02 1 A .
the viscous stress. Note however that the data of Nieder- i A

schulte (PCH11) and Comte-Bellot (PCH13) lie belowthe  _, | K |
line (greater stress), while some of the Wei & Willmarth _ " >

data (PCH12) lie above the line. This must all be consid- J f/

ered to be error; however, the cause of the error is not ob- °*° ’«\ e = i
vious. Regardless of the cause, these errors provide some A L D

guidance as to the accuracy of the second order statistics in 0.8 |4 r 1
the channel flows. N

Near the wall, the channel flow has the usual features of 1% 0.2 04 06 0.8 10
a wall bounded turbulent flow such as a boundary layer. Yy

In particular, the mean velocity exhibits an approximate Figure 1: Total stress (equilibrium, dark diagonal line) and

log-layer and vi layer. In analyzing this in il
og-layer and viscous sublaye analyzing t s deta Reynolds shear stress on one wall of the turbulent channel
however, one must account for the fact that there is actually

a mild favourable pressure gradient in this flow. The rm.s.cose PCH12 atlie, = 1655, PCH12 atite, = 1017,
. . - A PCH12 atRe, = 708, —— PCH11 atRe, = 921,

velocity profiles near the wall are also similar to those of ~ ~ PCH10 atRe™ — 590 and-——- PCH10 atRe.. —

other wall-bounded flows. Shown in figures 2 and 3 are . €= er =

the mean velocity and r.m.s. streamwise velocity from the ™

channel flow cases included here.

Despite the range of Reynolds numbers, "’_‘”d the_thre_e md%ﬂ/hich lie above the others. In neither case is this consis-
Egg? d?:\];fgsuégﬁzs;:?et?ﬁatlrr]lfart])qlse\i\?e\lllt?:)orctlr% Eg’sfgisp'&:\’ f(l)ltent with an overall Reynolds number effect. This would
PCH11 and PCH12. Absent among these cases are thsggggsmdlcatwe of the accuracy of the mean profiles in this
variation of log-layer intercept with Reynolds number that '

is common at very low Reynolds number. The exceptionsln the rms streamwise velocity profiles, the near-wall peak
to the good data collapse are tRe, = 708 profile from  value is expected to be a weakly increasing function of
PCH12 , which lies slightly below the others in the log re- Reynolds number [198, 174], and this is certainly true of
gion and theRe, = 2340 and 8160 profiles from PCH13, the data from PCH12. However, the peak in the PCH11

case Re, = 921) is lower than theRe, = 708 peak from
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‘ ‘ ‘ Figure 4: Diagram depicting the configuration of the rotat-
10 100 1000 10000 ing channel from [97]

Figure 2: Mean velocity profiles from the turbulent chan- In turbulent flows, the study of a two-dimensional bound-
nel cases. Symbols are as described in figure 1. ary layer in rotation about the spanwise axis [97] leads to
the conclusion that rotation can either increase the level of
turbulence, forS < 0, or decrease it, fo6 > 0, through

PCH12, and the peaks from the two PCH10 computatlonsrts interaction with the wall-layer streak bursting process.

(Rer = 395 and 590) are higher than tifee, = 921 and
Re, = 708 cases from PCH11 and PCH12 respectively. In view of the fundamental importance of the phenomenon,
Thus, the data from the three cases are not consistent withs well as its practical interest (rotating machines), turbu-
each other regarding the r.muspeak, and certainly are not lence models should be able to reproduce and predict this
consistent with a monotonic increase with Reynolds num-behaviour.

ber_. This suggests the level of uncertainty in the r.m.s. V€An interesting case of flow rotation is that of a rotating
locity fluctuations. Note that the near-wall data of Comte-

) two-dimensional developed channel flomtéting chan-
Bellot (PCH13) is not plotted here because they are noﬁwel for short), where the two aforementioned effects are
considered reliable near the wall. '

both present: in fact turbulence is increased on the unsta-
. ble (pressure, leading) side, and decreased on the stable
5.4 _ Roftatmg channels (suction, trailing) side (see figure 4). Therefore, they can
Rotation, like curvature and buoyancy [23], can have a fun-be both studied and simulated in a single flow. Availability
damental influence on the stability of shear layers. of reliable experimental data [97] and matching Direct Nu-

Consider a unidirectional shear flow, characterized by anercal S:cmulationls [1|,13' 4, 168] n_’nahkes it a very suitable .
velocity U(y) in the streamwise direction, and rotating test case for model validation, and it has been used as suc

about the spanwise direction with angular velocity). Py Several researchers [168, 107, 153, 205, 203, 7].
The fundamental parameter describing this flow is the ra- )
tio S of rotation and shear vorticity-dU /dy 5.4.1 Experiments

Because of the difficulty in setting up this flow configu-

PAY) . ;
S=—— ration, experiments are rare. However, data from two are
dU [ dy included here: The classical work of Johnston et al. [97]
or, in nondimensional terms, the rotation numtgr = and the more recent work at lower Reynolds numbers of
2|Q/6/U,, whered is typical length scale, anti, the ve- ~ Nakabayashi and Kitoh [156].
locity scale. The experiments of Johnston et al. illuminated the over-
This parameter can be related to the flow stability through@ll characteristics of the flow, except for the low Reynolds
an equivalent gradient Richardson number [23]: number effects explored by Nakabayashi and Kitoh. Three
main phenomena were in evidence:
B=S(S+1)

¢ the reduction of wall bursting on the stable side, lead-

The role of the rotation is found to be destabilizing [97] ing to a reduction in turbulence level. An opposite

[215] when: effect should be expected on the unstable side, but it
—1<5<0 was not visually noted.
or B <0 e The development of four roll cells fakRo, > 0.05 —
0.10. These structures originate on the unstable wall
In laminar flows, as reviewed in [113], the effect of the and play a very important role, interacting with the
rotation is to retard or suppress laminar-turbulent transition bursting phenomenon and transporting high turbu-
for S > 0 (stabilizing), or to move it to lower Reynolds lence fluid from the wall layer to the core flow. The
numbers for-1 < S < 0 (destabilizing). Restabilization roll cells are assumed to be a realization of a Taylor-
can be expected f&f < —1. Gortler instability.

26



u'fu,

0.0

Il Il Il
0.0 50.0 100.0 150.0 200.0
er

u'fu,

0.0

0.0

0.5 1.0
Yy

Figure 3: Streamwise rms velocity profiles from the turbulent channekc&ymbols are as described in figure 1.

e Full relaminarization aRRe;, = 10000 — 12000and 5.5 Simulations

Ro, = 0.21, associated with a region of negative gecayse of its simple geometry but complex and interest-
ing flow, the rotating channel has been the subject of sev-
eral DNS studies. Two are included here: Kristoffersen

rate of turbulence energy production.

Velocity profiles show increasing asymmetry with growing and Andersson [113] and Piomelli and Liu [168].

Ro.

At the same time, the evolution of friction velocity with

Ro, shows an increase of turbulence level on the unstable
wall and a corresponding decrease on the stable wall, with
respect to the friction velocity., measured in absence of
rotation. Two main effects are evident from the data: the
saturation ofu, at high Ro on the unstable side, which

is attributed to the development of the roll cells, and the
strong drop ofu, on the stable side, corresponding to the
relaminarization.

Overall, the available information in [97] offers a complete
gualitative description of the flow, which the predictions
should match, and enough quantitative data to assess their
quality. However, it should be kept in mind that neither
DNS nor the most recent LES predict the full relaminar-
ization nor the corresponding dropwf on the stable side.
Therefore the possibility remains that this behaviour might
be due to the test section and, notably, to its short length
which would prevent full development (equilibrium) of the
flow. For validation purposes, it would be preferable to
base the comparison on the mean velocity profiles and the
surface velocities measured before relaminarization.
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5.6 SUMMARY OF PIPES AND CHANNELS

PIPES

PCHOO Pipe N Louloet al[132] pg. 111
PCHO1 Pipe E Durstt al [54] pg. 113
PCHO2 Pipe E Perrgt al[166] pg. 114
PCHO3 Pipe E Eggelst al[56] pg. 116
PCHO04 Super pipe E Zagarola [228] pg. 117
PCHO5 Rotating pipe N Orlandi & Fatica [160] pg. 118
CHANNELS

PCH10 ChannelRe, = 400 — 590 N Mansouret al[139] pg. 119
PCH11 ChannelRe, = 921 E Niederschulte [157] pg. 121
PCH12 ChannelRze, dependence E Wei & Willmarth [222] pg. 122
PCH13 Channel, Higlive E Comte-Bellot [39] pg. 123
ROTATING CHANNELS

PCH20 Rotating channel E Johnsieral [97] pg. 124
PCH21 Rotating channel N Piomelli & Liu [168] pg. 125
PCH22 Rotating channel N Anderson & Kristoffersen [4] pg. 126
PCH23 Rotating channel E Nakabayashi & Kitoh [156] pg. 128

E: experimental cases. N: numerical ones. Consult individual data sheatsffe details
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Chapter 6: Free Shear Flows

Jean-Paul Bonnet
Laboratoire d’Etudes Aérodynamiques,
C.E.A.T. Univ. Poitiers
43, route de I'’Aérodrome
F-86036 Poitiers cedex, France
and
Robert D. Moser
Department of Theoretical and Applied Mechanics
University of Illinois at Urbana-Champaign
Urbana, IL 61801, USA
and
Wolfgang Rodi
Inst. for Hydromechanics
University of Karlsruhe
D-76128 Karlsruhe, Germany

6.1 Introduction are created from boundary layers that should be correctly

There are a large number of experimental studies of fre¢omputed or prescribed as initial conditions. This is not
shear layers, particularly in subsonic flows. Over 200 pa-2/ways simple, particularly when abnormal boundary lay-
pers could be cited. However, for the purposes of LES val-6rS: such as those that are tripped, are used to generate
idation, emphasis will be given to studies in which initial the flow. On an other hand, transition can occur during
conditions and streamwise evolution are available. Sincdh€ flow development, the computation of which is always
the review of Birch and Eggers [19], and the detailed com-complex. As mentioned above, the different kinds of flow
pilation by Rodi [175], several review papers have been deStructures s_hould be well reproduceq. Lastly, _the stream-
voted to these flows (see for example Ho and Huerre [80]VIS€ evolution towards the asymptotic states is a process
Fiedleret al. [62]). In the present data-base we focus our that should also be correctly computed; the comparisons

attention on nominally 2D flows (except for the data on P&tween computations and experiments should not be re-
axisymmetric jets). stricted to the asymptotic, self-similar part of the flows.

_ _ _ Particularly, experimental results obtained from momen-
Free shear layers are of interest for several industrial purtym integration (such as turbulent shear stress), energy or
poses such as afterbody or propeller characteristics, mixshear stress balances are based on the presumption of self

ers, burners etc., and constitute a basic flow geometry WhiC§ImiIarity, which may be absent or difficult to prove.
is an ingredient in several more complex flows. The un- . ) o )
derstanding of the physics of such flows, as well as thel here are several specific experimental difficulties that arise

ability to predict them computationally, is the key to con- When measuring free shear layers using Hot Wire Anemom-
trolling the mixing processes, pollutant dispersion, noise€tY (HWA) as well as Laser Doppler Velocimetry (LDV).
generation, vibrations, and flow control. Even for cases” Major problem arises when one part of the flow is atrest.
that are 2D in the mean, these flows rapidly undergo transii Particular, this occurs in one stream mixing layers (test
tion to 3D, though they are often dominated by large scale £25€ SHLO0), or jets in still air (SHL30 and SHL31). For
quasi-2D organized structures, generally arising from thethese configurations, stationary h_ot-\(wres are problematic
Kelvin-Helmoltz instability. They are also often associated Pecause the turbulence intensity is high (say 30%) even at
with smaller scale eddies with different orientations. The the centreline and exceeds 100% towards the edge because
consequences of the complexity of flow structures on theln® mean velocity becomes very small. However, recent
choice and validation of prediction methods is discusseg@dvances in the flying hot wire technique solve this prob-

in Fiedleret al. [62]. In this regard, LES is well suited for €M- A review of this complex method can be found in
free shear flows. [30]. Results obtained with flying hot wires in jets are de-

scribed later in this text. These kind of problems are not

The computation of these flows may be simpler than mostencountered when using burst spectrum analyzers with a
of the other flows addressed in this data base. Except fopragg cell in LDV measurements.

the splitter plate used to generate inlet conditions, the flows =~ ) ) o
develop without solid boundaries and the resulting regionsPifficulties also occur when using HWA in supersonic mix-
of low Reynolds number. These characteristics generallynd 1ayers, particularly when one side is subsonic, while

simplify the computations. However, some complexities the other side is supersonic. This is the case for the three
are still present such as the influence of initial conditions, SUPersonic cases SHLOO to SHLO2. For these flow config-

wall proximity, external turbulence level, etc. In general urations, the hot-wire has to operate in subsonic, transonic
(exceptfor the grid and shear-free mixing layers), the flows@nd supersonic regimes. For a complete survey, the re-
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sponse of the HWA will differ depending on the regime. is accepted [130].

For Mach numbers less than typically 0.8, or greater than, . : .
s , tis well known that, for subsonic, plane, single gas two-

1.2, the sensitivity of the HWA's are well known. However, - ! . :
stream mixing layers, the spreading rate is a function of

in the transonic regime(8 < M < 1.2), special calibra- ; : ) X
o : o - . the velocity ratior. As an example, the following relation-
tion is required. For test case SHLOO, a specific calibration_, - . . '
; ship, known as the the Abramovich-Sabinrule, is generally
procedure has been used [11]. In supersonic flows the fre=

guency response of the HWA can also be a limitation of theaccepted for incompressible iso-density flows [1, 183]:

method. However, for test case SHLOO, it can be assumed s, /dz = /7 )5\ = 0.16)
that the frequency response is sufficient, as stated in the ¢ N
description of the supersonic text cases. whered,, is the vorticity thickness and = 1= with

When LDV is used, the size of the seeding particles is” = U2/U1, ratio of external velocities (the subscript 1 cor-
of concern, particularly in high speed, supersonic flows.respondsto the h!gh speed side). In_case of variable density
Johnson [96] gives some estimates of -3dB cutoff frequencf]OWs: the spreading rate can be estimated from [29]

for Mach 3 flows. As an example, fouin diameter, the

cutoffis estimated to be approximately 22kHz. This covers dd,, [dz = 0.18)
major portion of the fluctuations in the test cases SHL20 — ] (1—r)(14+51/2) . .

21 as noted by Samimy and Lele [184] based on DNS re!N this case A = 52— where the density ratio
sults'. In the test case SHLO2, the particles are smaller, sds accounted for{ = p1/p2). For supersonic flows, the

the cutoff frequency is expected to occur at around 86 kHz spreading rate depends on the value of the Mach number.
For the same 50kHz frequency response requirement, thé/hen this parameter increases, a dramatic decrease of the
particle lag is apparently negligible. spreading rate is observed. The convective Mach number is

. ) . generally used as the relevant parameter [21, 163, 49, 120,
Finally, for LDV measurements, a seeding bias can occur195]‘ In the case of flows with the same gas on the two

in addition to the velocity bias generally taken into accountgjyes a5 in case for the present data base, the convective
in the data processing ([57]). The seeding bias is depenMach number is expressed as:

dent on the seeding location. When flows have a marked

organization with large scale structures, for example, the U, — U,

LDV results may depend on the location where the parti- T i +as

cles are injected. Particularly for supersonic mixing layers,

results can be different if the flow is seeded in the super{a1 anda are the speeds of sound of the two external
sonic (upstream) part or in the subsonic part, or in bothstreams). In this case, the spreading rate can be estimated
parts. The influence of different seeding locations was adfrom:

dressed for test case SHL22. Dual seeding is generally ap- dd,, [dz ~ 0.18\® (M)

plied, without definitive justification because it is always Discussions on the functioh(1/.) can be found in [195]
difficult to exactly balance the seeding rate between the ¢ '

two sides. In pursuing LES validation, it should be recalled that some
scatter is observed among the different experimental re-
6.2 Mixing layers sults. These discrepancies can be attributed to several pa-

rameters [29, 88, 89, 28]. Oster and Wygnanski [161] pro-
posed a “partial random list of possibilities” for these dis-

Except for the shearless mixing layer, the mean shear Oﬁrepa_ncies: () turbulence in the fr_ee streams, (i) OSC".I.‘T"'
these flows is constant or behaves according to well knowro"S I th? fre_e stream due to wind tun_nel defectsz (i)
laws, and the flows evolve towards an asymptotic, self sim.aspect ratio, (iv) length of the test section, (v) residual

ilar state. The most obvious diagnostic for similarity is the f the boundary | h i |
spreading rate. The spreading rate can be defined accor&IrUCture of the boundary layers at the splitter plate, (viii)

ing to several different measures: evolution of any of g Curvature anc_i angle of the two streams at the splitter plate
number of characteristic thicknesses (e.g. vorticity thick—OUtﬂOW and (i) Reynolds number.

ness, velocity thickness, total pressure-based thickness f@ome of the issues discussed above are difficult to model,
flows mixing two gases, visual thickness from flow visu- such as (ii), (v) or (vi) (this last characteristic must be ad-
alizations, etc.), or evolution of similarity parameters. Al- dressed to compute case SHL03). From LES, parametric
though different in detail, all these parameters are linkedstudies can however be used to determine the sensitivity of
together through simple relationships [173]. For mixing the flows to these parameters. Most of the other parameters
layers with one side at rest, the evolution of the conven-vary from one test case to the other. For example, the exter-
tional thicknes$ (corresponding to the distance between nal turbulence level is different among the test cases. The
the locations where the velocity reaches 10 and 90% of theexternal turbulence level is known to play an important role
external velocity) istb/dz ~ o, ‘. The reference param- (producing high spreading rates) if, expressed in percent,
eteroy is the the spreading parameter. Some scatter existirger thar0.5\ = 0.5(1 — r)/(1 + r), for subsonic, two

on the reference value but a general consensus of 11 stream mixing layers)(5% for one-stream mixing layers)
[165]. The state of the boundary layers present at the trail-
M. Samimy, private communication ing edge of the splitter plate used to generate most of these

6.2.1 Spatially Evolving Mixing Layers

pressure gradient, (vi) vibration of the splitter plate, (vii)
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flows play an important role. Depending on whether these
boundary layers are laminar, transitional or turbulent, the

length of the developing part of the shear layers (i.e. the
distance required to establish self-similar profiles) can be
different. The influence of the initial conditions on the
spreading rate is not so clear. However, provided the ex-
ternal excitation has a broad band spectrum (ideally white
spectrum), the flow can be considered as “well balanced”
and the consensus obtained on the dependendé/df:

and, more sensitively, om'v’ onr can be accepted within
perhaps~ 5%?2. With the different test cases provided, the
ability of an LES to predict this effect can be tested. The
influence of the Reynolds number can also be investigated.
This is of relevance when the shear layers are initially lam-
inar but can also be important when transitional flows are
considered. Lastly, the compressibility effects due to high
velocities can also be addressed through the data provided.

The present data-base includes several configurations that

offer a combination of the most relevant parameters cited

above. It should be noticed that, despite quite different

experimental conditions present in this data base (turbu-
lent/laminar initial conditions, subsonic or supersonic flows),
the velocity ratio ofr = 0.6 is a common value, thus many

Ref r A db/dz, dé,/d= o
oro
SHLOO 0 / ©0) / 9.
SHLO1 0.6 0.25 d) 0.023 10.9
(tripped) - - 0.019 13.2
SHLO2 0.5 0.33 d) 0.0318 104
- 06 025 0.0235 10.6
- 06 018 0.0168 10.5
- 07 011 0.0124 8.95
- 0.8 0.053 0.0073 7.2
SHLO3 0.3 0.54 ) 0.05 9.72
- 04 043 0.041 955
- 05 033 0.032 11.48
- 06 025 0.022 10.3
SHLO4 0.54 0.3 d) 0.05 10.6
SHLO6 0.47 0.36 «) 32 106

of the effects discussed above can be addressed indepeTable 1: Overall characteristics and spreading rates of the

dently of the velocity ratio.

Several experimental results were not available from nu-
merical files but only from the literature. In these cases, as
described in the corresponding ‘read-me’ files, the data are
obtained from digitizing printed documents.

6.2.2 Subsonic Plane Mixing Layers

First, subsonic plane mixing layers are considered. The
velocity ratio is variable from a value of 0 (one side at
rest) up to 0.8. Initial conditions are not available for each
flow but, if not, the geometry is simple enough to be mod-
elled. Thus, the influence of velocity ratio can be tested.
For some of these data, both laminar and turbulent initial
conditions are available. The streamwise evolution is avail-
able in the case of two stream flows. Table 1 presents some
characteristics of the different mixing layers.

The first set of data is devoted to single stream flow (one
side at rest), while the others are concerned with two-stream
flows. The spreading rates expressed in termsgoére

in good agreement except for SHLOO and some cases of
SHLO2. These points will be briefly addressed below.

e The first case, SHLOO, represents the basic results of
single stream mixing layers [226]. No initial con-
ditions are available, and the effect of the tripping
wire is not clearly quantified, nor is the presence of
the wall at the exit plane. The spreading rate ob-
tained is known to be too high (i.e. the valuenois
too low when compared to the rest of the literature).
This point can be a challenge for computations. The
trip wire is generally considered to be a source of
artificial excitations. The effect of the trip has been
anayzed in detail and confirmed by the experiments

2A. Roskho, private communication
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test cases.

of Blatt [6] and should be taken into account for the
simulations. Very detailed measurements are avail-
able in the self similar region (including turbulent
energy budgets).

In SHLO1, for a single velocity ratio, the influence of
the nature of the boundary layers at the trailing edge
can be tested since two cases are available, that is
with a laminar or turbulent (tripped) boundary layer
[18]. In the case of laminar boundary layers, the
layers are probably pre-transitional. Only integral
parameters and mean velocity profiles are given (no
turbulence data) in the boundary layers. Within the
mixing layers, Reynolds stresses are provided for the
developing and asymptotic regions.

When the velocity ratio approaches one, the flow
can exhibit a behaviour similar to a wake flow near
the trailing edge. This wake effect vanishes down-
stream when the mean shear stress becomes predom-
inant. Case SHLO2 exhibits this feature in flows
with velocity ratiosr varying from0.5 to 0.9 [144].

In this set of data, 5 velocity ratios are available.
The boundary layers on the flat plate are turbulent
(tripped) and no turbulence data are provided. Two
components of velocity fluctuations are given for sev-
eral distances from the trailing edge. The spreading
rates measured with the velocity ratio close to one
are quite far from the usual value due to wake ef-
fects. In this case, the minimum development length
necessary to reach similarity-(600.(0; + ©5)/A
[85]) is probably not obtainedd( is the boundary
layer momentum thickness, subscripts 1 and 2 refer
to the two sides of the splitter plate).



e The presence and role of large scale motions can be ponents. One and two point correlations are avail-
more clearly observed when the flow is forced with a able (for 2 velocity component) at one station.
frequency close to the most unstable one. Data from
su_ch forced flows are avai!able in SHLO3 [161]. In 5 4 Temporally Evolving Mixing Layer
this case, four velocity ratios (from 0.3 to 0.6) are
available, butr = 0.6 is best documented and is Case SHLO5 includes three direct numerical simulations
therefore to be preferred. No boundary layer dataof time developing mixing layers as simulated by Rogers
are provided. Detailed turbulence data (Reynolds& Moser [179]. A time developing mixing layer differs
stresses) are provided for the closest downstream stérom its spatially developing counterpart in that the layer
tion. A special set of data is provided when the has uniform thickness (on average) in the streamwise di-
trailing edge is flapping, for the same velocity ra- rection, is homogeneous in the streamwise direction and
tios. Frequency spectra are provided. In view of the grows in time. It is computationally much more tractable
computation of this flow, it should be recalled the than the spatially evolving mixing layer common to exper-
the perturbation velocity normal to the mixing layer iments. Asymptotically for smalk, a spatially evolving
plane is frequency dependent. Indeed, the amplitudemixing layer when observed in a reference frame mov-
of the movement of the splitter plate is kept constanting downstream at velocity/. = (U, + Uz)/2 is equiv-
while the frequency is varied, then the perturbation alent to a time-developing mixing layer. However, for the
velocity varies according to the frequenty purposes of comparison to LES, it is preferable to com-

pare a time developing mixing layer LES to these time-
¢ In the data set SHLO4, a single configuration=£ developing DNS's.

0.6, turbulent initial boundary layers) is available The time developing nature of the simulations have several
with very detailed data [46]. For this case, the usual. ping

statistics are provided with the streamwise evolutionqufhoertgmscc;?;i?;%nncss relevant to the comparison of LES
and initial conditions. In addition, higher moments '

(skewness and flatness) are provided. From an ERFirst, since the flow evolves in time, it is not possible to
COFTAC data base, large records of instantaneouslo time averaging to obtain converged statistical quanti-
hot wire velocity measurements are available (notin-ties. Instead, averaging is done in the homogeneous spa-
cluded in the present data base). Detailed characterial directions (i.e. the streamwise and spanwise direc-
ization of the turbulent boundary layers are given attions). Thus the statistical sample available is limited, and
the trailing edge (longitudinal velocity fluctuations). in general is not adequate to obtain converged statistics.
All the terms of the Reynolds stress tensor are pro-For example, in figure 1, profiles of the rm.s. stream-
vided for several downstream locations. Estimation wise velocity fluctuations are shown for several times taken
of turbulent dissipation is also provided. High or- from a period during which the mixing layer is approxi-
der moments are available. Some frequency specmately self-similar. The profiles have been scaled using
tra are given and in the similarity region, the turbu- self-similar scaling (see [179]), so they are directly com-
lent kinetic energy budgetis established. In addition, parable. Notice that near the centre, the profiles are rather
the PDF of velocities (including velocity differences noisy, and differ in detail from each other. This is a conse-
of two velocity components) are given for three lo- quence of the poor statistical sample. In addition, there is
cations of the reference probe, namely on the axis,a small systematic variation among the profiles, due to the
near the external part and for an intermediate loca-imperfection of the self-similarity.

tion. Joint PDF’s are considered for space or time

separations. Since LES is only able to reproduce the actual turbulent

flow in a statistical sense, it is really only sensible to com-

e The influence of free stream turbulence is addressed®@r€ converged LES statistical results with converged statis-

by the test case SHLO6 [209]. In this configuration, Fics from the DNS. In principal, this Woulq invol\{e averag-
the initial conditions are quite different (no splitter N9 OVer an ensemble of DNS and LES simulations started

plate) and ara priori well suited for simulations. fr_om_ an_ensemble of initial cc_)n(_jitions dra\_/vn from some
In this experiment, the flow is created by two grids distribution. Un_fortunately, this is not_fe_aS|bIe. The next
of different size. The mixing layer with a velocity best approach is to compare th'e stgtlstlcg computed from
ratio of 0.47 develops inside a stream with a signif- @0 LES and a DNS begun from identical (filtered for LES)
icant turbulence level (typically 4%). No details are initial conditions. In this way, the flows to be compared
given on the typical scales of the grid turbulence. In will begin with identical !arge—scale fea}tur_e_s, WhICh are
this case, the most sensible initial conditions would Présumed to be responsible for the variability in the one-

be from two different simulations of grid turbulence. field statistics. While one might hope that the evolution
However, there is no splitter plate and the details of the largest eddies would be well represented in an LES,

of the initial flow are not known. The flows out- It IS inevitable that their evolution will eventually diverge
side the mixing layer can be modelled as conven-from that of the DNS due to uncertainties in details of the
tional grid-generated turbulence. Three downstreamunresolved small scales. The rate of this divergence has not

regions are tested with two velocity fluctuation com- been quantified. Therefore, even when starting with iden-
tical initial conditions in the best possible LES, an exact

3A. Glezer, private communication match of the statistical quantities is not expected. Figure 1
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Figure 1: Profiles ofi2/ AU? in self-similarly scaled coor- Figure 3: One-dimensional energy;(;) density spec-

dinates at five times during the self-similar period of Case,m at the mixing layer centreline of Caserl< 170.5).
1¢( T =105.2,-—-- 7 = 116.7, - T = 128.6, versusk,, ———— versusks.

—-— 7 =141.0,—— 7 = 150.8).

tics of two of the flows (Case 1 and Case 2) agree quite
‘well with the experimental measurements of Bell & Mehta
[18] in a mixing layer evolving from turbulent splitter plate

A turbulent time developing mixing layer is expected to boundary layers. In case 3, the transverse velocity vari-
develop towards a self-similar evolution, and indeed twoance is much larger than in these experiments, but there is
of the flows included in case SHLO5 have a self-similar considerable variation among experiments regarding this
period. This similarity was used by Rogers & Moser [179] gtatistic. Further, the growth rate 1 dd, = 0.014,

to improve statistical sample by scaling statistical quan-
tities self-similarly and averaging in time. However, this
self-similar averaging poses a problem for LES compatri-
son, since generally the filter width in the LES would be
constant while the similarity length scale (layer thicknessOnce the mixing layers have become fully developed, two
say) is growing. of the flows (cases 1 and 2) do not exhibit convincing ev-

Another consequence of the time-developing nature of thisIdence of the large scale spanwise rollers commonly ob-

. o . ~served in turbulent mixing layers, while case 3 does. Fur-
flow, is that the flow evolution is dependent on the details A
L o . thermore, the character of the scalar mixing in cases 1
of the initial conditions. There are three separate flows in-

cluded in SHLO5, which differ only in the details of the 20 2 IS different from that commonly observed in ex-
initial conditions, and as discussed in [179], the evolution periments. In particular, the probability density functions

of these flows is quite different. By using the same ini- (PDF’s) of the scalar fluctuations are ‘marching’ in cases

tial conditions in an LES, one can compare to the DNS,1 and 2, while they are ‘non-marching’ in case 3 and vir-
tually all experiments in which it has been measured (see

and be assured that the cases being simulated are the saE 52, 102]). This difference in scalar mixing is thought to

SO this dependenc_e on initial condltlc_)ns need not result e related to the lack of rollers in cases 1 and 2 (see [179]).
increased uncertainty in the comparison. However, whe

. . . hus, with regard to the qualitative issues of structure and
selecting flows for LES tests, it is desirable to use those A ; .
I ) : scalar mixing, it appears that case 3 is most representative
that are realistic and that evolve like the physical flows of . X -
. R, Lo of experiments, while for the statistics, cases 1 and 2 ap-
interest. It is difficult to construct appropriate initial con-

" . . e . pear most representative. In all cases, it appears that the
ditions for this purpose since it is generally not possible s L
. L . o .~ flows are sufficiently realistic to use as test cases for LES.
to characterize the initial and inlet conditions of a physical

flow (experiment or practical device) with sufficient detail. The numerical simulations of the flows in SHLO5 were
performed using the highly accurate numerical method of
Spalart, Moser & Rogers [200]. The resolution was varied

in time to maintain accuracy, and spectra and various other
diagnostics were monitored to ensure the resolution was
adequate. For example, streamwise and spanwise spectra
from case 1 are shown in figure 3. Thus, the uncertain-

cond|t|.ons. In add.'t'.on’ the effef:t of the splitter pla_te tp ties in the data for SHLO5 are dominated by the statistical
as a site of receptivity to (two-dimensional) acoustic dis- . ; . -
sample issues discussed above, with no significant uncer-

turbances was modelled by adding some extra disturbancg, ™ . :

. X ainties introduced by numerical errors.
energy to the two-dimensional modes (see the data sheet):
The turbulence in the initial conditions is thus realistic, but
the model of the splitter plate tip receptivity may not be.
Despite this, we see (figure 2) that the turbulence statisiastly, a special incompressible case is addressed. It is

gives an indication of the magnitude of the expected varia
tion.

0.014 and 0.017 for cases 1 through 3 respectively) are in
the range of experimentally observed growth rates for this
flow (0.014 to 0.022, [179, 49])

The simulations in SHLO5 were begun with initial con-

ditions designed to model a mixing layer forming from a
splitter plate with turbulent boundary layers. To this end,
turbulent fluctuations were taken from a direct numerical
simulation of a boundary layer [198] and used as initial

6.2.4 Turbulence Mixing
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Figure 2: Comparison of the time-averaged (in scaled coordinates)aiorutesults for the components of the Reynolds
stress tensor for the— Case 1---- Case 2, and------ Case 3 simulations with the experimental data (symbols) of

Bell & Mehta (1990) at three downstream locations( = 108.1cm, e x; = 128.4cm, 4 £ = 189.4¢cm).

shearless turbulence mixing. This case is of particular in-fied, although they are of very small thickness. In SHL20,
terest, since the key point is the mixing process betweerhe influence of the subsonic boundary layer has been in-
two different turbulent flows (turbulence levels, scales). vestigated and no important effect was observed, providing
Only a few experimental studies have been devoted to suclts thickness is small compared with the supersonic one. A
flows [146, 76]. The more detailed study used for the testconvective Mach number of 0.6 is available in each of the
case SHL10 is thaurbulencemixing [217, 218]. Dueto a three cases. For that valuef;, redundant data are avail-
special grid arrangement, two streams with the same meaable for the evolution of basic statistical quantities (mean
velocity but with different turbulent characteristics merge. and velocity fluctuations) and, in light of the difficulties in-
Hence, the process of turbulence mixing is addressed. Veryerent in the measurements, this redundancy can be useful.

detailed turbulent measurements (3 velocity components? . .
) N n addition, these three experiments are complementary,
are available for three downstream locations: high order

moments. spectra. Revnolds stress budaets with regard to data for velocity and temperature fluctua-
P €Y gets. tions. Data sets SHL20 [11] are obtained with hot-wire

anemometry (constant current); they thus provide one com-
ponent of velocity and temperature fluctuations. They pro-
For supersonic flows, the present data-base concentratesde a test of the relationship between temperature and
on three experiments which are comparable in their physivelocity fluctuations, the so-called Strong Reynolds Anal-
cal dimensions. Thus, the wall proximity and aspect ratiosogy [150, 65]. Special care was taken calibrating for the
are equivalent. These flow characteristics are sometimefansonic regime. The frequency range of the hot wire
evoked in order to explain discrepancies between experanemometer seems adequate. The velocity results presented
iments, but these arguments cannot be invoked here. lin SHL21 [58, 185] and SHL22 [45, 12] are obtained by
should be noticed that, within the experimental uncertain-means of Laser Doppler Velocimetry, using two different
ties, the normalized spreading rates of the three test casesystems. Dual seeding in both sides is used without pre-
agrees with the functio®(2/,.) reported in [195]. No di-  cise analysis of seeding bias, although some comparisons
rect evidence of two-dimensionality is given, and the as-between different seedings are provided in SHL22. The ef-
pect ratio of the mixing layers is small, typically between fects of particle lag has been addressed in SHL21. SHL21
4 and 10, depending on the definition of the thicknessesalso has some pressure transducer measurements, while
Reynolds number effects can be considered, since SHL2@HL22 includes some constant-temperature anemometry
has a Reynolds number that is less than that of the otheresults. This variety of experimental methods provide com-
two test cases. In all cases, the boundary layers at the traiblementary results. Data sets SHL20 and SHL22 provide
ing edge are fully turbulent on the supersonic side. Thecharacterization of the boundary layers on the supersonic
boundary layers on the subsonic side are not well quali-side orimmediately after the trailing edge. For cases SHL21

6.2.5 Supersonic Plane Mixing Layers
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and SHL22, several values df . are available, ranging upstream, i.e. the jet did not emerge from a solid wall. This
from 0.6 to 1, i.e. from the medium to highly compress- yielded better momentum conservation. HCG report that
ible. In both cases, the flow developments are providedn the self-preserving region the momentum flux is 85% of
from the trailing edge up to the beginning (SHL20) or es- the initial flux and PL report an even higher value of 95%.

tablished similarity region (SHL21 and SHL22). Finally the HCG data were chosen as case SHL30 because
of the higher Reynolds number and also because two dif-
6.3 Jets ferent advanced measurement techniques gave virtually the

Free jets are an important subclass of free-shear layers th&2Me results. HCG report the balances of turbulent kinetic
are of great practical significance. Jets into stagnant sur€n€rgy and of the individual stresses for which the dissipa-
roundings are particularly suited for basic studies becaus&80n rate was determined with the assumption of locally ax-
of the self-preserving nature of the far-field, in which the iSymmetric turbulence; also in the diffusion term the triple
spreading rate, the velocity-decay constant and similaritycorrélationvw? was not measured but assumed to be equal
profiles define entirely the statistical flow quantities. These!© ©*. These assumptions introduce considerable uncer-
jets are important test cases for simulation procedures foféinties, leading to a fairly high pressure-diffusion term
turbulent flows, whether turbulence models or large-eddy€2 the axis; also, the diffusion does not seem to integrate
simulations and, in spite of their geometrically simple con- {0 Z€ro. Here perhaps the PL results for the kinetic energy
figuration, they pose a difficult task as most widely used balance are more reliable; the_y determined the (_j|SS|_pat|on
turbulence models like thie—c model or the basic Reynolds- at€ from the balance, neglecting the pressure diffusion.

stress-equation models cannot predict the plane and thgor the plane jet, detailed results newer than those reviewed
round jet with the same set of empirical constants. Theseyready in [175] (but some published later) could not be
two cases were therefore chosen, and the data provideghund. As all the older measurements have been obtained
are for the self-preserving downstream regions of the plangyith stationary hot-wires, the reliability of at least the higher
two-dimensional and the axisymmetric jetissuing into Nommoment-measurements must be cast in doubt, in view of
inally infinite stagnant surroundings. the findings of HCG and PL for the axisymmetric jet. The

Rodi [175] reviewed the measurements carried out in thesén€asurements reviewed by Rodi all show good agreement
flows up to 1971 - some of these measurements were pulP0ut the spreading ratdy, /,/dzx ~ 0.1) and the velocity
lished later. For the round jet, the only data sets includingd®c@y. The most extensive and complete set of measure-
turbulence measurements in the self-similar region werdN€nts is that due to Gutmark and Wygnanski [72] which
those of Wygnanski and Fiedler [225] and of Rodi [175]. Wa&S therefore chosen as case SHL31. The measured shear

In both cases the measurements have been obtained widi{ress agrees fairly well with the distribution calculated
stationary hot-wires. Both obtained a spreading rate offfom the mean velocity, and the normal stresses are in rea-
the jet half-widthdy, ;»/dz = 0.086 which is in agree- sonable agreement with the measurements of Heskestad
ment with earlier measurements of the mean flow. Thel?8]; for thev’ andw’ components this is true also for the
measurements of Wygnanski and Fiedler were much mor@ther measurements, but the latter are up to 20% smaller
extensive and have been the standard round-jet data for ¥r the longitudinal fluctuations’. There is hence some

long time. Less ideal features are that the centre-line velncertainty about this quantity. There are even greater un-
locity decay rate changes afD ~ 50 and that in the certainties about the measurements of triple correlations

downstream self-preserving region only 65% of the ini- a_nd the terms in the I_(inetic energy balance. The pressure
tial jet momentum is left according to the velocity mea- diffusion was determmed as the out-of-balance term an_d
surements. Nearly two decades later, almost concurrerf€a@ches unusually high values. Probably more reliable is
detailed measurements with more suitable measuremerif'® energy balance obtained by Bradbury [22], but his jet
techniques were carried out by Hussein, Capp and Georggad a co-flowing stream at16 of the'Jet exit velocity and
[90] - called HCG - and by Panchapakesan and LumleyWas hence not exactly self-preserving.

[162] - called PL. HCG used flying hot-wires and a burst- Acknowledgements

mode LDA technique and, for comparison also the station- o o
ary hot-wire technique. PL also measured with a flying Professor A.J. Smlts is gratefully acknowledged for his in-
hot-wire which moved on a shuttle. The flying hot-wire PUt to the experimental uncertainty section.

and LDA techniques are conceptually superior for flows

with high turbulence intensity and indeed HCG found sig-

nificant differences between their measurements obtained

with the stationary and the flying hot-wire. On the other

hand, the latter results agreed well with the LDA measure-

ments. PL measured &, = 1.1 x 10* while the HCG

jet had a Reynolds number @, = 9.55 x 10°. Both

sets of measurements yielded similar spreading rates of

dy12/dr = 0.094 to 0.096, which are higher than those

from the older measurements. The difference stems most

likely from the use of larger enclosures into which the jets

discharged and the fact that entrainment was allowed from
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6.4 SUMMARY OF SHEAR LAYERS AND JETS

INCOMPRESSIBLE PLANE MIXING LAYERS

SHLOO Single stream incomp. M. L. E Wygnanski & Fiedler [226] pg. 131
SHLO1 Incompressible M. L., r=0.6 E Bell & Metha [18] pg. 133
SHLO02 Incomp. M. L., 0. r<0.9 E Metha [144] pg. 135
SHLO3 Forced incompressible M. L. E Oster & Wygnanski [161] pg. 137
SHLO4 Incomp. M. L.,r=0.54 E Delville & Bonnet [47] pg. 139
SHLO5 Temporal incomp. M. L. N Rogers & Moser [179] pg. 141
SHLO06 Two turb. free streams, r=0.47 E Tavoularis & Corrsin [209] pg. 144
TURBULENCE MIXING
SHL10 No-shear turbulence mixing E Veeravalli & Warhaft [217] pg. 146
COMPRESSIBLEMIXING LAYERS
SHL20 Supersonic M. L.M,. = 0.64; E Barre, Menaa, Quine & Dussauge [11] pg. 148
Reg ~ 1.6 x 10*
SHL21 Supersonic M. L.M,. = 0.52; E Elliott & Samimy [58] pg. 150
0.69; 0.87;Rey ~ 4. x 10*
SHL22 Supersonic M. L.M,. = 0.52; E Debisschop, Barre & Bonnet [45] pg. 152
0.535; 0.58; 0.64; 1.04Rey ~
8 x 10*
JETS
SHL30 Round jet E Husseiet al [90] pg. 154
SHL31 Plane jet E Gutmark & Wygnanski [72] pg. 156

E: experimental cases. N: numerical ones. Consult individual data sheatsffe details
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Chapter 7: Two-Dimensional Boundary-Layers

Peter D. Smith
Aero-Structures Department, DERA Farnborough,
GU14 OLX, United Kingdom
and
Javier Jiménez
School of Aeronautics, Universidad Politécnica
28040, Madrid, Spain

Summary 7.2 Zero pressure gradient

The chapter starts with the simplest boundary layer flow:As the simplest form of boundary layer, the flow with zero
incompressible, two dimensional flow over a smooth flat Pressure gradient over a smooth flat surface has been exten-
surface with no imposed pressure gradient. Then the efSively studied experimentally. As noted above much of the
fects of adverse pressure gradients are introduced followegarly data is confined to measurements of only the mean
by separation from a smooth surface. The complicating efflow quantities. The first major review of the data was
fects of surface curvature are then discussed. The chaptefdertaken by Coles [38] in 1962. Since then of course
ends with the case of a boundary layer which has expethe volume of data has increased enormously and its range
rienced both pressure gradients and surface curvature ar@Pw coversd.5 < Ry X 1073 < 220, whereRy is the

then relaxes back to an undisturbed state. Reynolds number based upon momentum thickness. In the
above range the low values are achievable by Direct Nu-

7.1 Introduction merical Simulation whilst the highest values are achieved
by making measurements on the walls of large industrial

Turbulent boundary layers have been investigated experi- -
mentally for at least the past 75 years. As a result a vas}NInd tunnels.

body of data exists. For the first half of this period mea- For the present purpose of recommending datasets which
surements were, in the main, confined to the mean flow bycan be used for LES validation, this huge volume of data
the lack of suitable instrumentation and are therefore inadpresents problems, since as explained below it is necessary
equate for LES validation. to cover the Reynolds number range and no experiment
ol set of experiments has emerged as ‘best buy’. Fortu-

and documented for the Stanford conference which ha ately Coles’ pioneering work has been carried forward in

. iy . : WO very recent publications, a major review by Fernholz
the aim of detailing experimental data which could be used& Finley [60] and an AGARDOGRAPH edited by Saric

T186]. What follows is an attempt to précis this work. This
précis should be used merely as an introduction and any-
one attempting to simulate zero pressure gradient flow is
The Stanford conference was followed a decade later bystrongly advised to refer directly to the original reviews.
the Collaborative Testing of Turbulence Models (CTTM)

project organised by Bradshaw et al. The database used in.2.1 Mean flow behaviour

the CTTM project is available from the Journal of Fluids
Engineering databank as item DB96-243 at
http://scholar.lib.vt.edu/.

Data measured prior to 1980 was extensively evaluate

Stanford database is available on the worldwide web at
http://www-safml.stanford.edu/ Cantwell/.

The turbulent boundary layer equations differ from the lam-
inar ones only in the additional turbulent shear stress term
—pu'v'. An immediate result is that a turbulent bound-
More recently a database of experimental and DNS resultgary layer hadwo characteristic length scales, rather than
has been set up by the ERCOFTAC collaborative ventureone. A measure of the boundary thickness, such, as

and is available at the appropriate length scale in the outer part of the layer,
http://fluindigo.mech.surrey.ac.uk/. away from the wall, and is thus termed thater length
Wherever possible the data described below is in r:ldditionsc‘?left T_hetr\]nscous Iepgtthl/ur,t;/]vher:eur IS tthhe fnc::on di
to that contained in the above databases and has been s&- oc Y 1S € appropriate ‘length scale hear the wat, and Is

X . . .. “térmed thénnerlength scale. In contrast the laminar zero
lected with the particular requirements of LES validation . .
in mind. Lack of space together with the current state of PrESSUre gradient boundary layer has a single length scale,

development of LES have restricted the choice of data ta" VL/UEX” 0 that_ itis possible to obtain a full similar-
ity solution for laminar boundary layers but not for turbu-

two-dimensional, incompressible flows which neverthelesaem boundary layers. For turbulent boundary layers, sep-

contain a wide range of turbulence behaviours which must S :
. arate similarity laws for the inner and outer flows must be
be correctly simulated.

sought. The ratio of the outer and inner length scéifeé=
du, /v ), increases with increasing Reynolds number and
therefore the shape of the mean velocity profile must also
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be Reynolds number dependent. of course, the Reynolds number dependence is implicit in
A andu,.

The viscous sublayer So finally we have the very useful result that to be consis-
tent with the experimental data any LES must produce this
In zero pressure gradient, very near the wall the x momensmean flow profile.

tum equation has the solution. Although the defect law given above has been generally

U yur accepted by most researchers Barenblatt [9] and George

— = et al [69] have argued that, is not the correct velocity
scale for the outer flow. Instead they usg As a result

That is, very close to the wall, the velocity varies linearly both the law of the wall and the defect law assume power

Ur v

with distance from the wall. law rather than logarithmic forms. Fortunately in practice
the two forms are not very different except at very high
The law of the wall and the defect law Reynolds numbers.

For the near wall flow Prandtl argued that the viscosity, 7.2.2. Turbulence Data

wall shear stress and distance from the wall are the imporThe success of the inner and outer scalings for the mean

tant parameters. Dimensional analysis then gives velocity naturally encourages the search for similar scal-
ings for the turbulence quantities. That is close to the

U _ ¥ (yur) wall, when suitably normalised by,, do quantities be-

Ur v come unique functions af" = (£:=)? Whilst away from

which is known as the law of the wall. Similarly, well the wall are they functions gf/ A?

away from the wall, von Karman suggested that viscosityThe following sections give Fernholz & Finley’s conclu-

would be less important and the boundary layer thicknesssjons to these questions for turbulence profiles in the range
4, would enter as the length scale. Dimensional analysi 5 < R, x 1073 < 60.
then gives

Ue—U _ g (9) Reynolds Stresses
. 1)

which is known as the defect law. Matching the veloc- pegjing first with the Reynolds normal strega’?) this is
ity and velocity gradients of these two laws in the region gpserved to exhibit similarity when plotted agaipst in

where they overlap yields the viscous sub-layer and the buffer laygt <= 30). In
U 1 Yy, outer variables the datq cqllapse We||.@dIA. > 0.04(y/d >
i In ( » ) +C 0.1) for Ry > 5000 that is in the logarithmic layer and the

outer region.

forthe law of the wall, where = 0.40 andC’ = 5.10,and 10 hormal stresgpu™®) which is associated with fluctua-

U.-U 1 Y , tions normal to the wall shows no evidence of similarity in
T In ( ) +C inner variables. In outer variables similarity is once more
evident. They™ location of the peak value dfv'? /u?)

for the defect law, where in both cases the constants arghoves away from the wall with increasidgy. This trend
possibly Reynolds number dependent. The appearance @fan be approximated by

0 in the defect law is unfortunate as it is difficult to ob-
tain accurately from experiments. It is preferable to follow yz:ﬁ)mw = 0.071Ry.
Rotta and use a weighted integral thicknassvhere
. The results for the third normal streggw'2) are similar
- 0" Ue , in that no similarity is found in the inner variables but sim-
Ur ilarity is present in outer variables. The location of the
whered* is the displacement thickness, so that the defectM@Ximum value also appears to move away from the wall
law becomes with increasingRy but cannot be determined with suffi-
v.-Uu _, ( Y ) cient accuracy to determine a trend line.

0

Uy

A

A The Reynolds shear stre¢s pu'v’) is more difficult to
Fernholz & Finley have shown that if this is expressed as measure accurately very close to the wall as an X probe
U _U must be used. Nevertheless there is evidence of possible in-
¢ =—MIn (2) - N ner region similarity for*, ~ 150. Similarity in the outer
Ur A layer,y/A >= 0.09, is observed for all the Reynolds num-
whereM = 4.70 andN = 6.74 then in combination with  Per range. The location of the peak shear stress is again a
the law of the wall we have an effective universal meanfunction of By with a trend described by
velocity profile, in the overlap region, over the complete + _ ROS61
Reynolds number range 6f5 < Ry x 1073 < 220. Now, Y -

Uy

UV ) maz
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Skewness and Flatness Distributions mate the slow growth terms used in the simulation, are now
believed to suffer from slight numerical inaccuracies. The

The scaled third moment of a quantity, suchu&ig (u/2)?/2, ~ tWo included data sets are now considered standard results
describes the skewnes§s: or asymmetry of the probabil- for low to moderate Reynolds numbers. Another simula-
ity distribution ofu’. The function is symmetric about the tion of a pressure driven boundary layer using a similar
origin, S, = 0, if u’® = 0. A positive value of5, implies ~ humerical method is [197].
that large positive values af are more frequentthan large The |owest of the two Reynolds numbers is actually be-
negative values. For a Gaussian distributisp, = 0.The oy the threshold for which self-sustained turbulence has
fourth moment or flatnessy,, of the u' distribution i traditionally been assumed to exist [171], and should prob-
given byu'* scaled by(\/ﬁ)‘*, and is a measure of the ably not be used as a reference set by itself. It has, for
frequency of occurrence of events far from the axis. If example, only a marginally developed logarithmic law. It
these are relatively frequent:,, will take values greater should however be useful as inlet condition for simulations
than the Gaussian value of 3. of developing boundary layers, in which an initially low
Reynolds number may not be too important. A method for
dence of Reynolds number is apparent$ar in the vis- doing so is descr.ibed in [15_5], where it was useq to sim-
cous sub layer and for botf,: and F, in the log law ulate the separatlon bubble |n_TBL21. Full flow fields for
region with S, ~ 0 andF, ~ 2.80. Both S, andF,, the two Rey are included for this purpose.
exhibit similarity when plotted againgy A.

Fernholz & Finley found that in inner variables indepen-

7.3 Adverse pressure gradients
The skewnes$,,» of the spanwise component is zero :

. v o 7.3.1 Experimental Data Sets
for a two dimensional layer. The flatneBs: exhibits sim- P

llarity in both inner and outer scalings. Once again a very large volume of data exists, much of

For the wall normal component!, the flatness factaf,, which is documented in the Stanford and ERCOFTAC data

is approximately constarits 3.4) over the log law region  bases. Here we concentrate on more recent data which ei-
and so independent @t,. Once again both skewness and ther includes spectra, as in the case of the Marusic & Perry
flatness exhibit similarity in outer scaling. experiment, [142], TBL10, or naturally merits inclusion as

it was specifically designed to complement DNS data, as in

Although not as satisfying as the comp_let_e s.|r.n|lar|ty Pro- the case of the Spalart & Watmuff experiment, [201, 220]
duced for the mean flow, the range of similarities detecte BL12

for the turbulence quantities still provide important valida-
tion criteria for the results of any Large Eddy Simulations. 732 Numerical Data Sets
7.2.3 Experimental Data One numerical data set included in this section, TBL11,
Rather th K ith icul which was originally designed as a reference case for RANS,
at grt an.aFtempt to see agreemept W't, any particulaga . rines an attached turbulent boundary layer subject to
experiment it is recommended that simulations should be,

checked against the similarity laws outlined above. A Setan adverse pressure gradient. It contains both the numeri-
L . L cal simulation [201] and experimental data especially com-
of data at ar?y of 1438 is incidentally available at the first [201] b P y

; ati f TBL30. and collect ¢ dpiled for the occasion [220]. Both experiment and simula-
measuring station o » and co ef3|on ot mean andy;,n, agree closely, but the experimental data extend over a
fluctuation profiles in the rangBey x 107° =4 — 13 is

: longer distance than the simulation, and both are included.
included as TBLOO. The numerical simulation uses a “fringe” method in which
extra terms similar to those used in TBLO1 to model the
streamwise growth have been confined to narrow bands
The numerical requirements for the simulation of turbulentnear the ends of the computational domain, making the
boundary layers are more strict than those for free sheapverall flow spatially periodic even if the boundary layer
flows or for wall-bounded parallel flows, such as pipes oris left to thicken naturally over most of the computational
channels. A true simulation of a turbulent boundary layerbox. In this sense it is a more “natural” flow than TBLO1,
would include its development from some forward stagna-but still has an artificial recycling of the inlet flow that
tion point, its transition region, either natural or tripped, makes it roughly equivalent to a tripped layer. An ini-
and its spatial growth to a reasonably high Reynolds numdial region of favourable pressure gradient was included
ber. Such a direct numerical simulation does not existboth in the experiment and in the computation to minimise
at present. The closest equivalent is Spalart’s simulatiormemory effects from the trip. The inlet Reynolds number
in [198] in which the boundary layer is simulated in a and numerical resolution are comparable to those in the
streamwise periodic box, but where the effect of stream-higher Reynolds number case of TBLO1, and were thor-
wise growth is simulated by including extra terms derived oughly checked in the original papers [198, 201].

from a multiple-scale analysis. The resulting equations are )

accurate t@)(c;). Four Reynolds numbers were originally 7.4 Separation

computed for this flow, of which the two intermediate ones, 7 4.1 Experimental Data Sets

at Rey = 300 and 670, are included in the data base as

TBLO1. The two extreme ones, although needed to esti-

7.2.4 Numerical Data
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The measurement of flows involving separation from a smorgfinement studies in [198], in which resolution was pur-
surface presents extreme difficulties for the experimenterposely degraded by a factor of two, showed significant ef-
Non-intrusive instrumentation is essential so that reliablefects on the skin friction, and the possibility that there may
data sets had to await the development of the Laser Doppldoe marginal resolution problems in TBL21 should be kept
Anemometer. Maintaining two dimensional or axisymmet- in mind. The numerical resolution in both cases is how-
ric flow is also particularly difficult and usually involves ever measured in wall units based on the point of highest
much ‘cut and try’ development. The experiment by Simp- skin friction in the domain, which is near the inlet. As
sonet al, [192, 193, 190] for which the majority of the the boundary layer thickens downstream the skin friction
data (with the exception of the transverse velocity mea-decreases and the effective resolution improves. Near the
surements) is available from the Stanford database, is aeparation region it appears likely that the resolution of
possible testcase but is an open separation and would rdsoth simulations is more than adequate.

quire inflow boundary conditions downstream. Fortunately

the data of Alving & Fernholz, [3],TBL20, has recently 7.5 Surface curvature

become available. Here a turbulent boundary layer on asyreamwise surface curvature produces significant changes
smooth, axisymmetric body is exposed to an adverse presp, the turbulence structure within the boundary layer. Con-
sure gradient of sufficient strength to cause a short region.aye curvature is destabilizing (i.e. turbulent mixing is en-
of mean reverse flow (‘separation’). The pressure distribu-nanced) whilst convex curvature is stabilising. These ef-
tion is tailored _such tha'F the boundary layer reatt_aches angscts pecome significant when the ratio of boundary layer
then develops in a nominally zero pressure gradient. thickness to surface radius of curvature is of order 0.01, an
order of magnitude earlier than curvature effects are sig-
nificant in laminar flows.

The two data sets [155, 199] represent roughly the samée experiment by Johnson & Johnston, [98], TBL30, cho-
flow, an initially turbulent boundary layer subject to an ad- oy here is an extension of another experiment using the

verse pressure gradient strong enough to induce separatiogg me apparatus by Barlow & Johnston [10].
and immediately followed by a favourable gradient that

closes the separation bubble. Beyond that they are quite g Relaxing flow

different numerically and aerodynamically. The numeri- - - .

cal scheme in TBL22 [199] is the fringe method used in Th‘? difficulty Of_ pre_dlctmg turbulence relaxation from_a
TBLL1, while TBL21 [155] uses actual inflow and outflow major perturbation is often noted. The rate of relaxation

conditions in which the inflow is provided by a slightly ma- varies with eddy si.ze which requires skilful modelling of
nipulated version of th&e, = 300 zero-pressure-gradient the turbulence. Since the success of large-eddy simula-

boundary layer in TBLO1. The inlet Reynolds number in tion depends on theT proper representation of the interactipn
TBL22 is lower, Rey ~ 230, and the settling length al- hetween the sut_)gn_d_ scales and the larger scales, relaxing
lowed to the layer before the adverse pressure gradient ilows can be a significant test of the calculations.

applied is also shorter than in the other case. As a consefhe numerous investigations of perturbed flows prior to
quence the incoming boundary layer never becomes fully1985 were reviewed in Smits & Wood [196]. Since then
turbulent before separating and, in particular, never develother investigations have been conducted such as the Bas-
ops a logarithmic region. The separation bubble in TBL22karan, Smits & Joubert [14, 15] experiments on the flow
is smaller than in TBL21, and the region beyond reattach-over a hill. The particular needs of turbulence simulators
ment is not long enough to allow for significant recovery have been recognized increasingly in recent years, partic-
of the turbulent profiles. TBL21 was designed for aero- ularly the need for well-established boundary and initial
acoustics studies, and it was run for an exceptionally longconditions and for flows which can be used to examine
time to compile spatio-temporal pressure information. A the capabilities of simulations without so much complex-
side effect is that the averaging time for the statistics isity that the detailed dynamics cannot be understood. One
also exceptionally long, which is an important considera-such experiment selected for this database, TBL31, is that
tion given the long characteristics times inherent to recir-of Webster, DeGraaff & Eaton [221] which examined the
culation regions. In all these respects TBL21 should beflow over a smooth bump large enough to perturb the tur-
used as a test case in preference to TBL22. The latter ipulence, but just gentle enough to avoid flow separation.
however interesting in that it is one of the few simulations The experiment was designed with LES in mind and coor-
of separated flows which include a heated wall, showingdinated with one such effort. The flow is similar in some
highly counter-intuitive heat transfer effects in the separa-ways to the flow over an airfoil but without the complica-
tion bubble. tions of laminar/turbulent transition and stagnation points.

7.4.2 Numerical Data Sets

The numerical resolution in both cases is nominally simi-
lar, and of the same order as in the two other simulations
mentioned above. However, while TBL22 uses the same
spectral method as in the previous cases [200], TBL21
uses a second-order-accurate finite difference scheme, for
which the resolution requirements should be about 50%
larger than for spectral methods before dealiasing. Grid
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7.7 SUMMARY OF BOUNDARY LAYER FLOWS

ZERO PRESSURE GRADIENT

TBLOO Basic flat plate E Smith and Smits [194] pg. 161
TBLO1 Pseudo-zero pressure gradient N Spalart & Cantwell [198] pg. 163
ADVERSE PRESSURE GRADIENT

TBL10 APG E Marusic & Perry [142] pg. 165
TBL11 APG N Spalart & Watmuff [201] pg. 167
TBL12 APG E Watmuff [220] pg. 169
SEPARATION.

TBL20 Closed separation bubble E Alving & Fernholz [3] pg. 171
TBL21 Closed separation bubble N Na & Moin. [155] pg. 173
TBL22 Small heated separation bubble N Spalart & Coleman [199] pg. 177
NON-TRIVIAL GEOMETRIES.

TBL30 Curved plate E Johnson & Johnston [10] pg. 179
TBL31 Mild bump E Websteet al[221] pg. 181

E: experimental cases. N: numerical ones. Consult individual data sheatsife details
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Chapter 8: Complex Flows
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8.1 Introduction bility to practical configurations, has a long history. This

As advances in numerics and in computer power providg©c0rd prior to 1984 has been reviewed thoroughly by De-
faster and more accurate simulations, the flow configura/nuren and Rodi [48], denoted herein as D&R, which will
tions selected for examination will tend toward the more thus be merely summarized. Prandtl developed a classifi-
challenging geometries and conditions. Thus a group ofcation of secondary flows including those of the "second
more complex flows has been selected for inclusion in thiskind” generated by turbulence alone, but it was not until
database: Flow in a square duct; the wake of circular and-960 that the first actual measurements of the secondary
square cylinders; and the backward facing step. Each ha&otion were reported. As with all duct and pipe experi-

its own particular difficulties, such as secondary flows, thin MeNts, an important question is whether full development
shear layers, and vortex formation. of the flow has been achieved. D&R notes that this “cannot

be answered with certainty in most cases.” This difficulty
Complexity in turbulent flow has been the subject of in- wjth inflow conditions is one reason why direct numerical
quiry for several decades. The categorization of flows, parsimulations are so attractive to modellers, even consider-
ticularly for modelling purposes, based on rational notionsing their other limitations such as low Reynolds numbers.
of flow properties was addressed by Bradshaw [24]. HeThe data of Gessner and Emery [70] is considered by D&R
distinguished among complex flows by the type of shearand Huser and Biringen [86] to be adequately developed.
flows, their interactions, and the magnitude of a perturba-That data was at very high Reynolds number, however, and
tion, such as a backstep. More recent reviews include [196hyst be scaled with the local friction velocity for compari-
and [172]. Many, if not most, of the complex flows de- son with other data and calculations. Recently experiments
scribed in the reviews are beyond the capabilities of presenpy Hirota's group, Nagoya University, at lower Reynolds

large-eddy simulations, though advances continue to exnumbers have been reported and are the data included here.
pand their number. The flow configurations discussed in

this chapter (summarized in Table 1.) were selected to be 2 1 Experiments
addressable at present or in the very near future at lower . ) o
Reynolds numbers, but at higher Reynolds number the))mprovements in the quality of data measured in this diffi-

should remain challenging for some time to come. cult flow have followed the development of enhanced mea-
surement techniques. Rotation of single element hot-wires
8.2 Flow in a square duct was replaced by use of multi-wire probes together with ad-

Fully develoned turbulent flow i ircular d h vanced data acquisition and processing techniques to re-
ully develope t_ur u ent flow In non-circuiar ucts aS guce measurementerror, particularly in the turbulence quan-
long been an intriguing flow conﬂguranon_ because of its tities. Thus the data of Hirota’s group [227] [64], which
_transverse (secondary) mﬁanhmotlon. At first gla_nce, :}herl(?eflects these improvements, has been selected for this data
IS no apparent reason why the transverse motion shou %ase (data set CMPQ0). The measurements were conducted

oceu, ?ngl |(1tdeed n fu! ly t?]evtelog eld Iamm?r ﬂOW1'_th'.$ r;lot at 90 hydraulic diameters from the entrance and thus do not
generated, 1is source 1S the urouience aione. IS TOWsyffer from incomplete development. This is confirmed by
is thus of particular interest to those pursuing turbulenc

deli imulati b it th bul . eglobal guantities such as mean resistance which agree with
modelling or simulation, because if the turbulence IS Notggiapisheq values. Furthermore, remarkably good sym-

represepted properl.y in their calculations, the errors wiI.I metry is noted in both the contours of mean velocity and,
be readily apparent in both the turbulence quantities and Mhore importantly, in the turbulence quantities including

the mean secondary flow. the difficult differences in the important cross-planar nor-
The investigation of corner flow, with its obvious applica- mal stresses.
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8.2.2 Simulations

The difficulties in measuring certain turbulence quantities
such agizuz and the fluctuating vorticity, and in establish-
ing fully developed conditions for this configuration make
direct numerical simulation (DNS) of the turbulence attrac-
tive for addressing questions of physics and for develog
ment of large-eddy simulation techniques. Such simula
tions are necessarily limited to low Reynolds numbers, b.
within this constraint they can provide information on any
and all variables of interest. Advances in this field have
led to criteria for simulations of adequate resolution anc 95 T 108 Tos
accuracy and have produced a wealth of information on Re

variety of flow configurations.

(@)

Thus the results of a DNS "numerical experiment” on the
flow in a square duct is included in this database. There al
two notable simulations of this configuration: Gavrilakis
[66] and Huser & Biringen [86], Husest al [87] . The
simulation of [86] [87] was at twice the Reynolds number
of [66] and was thus selected for this compilation (data se
CMPO01). Two calculations are described in the reference
but only the higher resolution data are included here.

(]

8.3 Flow around a circular cylinder 1 " Re " 0
The flow around a circular cylinder is perhaps the paradigm
of complex flows. It is simple in geometry yet remark-

ably complex in flow features, including thin separating as open stars, compared with data from other sources

shegr layers and Ia_lrge scale unsteadiness in the vor_te_x foffeprinted from [31]; see their table 1 for sources of lines).
mation and shedding. Both of these features are difficult

to capture in large-eddy simulations so that this flow re-

mains a challenge to all new computational formulations.The near wake of a circular cylinder at a Reynolds num-
There have been numerous experiments on cylinder flowg,er (here 140,000) large enough to create a fully turbulent
of many kinds including the simple infinite cylinder normal \yake put laminar separation (subcritical) generates turbu-
to the flow, cylinders at angles, cylinders of short aspectient vortices in a nearly periodic fashion. If the cylinder is
ratios, and tapered cylinders among others. Experimentsymooth and long (compared to its diameter), if end-plates
however, which recorded time-resolved data at Reynoldsye sed, and if it is placed normal to a steady flow of low

numbers large enough for a turbulent wake, are difficulty,rpylence, then the regularity and two-dimensionality of
and rare. Thus only one dataset, CMP10, is included hergye yoriices will be maximized. There will still be vari-

that of the experiments of Cantwell and Coles [31] which 4iigns in the phase of the shedding, but it will be small
addressed the flow around a long, constant-diameter Cy“”énough that it can be accomodated with appropriate mea-

Figure 1: (a) Strouhal number and, (b) drag coefficient
for the flow around a circular cylinder from [31], shown

der normal to the flow. surement techniques. A ‘flying hot-wire’ and a pressure-
) based sampling method were employed in this experiment
8.3.1 Experiment as described below. Any point measurement of velocity

The vortex shedding from the circular cylinder presentsin this flow raises questions about distinguishing between
difficulties for measuring the mean statistics of the flow ‘itter’ and turbulence, but these are presumably of less im-
and turbulence. There is regularity in the shedding, butPortance to the large-eddy simulations than to RANS pre-
there is also a level of irregularity which must be addresseddictions. However, the computation of statistical proper-
Today, global measurement techniques, such as particlées should use methods appropriate for the measurements
image velocimetry, can capture a flow field at an instantconducted in the dataset being used for evaluation.

to display the spatial variations in velocity, but temporal \jeasurements of the Strouhal number and drag coefficient
statistics are still a challenge in that many such images,gainst Reynolds number in the data included here from
must be recorded and analyzed. A point measurementtech=gntwell and Coles [31, set CMP10] compare favourably
nique, in particular hot-wire anemometry, is able to recordyith other experiments (see figures 1 and 2). There is a

time records, but cannot easily address spatial variationgymewhat surprising variation in the values reported for
such as the vortex shedding without averaging out thesg,,, quantities.

important structures. Also, hot-wire anemometers cannot

normally be used in reversing flow. Innovative techniquesg 4  Flow around a square cylinder

are required to capture such complex flows and record de—Th f d linder . tant f
tailed data on their structure and turbulence. € flow around a square cylinder Is an important case tor

testing calculation procedures for complex turbulent flows
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St [ W sults appear to have a broader and more secure basis. Some
osl  SSSXXTTT Lienhard (1966) J % numerical studies (unsteady 2D calculations without tur-

Cantwell Coles (1983) bulence models) have been carried out at low Reynolds
numbers and show a fairly wide scatter, especially when
the Reynolds number is around 200 to 300. Lift and drag
coefficients and Strouhal numbers have been measured by
various experimenters in the Reynolds number rahge
10*—1.7x10°. They found little influence of the Reynolds
number on the Strouhal numbe§#(about 0.13) and also

NIRRT oyl TR IR AT B SN IE WA R 11 I N S AT

102 103 105 105 106 107 on the mean drag coefficient’, about 2.1). There ap-
Re pears to be no drag crisis as in the case of the circular
cd cylinder. The first more detailed measurements providing

=3

profiles of mean velocities and stresses due to fluctuations
have been reported by Durabal[51] for a Reynolds num-

ber of 14000 (see Fig. 5). Both blockage (13%) and free-
stream turbulence level (6%) were quite high. Owing to
their measurement technique, Durao et al. did not obtain
phase-resolved results but only mean averages.

The only experiment with phase-resolved results is that due
to Lyn & Rodi [133] and Lyn et al. [134] who provided
detailed measurements of the flow past a square cylinder
at Re = 22,000 obtained with a laser doppler velocime-
ter. In the first paper, single-component measurements are
provided for the shear layer and reverse-flow region on the
cylinder side wall, and in the second paper, two-component
measurements of velocities in the wake. These measure-
ments were chosen to be included in the data base, CMP20.
The measured relatively slow recovery of the centre-line

Figure 2: Summary of Strouhal numbers and drag coeffi-velocity in the wake, see figure 4, was sometimes consid-

from [129]. methods), but it appears realistic because of the strong in-

dividual vortices that are sustained quite far downstream in

this case. No DNS studies are known for this case.
because it has a simple geometry but involves com~"'~"

physical phenomena such as vortex shedding and also 0.20
sition at higher Reynolds numbers. The important difl
ence from the circular cylinder case is that the separe
point is fixed at the front corner of the cylinder.

0.6

Lienhard (1966)
Cantwell, Coles (1983)

0.2

o el o1t el BRI R RRRIE
103 10% 10% 108 Re 107

Lyn et al(1995)

Vortex shedding is found for Reynolds numbers highert
about 70 and remains laminar and approximately 2D u
a Reynolds number of about 600 [52]. At higher Reync
numbers the separated shear layers over the side wa
the cylinder undergo transition, and this occurs close
the front corner as the Reynolds number increases. A _—
rear corners quasi-periodic alternate vortex shedding
curs which induces the separated shear layer along the
walls to flap. The shed vortices are convected downstr
and they are eventually broken up and diffused by the wu-
bulent motion. The wake past the square cylinder is abouFigure 3: Strouhal number variation with Reynolds num-
30% wider than that past the circular cylinder and the dragber for square cylinders; from data in [159] and [42], com-
coefficient is higher by a factor of 1.7. pared with [134] and [51].

Strouhal number St

XU Okajima (1982)

Davis and Moore (1982)

0.05 a1l vl p 1l L1

102 103 10
Reynolds number Re

There are considerably fewer experimental studies on the
flow past a square cylinder than for the flow past a cir-
cular one. Okajima [159] and Davis & Moore [42] have
measured the influence of the Reynolds number on the diAs with the circular cylinder, experiments which provide
mensionless shedding frequency (Strouhal number). In theletails of the flow around a square cylinder are difficult,
intermediate Reynolds number range, they are quite differand it was not until the development of instrumentation
ent (see figure 3); Okajima carried out his measurementsvhich could handle the reversed flow region that such data
with various cylinders and in various fluids so that his re- became available. Even then the separations off the front

8.4.1 Experiment
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corners complicate the measurements; the flying hot-wire]t is often noted that this flow is sensitive to small changes
used so successfully for the circular cylinder wake, cannotin geometry. For this reason it is imperative that the bound-
be used easily in these locations. The laser velocimeterary geometry and the inflow and outflow conditions be du-
rigged for directional discrimination, is ideal for this type plicated carefully. Also, a common difficulty in the predic-
of problem, however, and has been applied to the squar&on of this flow lies in the details of the recovery region,
cylinder of Lyn & Rodi [133] and Lyn et al. [134] (data set and those should be a particular target of any large-eddy
CMP20). simulation.

Measurements of time-averaged quantities compare favoug— 51 Simulations

ably with the (scarce) available data. See figure 4 for a™™"

comparison of streamwise variations of the streamwise corithe backward facing step was among the first geometries

ponent of velocity, its r.m.s. value, and the r.m.s. value ofwith strong changes in the streamwise direction and fully

the transverse velocity component. Note that some of theéurbulent flow to be addressed by DNS. The work by Le

data is for a circular cylinder for reference only. & Moin [115] established the capability of DNS to han-
dle such flows accurately. Data from those simulations are

—] included in this database (data set CMP30) and match the

1,0_111||||:|;||!||

T T T T T T T ]
- (a) @ 9 + ? + + < 5 o . . .
- . §ch°§°@°“§ 6008 o oo o 3 conditions from the experiments of Jovic & Driver [99]
0 + B 1 [100]. A comparison of measured [99] and computed [115]
N e ] skinfriction is shown in figure 5. Details of the simulations
0 e . .
- Bcﬁﬁjj ] are included in the data set.
70_50" L ; L1 2| L ; S ‘11 Ly 51 I :’) L _1, . 0.004
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. ¢ o ] . . .. .
0‘4: Dg MR Figure 5: Comparison between the wall friction in a
3 1 backwards-facing step, from—— , the simulations in
g T, [115, CMP30] andp , the experiment in [99] (reprinted
u from [99]).

Figure 4. Streamwise variation of time-averaged (a)
streamwise velocity, (b) r.m.s. streamwise velocity, and8.5.2 Experiments
(c) rrm.s. transverse velocity in cylinder wakes, from data
of: ¢, [134];0, [51]; +, [31], anda, [143] (reprinted from
[134].)

Because of the attractive characteristics of the backward
facing step for testing prediction methods, there have been
many experimental studies of it. Advances in instrumenta-
tion have produced increasingly useful results over a range

8.5 Incompressible flow over a backward fac- of Reynolds numbers, so two experiments are included in
ing step this database.

The flow over a backward facing step has become a canorifhe experiment of Jovic and Driver [99] [100] (data set
ical flow for testing prediction codes. The simple geome- CMP31) was specifically designed for comparison with a
try of the walls and the known separation point, togetherDNS. A low Reynolds number was thus selected to provide
with the challenges of the reversing vortical flow and reat- data for direct comparison to the simulations, but this also
tachment zone, provide well-defined conditions and adepresents some difficulties for the experimentalist so that
guate flow complexities to be both addressable and usefuhe data should be utilized carefully. The low velocities
to experimentalists and computationalists. Thus there isncrease the uncertainties in the measurements which are
available high quality data from both experiments and di-thus estimated to be somewhat elevated. In addition, the
rect numerical simulations. The development of laser ve-inflow boundary layer may still retain some history of the
locimeter systems which can capture reversing flow over aripping technique. Thus additional care should be taken
wide dynamic range has permitted documenting the detailsn the selection of inflow and boundary conditions. The
of the flow field beyond previous measurements of quanti-work was never published except in a report and thus has
ties such as the reattachment point and the outer, unidireaot been subjected to outside scrutiny. The DNS of Le and
tional flow. Likewise advances in DNS have made feasibleMoin [115] (discussed above) did not uncover problems
the simulation of flows beyond the simple channel, and thewith the data, however, which increases confidence that the
backward facing step was among the first of these. flow can be used for evaluation of simulations in general.
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The second experiment, that of Driver and Seegmiller [50]
(data set CMP32), was intended for evaluation of RANS
codes and is at a higher Reynolds number. Redundant mea-
surements and careful analysis of the data yielded a highly
regarded dataset which should prove useful for evaluation
of simulations, especially as they approach the more useful
(higher) Reynolds numbers.

47



8.6 SUMMARY OF COMPLEX FLOWS

SQUARE DUCT

CMPOO UD/v =65 x 107 E Yokosaweet al. [64] pg. 185

CMPO1 u;D /v =600 N Huser & Biringen [86] pg. 187
CIRCULAR CYLINDER

CMP10 Rep = 140,000 E Cantwell & Coles [31] pg. 189
SQUARE CYLINDER

CMP20 Rep = 22,000 E Lynetal[134] pg. 191

BACKWARDS FACING STEP

CMP30 Rey, = 5,100 N Le & Moin [115] pg. 193

CMP31 Rey, = 5,000 E Jovic & Driver [99, 100] pg. 195
CMP32 Rep, = 37,500 E Driver & Seegmiller [50] pg. 197

E: experimental cases. N: numerical ones. Consult individual data sheatsffe details
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HOMOO: Decaying Grid Turbulence

Comte-Bellot & Corrsin

1. Description of the flow
Decaying, nearly isotropic, turbulent flow downstream of a grid.
2. Geometry

The grids were periodic arrays of square rods, in a biplanar arrangeaneifbad a square mesh with a solidity of
0.34. The grid was inserted across a rectangular (1.3 103 m) section, followed by a 1.27:1 contraction (to
improve the isotropy of the turbulence) and a rectangular (1.220r915 m) measurement section.

3. Original sketch
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4. Flow characteristics

The mean speed across the wind tunnel was uniform. The turbulence waseeely inotropic, with the ratio of

streamwiseu,’, and transversey,’, r.m.s. velocities in the range 0.97 to 0.98. The decay of both meanesquar
components could be well described by a power law.

5. Flow parameters

Grid mesh sizel/ = 50.8 mm or 25.4 mm. Mean speéd = 10.0 m/s near the grid, increasing to 12.7 m/s after
the contraction. Grid Reynolds numb®s; = U, M /v = 34,000 or 17,000.
6. Inflow and outflow boundary and initial conditions

Free stream turbulence level (without the grid) was about 0.05%.

7. Measurements

(a) Measurement procedures

All measurements were made with hot-wires and analog instrumentatioarrdwtband filter was used for
measuring spectra. An analog tape recorder was used for measuring autocogelatio

(b) Measured quantities

Streamwise and transverse r.m.s. velocities along the test sectioncofaation functions of the veloc-
ity; two-point transverse correlations; space-time correlations. dMaband autocorrelation functions in a
convected frame. Spectrally local characteristic times. Frequency spectra, fichh ane-dimensional and
three-dimensional (wave-number) energy spectra are estimated.
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10.

11.

(c) Measurement errors

Spectral measurements were corrected for noise. Spectral uncertainty is diffieattmate because of the
analog methods used. Estimated uncertainty is a few percent at the lowertenmdeidiate frequencies, in-
creasing at the highest frequencies. The latter range should be treatedwiltaution, as it is known to lead
to unrealistically large velocity derivative skewnesE(RGE W.K. 1992,Phys. Fluids A 4, 1492- 1509).

. Available variables

One-dimensional, wave-number spectra of streamwise velocity folthe 50.8mm grid at three stations with
tU,/M = 42,98 and 171. At these locatiorf®, =71.6, 65.3 and 60.7.

. Storage size required and present format of the data

One small file in ASCII format.

Contact person

Professor Genevieve Comte-Bellot

Centre Acoustique, Ecole Centrale de Lyon, B.P. 163, 69131 EcullgxC&dance
tel: 3304 72186010

fax: 3304 72189143

e-mail: gcb@mecaflu.ec-lyon.fr

Main references

CoMTE-BELLOT, G. & CORRSIN, S. 1966 The use of a contraction to improve the isotropy of geiderated
turbulencel. Fluid Mech. 25, 657-682.

CoMTE-BELLOT, G. & CORRSIN, S. 1971 Simple Eulerian time correlations of full and narrow-bandoiti
signals in grid-generated isotropic turbulentd;luid Mech. 48, 273-337.
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HOMOL: Decaying Grid Turbulence

Ferchichi & Tavoularis

1. Description of the flow
Decaying, nearly isotropic, turbulent flow downstream of a grid.

2. Geometry

The grid consisted of 11 horizontal and parallel cylindrical rods and hsalidity of 0.34. It was placed in a
rectangular (305 mm x 457 mm) test section, 1.52 m downstream of a 1@racion.

3. Original sketch

grid
Aer
16:1 contraction h=0305m M2 i Y%
M=25.4mm
)
1.52m X

4. Flow characteristics

The mean speed across the tunnel was uniform. The turbulence was neeslyicsotith the ratio of the streamwise,
u', and the transverse;, r.m.s. velocities about 95%. The decay of the turbulence intensity esgibled by a
power law with an exponent of -1.21.

5. Flow parameters
The grid mesh size was M=25.4 mm. The mean speed along the centrelifé wa).5 m/s. The grid Reynolds
numberwaske); = UM /v = 17335.

6. Inflow and outflow boundary and initial conditions
Turbulence intensity in the unobstructed flow was less than 0.05%.

7. Measurements

(a) Measurement procedure
Two sets of hot-wire measurements were performed, the first with a-aiosgprobe and the second with a
parallel wire probe. Spectra were measured with a single wire probe.

(b) Measured quantities
Probability density functions of streamwise and transverse veloéigyences Au(Az), Av(Az) andAu(Ay)
at a position withz /M = 47.2, whereu’ = 0.320m/s,L = 38mm, A = 4.1mm, Re) = u'\/v = 84 and
n = 0.23mm. Energy spectra of the streamwise velocity.
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(c) Measurement errorsBecause of the large volume of data used, the uncertainty of the pdfiwewery small,
at least for the inertial range data.

8. Available variables
Pdf of velocity differences at different probe spacings. Energy spectriheatreamwise velocity.

9. Storage size and present format of data
Small files in ASCII format.

10. Contact person

Professor Stavros Tavoularis

Department of Mechanical Engineering, University of Ottawa
Ottawa, Ontario, Canada K1N 6N5

tel/fax: (613) 562 5800 ext. 6271

e-mail: tav@eng.uottawa.ca

11. Main reference
FERCHICHI, M. & TAVOULARIS, S. 1997 Unpublished measurements.
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HOMO2: Decaying Isotropic Turbulence

Wray

1. Description of the flow
Simulation of incompressible decaying isotropic turbulence.

2. Geometry
Triply periodic mesh.

3. Sketch
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4. Flow characteristics
Time-decaying homogeneous analog of the grid-turbulence experimebtswte-Bellot & Corrsin (1971).

5. Flow parameters
58.32 < Rey <104.5

6. Numerical methods and resolution: Numerical scheme as in (Rogallo, 1985).2% collocation points. Largest
computational wavenumbéy, ., = 241.

7. Boundary and initial conditions
Periodic boundary conditions in all three spatial directions. Thelrield has a spectrum peakedkat 6 (where
the lowest mode i& = 1), and random phases, &t = 952.

8. Averaging procedures and resulting uncertainties
Statistics post-processed using the same spectral basis function® usbdnce the Navier—Stokes equations in
time.

9. Available variables

Filtered velocity field in physical space &) = 104.5, derived from the full512? field by sharp truncation in
k-space tdl 283,

Time history of total energy, enstrophy, integral-scale, and velagtyrative skewness.
3-d energy and transfer spectra and 1-d energy spectra at 26 times in th&gjveange.
Pdf of velocity differences akey = 70.45,65.11,60.41
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10. Storage size required and present format of the data

25 Mbytes of IEEE binary, single precision floating point data fer astart file. A few Kbytes ASCII data for the
statistics.

11. Contact person

Dr. A.A. Wray
NASA Ames Research Centre, Moffett Field, Ca. 94035, USA.
E-mail: wray@nas.nasa.gov

12. Main references

CoMTE-BELLOT, G. & CORRSIN, S. 1971 Simple Eulerian time correlations of full and narrow-bandaois/
signals in grid-generated isotropic turbulengdsluid Mech. 48, 273-337.

RoGALLO, R.S. 1981 Numerical experiments in homogeneous turbul®i#®A Tech. Memo. 81315.
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HOMO3: Forced Isotropic Turbulence

Jiménez, Wray , Saffman & Rogallo

1. Description of the flow
Direct numerical simulations of forced isotropic turbulence in a péciodbic box.

2. Geometry
Triply periodic box.

3. Original sketch: Not applicable.

4. Flow characteristics
Forced at low wave-numbeks< 2.5. Fully resolvedk,,,,..n ~ 2.

5. Flow parameters

Rex N L. LJXN LJy L/L. t/T —F;
37 64 18 23 27 109 542 049
62 128 22 42 65 080 93 050
95 256 2.0 63 120 072 82 052
142 384 24 95 222 073 59 052
168 512 2.4 112 286 069 51 052

t/T is the total run time in eddy turnover unitg; is the skewness coefficient of the velocity derivativess the
integral scale and.. = u'®/¢ is the eddy dissipation scale. The size of the computational ki is

6. Numerical methods and resolution

The numerical method is fully spectral, using primitive variahie®, with dealiasing achieved by spherical wave-
space truncation and phase shifting (Rogallo 1981). The resolitigiren in the table above reflects the number of
real Fourier modes in each direction before dealiasing. The largest compatat@venumber i&,,,, = v2N/3.

The time stepping is a second order Runge-Kutta for the nonlineas tench an analytic integrating factor for the
viscous ones. The time step is automatically controlled to satisfy uhgerical stability condition. All fields are
forced to achieve a statistically steady state by introducing a negasiwzesity coefficient for all the modes with
wave numberg = |k| < 2.5. The Fourier expansion functions asep(+ik;z;), k; =0, 1,..., K = N/2, so that

the length of the box side is alwags. The magnitude of the negative viscosity is adjusted every few iees so

as to keep constant the product), wheren is the Kolmogorov scale, and the instantaneous energy dissipation rate,
€, is computed in terms of the energy spectrum.

7. Boundary and initial conditions
Periodic boundary conditions in all three spatial directions. Initalditions are not relevant, since the flow is driven
to statistically steady sate.

8. Averaging procedures and resulting uncertainties

Statistics post-processed using the same spectral basis function® usbdnce the Navier—Stokes equations in
time.

Numerical errors are less than 2%, checked by grid refinement at the lower Reymwhbers. Statistical conver-
gence errors are abotits% for large scale quantities, but grow to half an order of magnitude fe#ireme tails
of the pdf of the gradients.

9. Available variables
3-d and 1-d energy spectra.

Pdf of longitudinal and transverse velocity-differences at the five Bldgmumbers, for separations in the inertial
range. Pdf for flow fields filtered with several Gaussian filterfat = 142.

Pdf of velocity gradients, enstrophy, total strain and vorticity strigtg.
One restart field aRey = 96, spectrally truncated 822 resolution.
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10. Storage size required and present format of the data:About 400 Kb of binary data for the restart file, and
400 Kbytes as ASCII data for the statistics.
11. Contact person
Javier Jiménez
School of Aeronautics, U. Politécnica, 28040 Madrid, Spain.
E-mail: jimenez@torroja.dmt.upm.es
12. Main references

JMENEZ, J., WRAY, A.A., SAFFMAN, P.G. & ROGALLO,R.S. 1993 The structure of intense vorticity in isotropic
turbulence,). Fluid Mech. 255, 65-90.

JMENEZ, J. & WRAY, A.A. 1994 On the dynamics of small-scale vorticity in isotropidtulence, inAnnual Res.
Briefs, Centre for Turbulence Research, Stanford CA, pp. 287-312.

RoGALLO, R.S. 1981 Numerical experiments in homogeneous turbul®i#®A Tech. Memo. 81315.
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HOMO4: Grid Turbulence with Plane Strain

Tucker & Reynolds

. Description of the flow
Grid-generated, nearly isotropic turbulence is subjected to unifoaimdty passing through a distorting duct.

. Geometry

The facility used was a suction wind-tunnel with a rectangular crossesectivarying shape but constant cross-
sectional area. A perforated metal plate with a square mesh was used as a gfldwTdrgered, through the grid,
into a parallel section, from which it passed successively into a distpsiction and, finally, into another parallel
section, where the strained turbulence relaxed towards isotropy.

. Original sketch
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. Flow characteristics
The turbulence entering the distorting section contained considerabtarapy, with the streamwise mean square
velocity having 42% of the total turbulent kinetic energy.

. Flow parameters
The grid mesh size was/ =17.5mm and the solidity was =0.36. The mean speed in the uniform section was

U, =6.1m/s.

. Inflow and outflow boundary and initial conditions
Without the grid, the free stream turbulence level was 0.2%. Thertlisg duct was positioned at a distance ofi85
from the grid.

7. Measurements

(a) Measurement procedures
The streamwise velocity was measured with a single hot-wire, normbktfidw. The transverse velocities

were measured with a single hot-wire, slanted®&twith respect to the flow direction.

(b) Measured quantities
Mean squared velocities in the streamwise, transverse and lateral directions.

(c) Measurement errors Possible uncertainty (95% confidence level) of 2% for the mean velo@tyfot the
streamwise Reynolds stress and 8% for the transverse and lateral tRegtmekses.
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10.

11.

. Available variables Mean squared velocities in the streamwise, transverse and lateral directions.

. Storage size required and present format of the data

Small ASCII file. Notice that is the streamwise direction.

Contact person
Not available.

Main reference

TUCKER, H.J. & REYNOLDS, A.J. 1968 The distortion of turbulence by irrotational planaistd. Fluid Mech.
32, 657-673.
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HOMOS5: Grid Turbulence with Transverse Strain

Leuchter & Benoit

1. Flow description

Transverse strain at constant ratds created in planes perpendicular to the flow direction. The flow is defined (in
the laboratory axes) by the following non-zero elements of the strammatrix:

oUy,  0Us
—_— — = l
81‘3 6.’13‘2 ( )

With this definition, the principal axes are inclined by 45 deg. withpees to the laboratory frame in which the
measurements are performed. Note that in the principal axes the flow wedkfined by:

U,  OUs
oy~ 0z P (2)

with the other gradients zero. Satisfactory homogeneity conditions aievadtin this flow.

2. Geometry

The flow enters through a cylindrical duct of 0.3 m diameter into thiodiag duct. The grid turbulence generator
(of 1.5 cm mesh size) is located in the cylindrical duct 0.25 m upstreanedfifitorting duct. The distorting duct
has elliptical cross sections of constant area with continuously increasaggtricity and fixed orientation (of 45
deg. with respect to the laboratory axes). The maximum value of the asgiect /b of the elliptical sections is 8.0
in the exit plane of the duct, corresponding to a non-dimensiomal Bt of 1.04. The length of the distorting duct
isL =0.66 m.

3. Original sketch

Convergent Rotating duct Distorting duct
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4. Flow characteristics

The flow is initially homogeneous and slightly anisotropic (seewgld@ he axial velocity remains constant during
the straining process and transverse homogeneity is conserved in tred parttof the flow remote from the walls.
The turbulence becomes progressively anisotropic under the effectstfétie The anisotropization is represented
here by the growth of the transverse correlation coefficianty’w’, close to that observed in the transverse-shear
flow (test case HOM20).
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5. Flow parameters

* Axial velocity: U = 10 m/s,
* Strain rate:D = 15.8 s,

6. Inflow conditions
"Nominal” initial conditions (atz = 0 and forU = 10 m/s) are:

* kinetic energy:q®/2 = 0.283 m? /s>,

* anisotropy:(u2 — 3 (v2 + w?))/¢? = 0.155,

* dissipation ratee = 17.5 m?/s3,

* longitudinal integral lengthscaleb,, = 6.4 x 1072 m,

* transverse integral lengthscalg; = 2.4 x 1073 m,

* Taylor microscale\ = /5v¢2/e = 1.55 x 107 m,

* Kolmogorov lengthscaley = (V3/e)1/4 =0.12x 1073 m,
* microscale Reynolds numbeRey = \/q%/3\/v = 45.2.

The initial sectionz = 0 is located 0.25 m downstream of the turbulence grid.
7. Measured data

(&) Measurement procedure

Hot-wire methods using DISA (DANTEC) anemometers 55M01 and crossedprobes of type P61. Digital
data processing dfo0 x 2048 simultaneous samples for both velocity components. Four angulargossaf
the probe are considered to resolve the four non-zero Reynolds-stneponents.

The measurements are made in 13 equidistant positions on the axislattieetween the initial sectian= 0
and the exit sectiom = L = 0.66 m.

(b) Measured quantities

- axial mean velocity compone#ft,

- transverse mean velocity componevitandW (negligible compared to'),

- Reynolds stresseg, v2, w?, 7w,

- spectra of the three velocity components,

- lengthscaled.,, (= L11,1), Ly(= L22,1) andL,,(= Ls3,1), deduced from the corresponding spectra.

(c) Measurement errors

Estimated to be of the order of one percent for the mean velocities and atmuparcent for the turbulence
guantities.

8. Available measurements
The results are displayed in a table with 11 columns correspondihg tollowing quantities:

longitudinal position: (m),
non-dimensional timét,

axial mean velocity componebt (m/s),

Reynolds stresse#, v2, w2, 7w (m?/s>),

dissipation rate (m?/s®), evaluated frome = —Dvw — U[dq?/dz].
lengthscale€,, (= L11,1), Ly(= La2,1) and Ly, (= Lss 1) (M).

9. Size and present format of data
Small ASCII file.

10. Contact person

O. Leuchter

ONERA

8 rue des Vertugadins

F 92190 Meudon, France
e-mail: leuchter@onera.fr
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11. Main references

LEUCHTER, O. & BENOIT, J.P. 1991 Study of coupled effects of plane strain and rotation on ¢emeous turbu-
lenceEighth Symposiumon Turbulent Shear Flows, Munich.

LEUCHTER, O. 1993 Turbulence homogéne soumise a des effets couplés denmahtie déformation plane ou
axisymeétriqudnternal ONERA Report 15/1145AY.
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HOMOG: Grid Turbulence with Successive Plane Strains

Gence & Mathieu

1. Description of the flow

Grid turbulence was first subjected to plane strain until its principghRlds stresses were aligned with the principal
strain rate and then it was subjected to another plane strain but witheegedifforientation of principal axes.

2. Geometry

Uniform flow passed through a grid with a square mesh size= 35 mm, in an elliptical duct with axes lengths
0.3m and0.075m and a lengthe; /M = 40. Then, it entered a first distorting duct section, with a length of 0.4
m and an elliptical cross-section whose axis ratio diminished monotdnigail it reached unity (circular shape).
Finally, the flow entered a second distorting section, also with anieliptross-section and a length#m, which,
starting from a circular shape, ended-up to a shape identical to that at the@ntf the previous section. The final
section could be rotated about the streamwise axis; results are repargatyfesa = 0 (corresponding to final
section axes normal to those in the previous section, thus resuitipgre plane strain throughout both distorting
sections)x/8, /4, 3w /8 andn /2.

3. Original sketch
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4. Flow characteristics

The mean velocity and the magnitude of the mean strain rate were approyimatietained constant throughout
the test section. The turbulence kinetic energy decayed in the firsttaigteection but, depending on the value of
the angley, it decayedd = 37 /8 andr) or grew @ = 0, 7/8 andr/4) in the second section. At the exit of the first
distorting section, the principal axes of the Reynolds stress tb&esame aligned with those of the local mean strain
rate tensor and then evolved, depending on the orientation of the finmlrsesithout, however, reaching perfect
alignment with the local mean strain axes at the duct’s exit.

5. Flow parameters

The mean velocity was 18:/6s~!. The mean strain rate was 32.2'.

6. Inflow and outflow boundary and initial conditions
The trace of the Reynolds stress tensor at the entrance of the digtduiit was;,2 = 0.43m?s~2.
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7. Measurements

(a) Measurement procedures
The mean velocity and the Reynolds stresses were measured with hot-eimemeters. Shear stresses on
transverse planes were measured by rotating single wires at differentatioes with respect to the flow
direction.

(b) Measured quantities
Apparently all Reynolds stresses were measured, but reported are oelyothéons of the turbulent kinetic
energy, the main anisotropies and the principal stress angles.

(c) Measurement errors

Typical uncertainty (95% confidence level) is estimated toth2% for the mean velocityt: 4% for the
streamwise normal stress atdB% for the other stresses.

8. Available variables

All tabulated data have been presented vs. the dimensionless streanstaseeti, /L (L = 0.8m is the length of

the entire distorting section), for different values of the anglévailable variables arg?/q,2, the anisotropies,,
andbss, the invarianb;; by; and the anglep, between the principal axes of the Reynolds stress tensor and the strain
rate tensor.

9. Storage size required and present format of the data
Small files in ASCII format.

10. Contact person

Professor J.N. Gence
Ecole Centrale de Lyon
B.P. 163, 69131 Ecully Cedex, France

11. Main reference

GENCE, J.N. & MATHIEU, J. 1979 On the application of successive plane strains to grid-genaretatencel.
Fluid Mech. 93, 501-513.
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HOMO7: Return to Isotropy of Strained Grid Turbulence

Le Penven, Gence & Comte-Bellot

1. Description of the flow
Grid turbulence was first subjected to three-dimensional strain and thterréax towards isotropy.

2. Geometry
Nearly isotropic turbulence was produced by a biplane grid with a sgquash sizé/ = 50.8mm and a solidity
0.33, followed by a 1.27:1 contraction. This flow entered one of twer@hangeable distorting ducts, each with
a length ofl.5m and a rectangular-shaped cross- section but both height and width changiimyioasly, so that
a three-dimensional strain was imposed on the turbulence. Finallyirdinesl turbulence was let to relax back
towards isotropy in @.13m long section with a uniform rectangular cross-section.

3. Original sketches
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4. Flow characteristics

The objective of the experiment was to determine the rate of return dewsotropy of anisotropic turbulence,
and particularly its dependence on the initial partition of the turlzdedinetic energy into its three components.
The second and third invariants of the Reynolds stress anisotropgriéyy = w;u,; /Trur — 1/36;5, are defined,
respectively, agl = b;;b;; andI1I = by,by;bj;. The two distorting ducts were designed to give approximately
equal values of I but opposite values of [T at their exits. Because of the streamwise acceleration, both cases
exhibited a streamwise Reynolds stress that was smaller than theaiwgvérse ones. WhdiI > 0, one of the
transverse stresses was substantially larger than the other one, wiate] Wh< 0, the two transverse stresses had
comparable magnitudes. The rate of return of the turbulence struotuaeds isotropy was found to be larger when
IIT < O0than in the other case.

5. Flow parameters

The mean velocity at the entrance to the distorting duct Was= 6.06 ms~* for IIT > 0 and7.2ms~! for
IIT < 0. In both ducts the mean flow accelerated downstream.
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10.

11.

. Inflow and outflow boundary and initial conditions

The values of the Reynolds stresses and the turbulence kinetic enelngyesittance to the final straight duct have
been provided in the data files.

. Measurements

(a) Measurement procedures
The mean velocity and the Reynolds stresses were measured with standsiwicepbot-wire anemometers.
(b) Measured quantities

The three normal Reynolds stresses were measured, from which thiehaduinetic energy and the second
invariant were calculated.

(c) Measurement errors

Typical uncertainty (95% confidence level) is estimated tath2% for the mean velocity: 4% for the
streamwise normal stress a#B% for the other stresses.

. Available variables

The mean velocity in the distorting ducts has been presented vs. streadistésee from the entrance. The three
normal stresses in the final straight duct, the turbulence kinetic emej$he invarianf I have been presented vs
theelapsedtimet = [ 1/(U1)dxz,, measured from some effective origin.

. Storage size required and present format of the data

Small files in ASCII format.

Contact person

Professor J.N. Gence
Ecole Centrale de Lyon, B.P. 163, 69131 Ecully Cedex, France

Main reference

LE PENVEN, L., GENCE, J.N. & CoMTE-BELLOT, G. 1985 On the approach to isotropy of homogeneous turbu-
lence: effect of the partition of kinetic energy among the velocity compariefrontiersin Fluid Mechanics, S.H.
Davis & J.L. Lumley (editors), Springer-Verlag.
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HOM10: Rotating Decaying Turbulence

Jacquin, Leuchter, Cambon & Mathieu

1. Flow description
Freely decaying homogeneous turbulence in solid-body rotation.

2. Geometry

Solid-body rotation is created by means of a rotating duct of 0.3 m inetiamequipped with a fine-mesh honeycomb
and a grid turbulence generator. The nominal mesh size of the turbuleneeagor is 1.5 cm, but different mesh
sizes (1 cm and 2 cm) have also been used. The flow is explored in a (fixewjraydil pipe of 0.3 m diameter and
of 0.88 m length. The initial section is located 0.25 m downstream diitiellence grid.

3. Original sketch
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4. Flow characteristics

Homogeneous turbulence is subjected to solid-body rotation. Thgaotslightly reduces the turbulent energy de-
cay, compared to the non-rotating reference case (also included in the datjofRmainly affects the components
normal to the rotation axis and produces a distinct anisotropizatitredfhtegral lengthscales.

5. Flow parameters

* Axial velocity: 10 m/s,
* Rotation rate:? = 0 and62.8 rd/s,
* Rossby numbefRo = 2¢/(Q¢q?): ranging from 1.3 (upstream) to 0.13 (downstream).

* Mesh size of the turbulence generator:
case AM =1.0cm
case BM =1.5cm
case CM =2.0cm

6. Inflow conditions

‘Nominal’ initial conditions (atz = 0 and forU = 10 m/s, Q = 0) are given in table 1 for flow cases A, B and
C. The initial sectionz = 0 is located 0.25 m downstream of the turbulence grid. The followingrpaters are
considered in table 1:

* kinetic energy:q?/2,

* anisotropy:A/q¢? = (u? — v2)/¢?,

* dissipation ratee,

* longitudinal integral lengthscald:,,,

* transverse integral lengthscalg;,,
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* Taylor microscale:\ = /5vg? /e,
* Kolmogorov lengthscaley = (3 /e)
* microscale Reynolds numbeRey = 1/¢2/3 A/v.

1/4

Table 1: Inflow conditions

flow case A B C
M (m) 0.01 0.015 0.02
¢?/2 (m?/s?) 0.149 0.264 0.466
Alq? 0.04 0.17 0.17
€ (m?/s%) 11.6 16.1 317
L, (m) 5.6 x 1073 6.4 x 1073 6.1 x 1073
L, (m) 2.3 x 1073 2.4 x 1073 2.4 x 1073
A (m) 1.4 x 1073 1.6 x 1072 1.5x 1073
n (m) 0.13 x 103 0.12x 107° 0.10 x 103
Rey 29.1 43.3 55.2

. Measured data

(&) Measurement procedure

Hot-wire methods using DISA (DANTEC) anemometers 55M01 and crossedprobes of type P61. Digital
data processing dfd0 x 2048 simultaneous samples for both velocity components. Four-wire probes
also used.

The measurements are made in 10 positions on the axis of the duct betwéemidhsectionz = 0 and the
exit section = L = 0.88 m.

(b) Measured quantities

- axial mean velocity componedt,

- transverse mean velocity compon&n{negligible compared t¢),

- Reynolds stresseg andv?,

- spectra of the three velocity components,

- lengthscaled., (= L11,1) andL, (= Lss,1), deduced from the corresponding spectra.

(c) Measurement errors:

Estimated to be of the order of one percent for the mean velocities and atswuparcent for the turbulence
guantities.

. Available measurements
The results are disposed in six tables with 8 columns correspondihg following quantities:

longitudinal positionz (m),

axial mean velocity componebt (m/s),

Reynolds stresseg, v2, (m?/s?),

trace of the Reynolds stress tengdi(m?/s?), evaluated frong> = u2 + 202,
dissipation rate (m?/s®), evaluated from = —1U|[dg¢?/dx].
lengthscale€ (= L11,1) andL, (= Laa 1) (m).

The tables 1 to 6 correspond to the following cases:

Table 1: Flow case A2 =0
Table 2: Flow case A2 = 62.8 rd/s
Table 3: Flow case B =0
Table 4: Flow case B2 = 62.8 rd/s
Table 5: Flow case C(2 =0
Table 6: Flow case C§? = 62.8 rd/s
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9. Size and present format of data
Small ASCII files.

10. Contact person

O. Leuchter

ONERA

8 rue des Vertugadins

F 92190 Meudon, France
e-mail: leuchter@onera.fr

11. Main references

LEUCHTER, O., ACQUIN, L. & GEFFROY, P. 1989 Etude expérimentale de la turbulence homogene en rotation
Confrontation avec un modeéle EDQNMiternal ONERA Report 11/1145AY.

JACQUIN, L., LEUCHTER, O., CAMBON, C. & MATHIEU, J. 1990 Homogeneous turbulence in the presence of
rotation.J. Fluid Mech. 220, 1-52.

78



HOM?12: Rotating Turbulence with Axisymmetric Strain

Leuchter & Dupeuple

. Flow description

Homogeneous turbulent flow in solid-body rotation is subjected teyaxmetric contraction with a constant strain
rate. The flow distortion is defined by the following strain rate matri

D 0 0
(gU’> =| 0 -D/2 -Q 1)
i 0 Q -DJ2
whereD is the strain rate an@ the rotation rate which varies with time according to
Q e U
= = — 2
2% ¢ T U @

() is the initial rotation rate before the strain is applied (at time ta@yU, the corresponding axial velocity.

. Geometry

Solid-body rotation is created by means of a rotating duct of 0.3 m diaregtépped with a fine-mesh honeycomb
and a grid turbulence generator of 1.5 cm mesh size. The geometry of thaatmgfiduct is defined by:

1

(1 8r)

ensuring constant DR(x) is the radius of the duct at position x afj its initial value Ry = 0.15 m); =z is the
axial distance from the initial section where the straining processibegi

Two contracting ducts of different lengfh but with the same total contractiéh= [R,/R(L)]> have been used in
the experiments:

e duct 1 of length L=1 m,
e duct 2 of length L=0.5 m.

. Original sketch
Convergent Rotating duct Distorting duct
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\’\ Duct 1 (D =24 ™)
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4. Flow characteristics

The flow is initially in solid-body rotation and the turbulence @ogeneous. Transverse homogeneity is conserved
near the axis during the straining process. The initial axial velocitjpis= 8 m/s. The corresponding maximum
initial rotation rate is?y = 48 rd/s and the corresponding strain ratelis= 24 s~! for duct 1 andD = 48 s~!

for duct 2. The case of pure axisymmetric strddy & 0) is considered as the reference case and is also included in

the data.

. During the distortion, rotation noticeably reduces thew@aofsy of the Reynolds-stresses produced by the

strain, and simultaneously increases the level of the rapid pressaieesirrelations. This specific rotation effect is
not reproduced by the classical Reynolds-stress models.

5. Flow parameters

The flow configurations are the following:

Table 1: Flow parameters

configuration duct Uo (m/s) D (s71h) Qo/D = wo
1 1 8 24 0
2 1 8 24 2
3 2 8 48 0
4 2 8 48 1

6. Inflow conditions
“Nominal” initial conditions (atz = 0 and forUy = 8 m/s,wy = 0) are:

* kinetic energy:¢®/2 = 0.16 m?/s?,

* anisotropy:(u? — v?)/¢*> = 0.12,

* dissipation ratee = 8.2 m?/s?,

* longitudinal integral lengthscald:,, = 5.8 x 1072 m,

* transverse integral lengthscal; = 2.5 x 107 m,
* Taylor microscale\ = \/5vq?/e = 1.7 x 1073 m,

* Kolmogorov lengthscaley = (V3/e)1/4 =0.14 x 1073 m,
* microscale Reynolds numbeRey = \/¢%/3\/v = 37.

The initial sectionz = 0 is located 0.25 m downstream of the turbulence grid.

7. Measured data

(a) Measurement procedure
Hot-wire methods using DISA (DANTEC) anemometers 55M01 and crossesdprobes of type P61. Digital
data processing dfo0 x 2048 simultaneous samples for both velocity components.
The flow is explored on the axis of the duct between the longitudirgtipasz /L = 0 andz/L = 1 for duct
1 (L =1m)andbetweern/L = —0.25 andz/L = 1.25 for duct 2 L = 0.5 m). The axial distance between
successive measurement pointa\is = L/16, yielding a total number of 17 measurement points for duct 1
and 25 measurement points for duct 2.

(b) Measured quantities

axial mean velocity componedt,

transverse mean velocity compon&h{negligible compared to&’),

variance of the fluctuating axial velocity compone#t

variance of the fluctuating transverse velocity component

spectra of both velocity components,

lengthscaled.,,(= L11,1) andL, (= Ls» 1) deduced from the corresponding spectra.

(c) Measurement errors
Estimated to be of the order of one percent for the mean velocities and afeuparcent for the turbulence
guantities

80



8.

10.

11.

Available measurements
The results are disposed in four data sets corresponding to the alaroimditions indicated in Table 1. All the
guantities are given in physical dimensions. Each data set has 8 columespmr ding to the following quantities:
- longitudinal position: (m),
- local strain rateD (s—1), evaluated fronD = 9U /9,
- local rotation raté? (s '), evaluated fronf2 = QoU /U,
- axial mean velocity compone#t (m/s),
- variance of the fluctuating axial velocity componeft(m?/s2),
- variance of the fluctuating transverse velocity compon@rin?/s?),
- trace of the Reynolds stress tengdi(m?/s?), evaluated frong? = u? + 202,
- dissipation rate (m?/s®), evaluated from = —D(u? — v?) — 1U[d¢? /dx].

. Size and present format of data

Small ASCI| files.

Contact person

O. Leuchter

ONERA

8 rue des Vertugadins

F 92190 Meudon, France
e-mail: leuchter@onera.fr

Main references

LEUCHTER, O. & DUPEUBLE, A. 1993 Rotating homogeneous turbulence subjected to axisymmettracton
Ninth Symposium on Turbulent Shear Flows, Kyoto.

LEUCHTER, O. 1993 Turbulence homogéne soumise a des effets couplés derr@ite déformation plane ou
axisymétriqudnternal ONERA Report 15/1145AY.

LEUCHTER, O. & BERTOGLIO, J.P. 1995 Non-linear spectral approach to rotating turbulence in dsemce of
strainTenth Symposium on Turbulent Shear Flows, The Pennsylvania State University.
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HOM14: Rotating Turbulence with Plane Strain

Leuchter, Benoit & Cambon

1. Flow description

Homogeneous turbulent flow in solid-body rotation with a rotatiate (2 is subjected to plane strain with a strain
rateD < (2 (elliptical flow regime). The mean flow distortion is defined by thedwiing strain rate matrix:

0 0 0
<gU"> =| 0 0 D-Q 1)
i 0 D+Q 0
whereD and(? are constant. The distortion is restricted to planes normal to the aseation. Eq.(1) is written in

the laboratory coordinate system, in which the experimental resultbevgiven. The laboratory frame is rotated
by 7 /4 with respect to the principal directions of the plane strain, for whicllg¢geads:

0 0 O
(gU’> =1 0 D -Q 2
i 0 Q -D
Due to the conditiof? > D the basic flow becomes periodic and the turbulence parameters exhiblatimglu
features.

2. Geometry

Solid-body rotation is created by means of a rotating duct of 0.3 m diaregtépped with a fine-mesh honeycomb
and a grid turbulence generator of 1.5 cm mesh size. The distorting duetliptisal cross sections of constant
area and periodically varying eccentricity and orientation of the main axesarFaxial velocity of 10 m/s and for
Q = 2D = 20m, a whole period of flow is completed with a length of 1.16 m.

3. Original sketch

Convergent Rotating duct Distorting duct
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4. Flow characteristics

The flow is initially in solid-body rotation and the turbulence @ntogeneous. According to eq.(1), the axial veloc-
ity remains constant during the distortion and transverse homoges&bnserved in the central part of the duct.
The initial axial velocity isU = 10 m/s. The specific features are the undulating variations of the anisot@py p
rameters, confirmed by spectral modelling. Classical Reynolds-stresdswadhot predict correctly this behaviour.
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5. Flow parameters

* Axial velocity: 10 m/s,
* Strainrate:D = 31.4s™ 1,
* Rotation rate:) = 62.4 s~ 1.

6. Inflow conditions
"Nominal“ initial conditions (atz = 0 and forU = 10 m/s) are:

* kinetic energy:q®/2 = 0.269 m? /s>,

* anisotropy:(u2 — 3 (v2 + w?))/q? = 0.125,

* dissipation ratee = 16.2 m?/s3,

* longitudinal integral lengthscale:,, = 6.8 x 1072 m,
* transverse integral lengthscalg; = 3.2 x 1073 m,
* Taylor microscale\ = /5v¢2/e = 1.6 x 1073 m,

* Kolmogorov lengthscaley = (1/3/6)1/4 =0.12x 103 m,
* microscale Reynolds numbeRey = \/¢%/3 /v = 45.

The initial sectionz = 0 is located 0.25 m downstream of the turbulence grid.

7. Measured data

(a) Measurement procedure
Hot-wire methods using DISA (DANTEC) anemometers 55M01 and crosgedprobes of type P61. Digital
data processing dfo0 x 2048 simultaneous samples for both velocity components. Four angularqossaf
the probe are considered to resolve the four non-zero Reynolds-stneponents.
The measurements are made in 22 positions on the axis of the duct betwdengtudinal positiong = 0
andz = L = 1.16 m.

(b) Measured quantities

- axial mean velocity componeft,

- transverse mean velocity componevitandW (negligible compared to'),

- Reynolds stresse#, v2, w?, 7w,

- spectra of the three velocity components,

- lengthscaled.,, (= L11,1), Ly(= L22,1) andL,,(= Ls3,1), deduced from the corresponding spectra.
(c) Measurement errors

Estimated to be of the order of one percent for the mean velocities and afeuparcent for the turbulence
guantities.

8. Available measurements
The results are disposed in a table of 11 columns correspondingfiolitheing quantities:

longitudinal position: (m),

relative positior¢ = x/L,

axial mean velocity componebt (m/s),

Reynolds stresseg, v2, w2, 7w (m?/s>),

dissipation rate (m?/s®), evaluated frone = —2Dvw — $U|[dg¢?/dx].
lengthscale€,, (= L11,1), Ly(= Laa,1) andLy, (= L3z 1) (m).

9. Size and present format of data
Small ASCII file.

10. Contact person

O. Leuchter

ONERA

8 rue des Vertugadins

F 92190 Meudon, France
e-mail: leuchter@onera.fr
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11. Main references

LEUCHTER, O. & BENOIT, J.P. 1991 Study of coupled effects of plane strain and rotation on ¢emeous turbu-
lenceEighth Symposiumon Turbulent Shear Flows, Munich.

LEUCHTER, O., BENnOIT, J.P. & CamBON, C. 1992 Homogeneous turbulence subjected to rotation-dominated
plane distortiorFourth European Turbulence Conference, Delft.

LEUCHTER, O. 1993 Turbulence homogéne soumise a des effets couplés derr@ite déformation plane ou
axisymétriqudnternal ONERA Report 15/1145AY.
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HOMZ20: Transversely Sheared Flow

Leuchter et al.

1. Flow description

Homogeneous transverse shear is created by the superposition of@djidekation at rat€) and plane strain at rate
D, with D = Q, resulting in a uniform shear flow at rate= D + Q2 in planes perpendicular to the flow direction:

<8U3>:D+Q:S (1)

8372
Satisfactory homogeneity conditions are thus achieved.

2. Geometry

Solid-body rotation is created by means of a rotating duct of 0.3 m diaregtépped with a fine-mesh honeycomb
and a grid turbulence generator of 1.5 cm mesh size. The distorting duetliptisal cross sections of constant
area with continuously increasing eccentricity and varying orientationeoffrtain axes. The maximum value of the
aspect ratia/b of the elliptical section is 6.92 in the exit plane of the duct, corraslim to a non-dimensional time
St of 2.25. The length of the distorting ductlis= 0.66 m.

3. Original sketch

Convergent Rotating duct Distorting duct
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4. Flow characteristics

The flow is initially in solid-body rotation and the turbulence @niogeneous. The axial velocity remains constant
during the straining process and transverse homogeneity is consetheccientral part of the flow. The turbulence
becomes progressively anisotropic under the effect of shear; the groivihg transverse shear stress correlation
coefficient is very similar to that observed in flows with longitudinaah

5. Flow parameters

* Axial velocity: 10 m/s,
* Strain rate:D = 17571,
* Rotation rate:) = 17571,
* Shear rate:S = 34 s7!.

6. Inflow conditions
‘Nominal’ initial conditions (atz = 0 and forU = 10 m/s) are:
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* kinetic energy:q*/2 = 0.262 m?/s?,

* anisotropy:(u? — (v? + w?))/q? = 0.159,

* dissipation ratee = 16.2 m?/s3,

* longitudinal integral lengthscale:,, = 6.6 x 102 m,
* transverse integral lengthscalg; = 2.7 x 1073 m,

* Taylor microscale = \/5v¢2 /e = 1.56 x 1072 m,

* Kolmogorov lengthscaley = (V3/e)1/4 =0.12x 1073 m,
* microscale Reynolds numbeRey = \/¢?/3 /v = 43.5.

The initial sectionz = 0 is located 0.25 m downstream of the turbulence grid.
Measured data

(&) Measurement procedure
Hot-wire methods using DISA (DANTEC) anemometers 55M01 and crossesdprobes of type P61. Digital
data processing dfd0 x 2048 simultaneous samples for both velocity components. Four angularmgmssitf
the probe are considered to resolve the four non-zero Reynolds-str@ponents. Four-wire probes were also
used.

The measurements are made in 13 equidistant positions on the axislottieetween the initial sectian= 0
and the exit sectiom = L = 0.66 m.
(b) Measured quantities
- axial mean velocity componeft,
- transverse mean velocity componeWitand¥ (negligeable compared 10),
- Reynolds stresse#, v2, w?, 7w,
spectra of the three velocity components,
- lengthscaled.,,(= L11,1), Ly(= L22.1) andL,,(= L33 1), deduced from the corresponding spectra.
(c) Measurement errors Estimated to be of the order of one percent for the mean velocities and alf@ut a
percent for the turbulence quantities.

Available measurements
The results are disposed in a table with 11 columns correspondihg foltowing quantities:

longitudinal position: (m),

non-dimensional timé&',

axial mean velocity componebt (m/s),

Reynolds stresseg, v2, w?, Tw (m?/s?),

dissipation rate (m?/s®), evaluated from = —Svw — LU[dg?/dx].
lengthscale€,,(= Li1,1), Ly(= Laz,1) and Ly, (= Lag,1) ().

Size and present format of data
Small ASCII file.

Contact person

O. Leuchter

ONERA

8 rue des Vertugadins

F 92190 Meudon, France
e-mail: leuchter@onera.fr

Main references

MOULIN, V., LEUCHTER, O. & GEFFROY, P. 1989 Experimental study of homogeneous turbulence in the presence
of transverse she&eventh Symposium on Turbulent Shear Flows, Stanford.

LEUCHTER, O. & GEFFROY, P. 1989 Etude expérimentale de la turbulence homogéne en ratatit@fiormation
Internal ONERA Report 12/1145AY.

LEUCHTER, O., BENOIT, J.P., BERTOGLIO, J.P. & MATHIEU, J. 1990 Experimental and theoretical investigation
of a homogeneous turbulent shear fldlird European Turbulence Conference, Stockholm.

LEUCHTER, O., BENOIT, J.P. & GEFFROY, P. 1991 Turbulence homogéne en rotation soumise a des effets de
déformation. Cas particulier du cisaillemeénternal ONERA Report 13/1145AY.
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HOMZ21: Uniformly Sheared Flow

Tavoularis & Corrsin

1. Description of the flow

Uniformly sheared turbulent flow, with near transverse homogeneity @hdtresses growing exponentially down-
stream.

2. Geometry

The mean shear was produced by a shear-turbulence generator, consistireg of ges parallel channels, each
having a mean speed adjusted by means of a different set of screens posiagcedis the flow. Circular rods
positioned across the exit of each channel produced a relatively high foitiallence level and could also be heated
electrically for the generation of a temperature field. The same set of chanreslsaach flow separator, enforcing
an initial uniformity of length scales, comparable to the channel height.

3. Original sketch

Parallel
plates

Heating
rods

4. Flow characteristics

The side walls of the nearly square test section were slightly divgtgiproduce a nearly constant mean pressure
throughout the test section. Following an initial development kerigtwhich the initial turbulence decayed, a fully
developed, quasi-self-similar region was established. In thismegiean shear was, by far, the main production
mechanism and the turbulence attained a reasonable transverse homogemeighed constant asymptotic values
of the Reynolds stress anisotropies and the production-tgpdissn ratio. All Reynolds stresses and the turbulence
kinetic energy grew at the same exponential rates.

5. Flow parameters
Initial channel spacingl/ = 30.8mm. Test section height, = 305mm. Centreline mean speeld, = 12.4ms™ 1.
Mean sheadU, /dzs = 46.857 1.

6. Inflow and outflow boundary and initial conditions
Because the turbulence at the exit of the shear generator was not produbediiseain shear, and, therefore, had an
irrelevant structure, one should avoid using measurements too oltdse érigin (e.g. forz, /h < 4.5).

7. Measurements

(a) Measurement procedures

All measurements were taken with standard, single- and cross-wire, lman#mometers. Auto-correlations
were based on Taylor’s frozen flow approximation and two-point correlgatiere measured by traversing two
probes with a precision device.
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(b) Measured quantitiesMeans, Reynolds stresses, triple and fourth-order moments, auglatimns and two-
point correlations, space-time correlations, integral length scaledfaredit directions, Taylor microscales,
frequency spectra of the streamwise and transverse velocities and thetstemrand single-point pdf and
joint pdf.

(c) Measurement errors
Estimated uncertainty (95% confidence level) is 2% for the mean velocitypbfhe mean shear, 4% for the
normal turbulent stress and 8% for the other stresses.

. Available variables

Normal and shear Reynolds stresses, integral length scales and Taylesaalesoalong the tunnel centreline have
been tabulated vs. downstream distance. Two-point correlations vs. sepaiiatance.

. Storage size required and present format of the data

Small ASCII files.

Contact person

Professor Stavros Tavoularis

Department of Mechanical Engineering, University of Ottawa
Ottawa, Ontario, Canada K1N 6N5

tel/fax: (613) 562 5800 ext. 6271

e-mail: tav@eng.uottawa.ca

Main references

TAVOULARIS, S. & CORRSIN, S. 1981a Experiments in a nearly homogeneous shear flow with a unifiean
temperature gradient. PartilFluid Mech. 104, 311-347.

TAVOULARIS, S. & CORRSIN, S. 1981b Experiments in a nearly homogeneous shear flow with a unifiean
temperature gradient. Part 2. The fine structufduid Mech. 104, 349-367.

88



HOMZ22: Uniformly Sheared Flow

Tavoularis, Karnik & Ferchichi

1. Description of the flow
Uniformly sheared turbulent flow, with near transverse homogeneity @hdtresses growing exponentially down-
stream.

2. Geometry

The mean shear was produced by a shear generator, posing variable resistaaflewo A flow separator, consist-
ing of a set of parallel channels, enforced an initial uniformity of lengtiless, comparable to the channel height,
M. When desired, the mean shear magnitude was reduced by the insertion ohooieainiform grids or screens
in the flow development region.

3. Original sketch
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4. Flow characteristics
Following an initial development region, the turbulence attained aredde transverse homogeneity and reached
asymptotic values of the Reynolds stress anisotropies. All Rdgrattesses grew at the same exponential rates.

5. Flow parameters
Initial channel spacingl/ =25.4 mm. Cross section heigltt,=305 mm (all references). Centerline mean speed:
U. = 13.0 m/s (Tavoularis & Karnik 1989, TK89)i. =8.9 m/s (Ferchichi & Tavoularis 1997, FT97.) Shear rate:
maximum 84.0 m/s, reduced by the insertion of grid(s) or by lowetegunnel speed (TK89); 63.5 m/s (FT97).

6. Inflow and outflow boundary and initial conditions
Because the turbulence at the exit of the shear generator was not produbedimsein shear, and, therefore, had an
irrelevant structure, one should avoid using measurements too oltse érigin (e.g. for:; /h < 4.5).

7. Measurements

(a) Measurement procedures
All measurements taken with standard single- and cross-wire, hot-wirecanetars.

(b) Measured quantities

Means, Reynolds stresses, integral length scales and Taylor microsca8% Hdloway & Tavoularis 1992).
Pdf of streamwise and transverse velocity differences (FT97). Energyaeciloway & Tavoularis 1993.)
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(c) Measurement errors

Estimated uncertainty (95% confidence level) is 2% for the mean velocitypbfhe mean shear, 4% for the
normal turbulent stress and 8% for the other stresses.

. Available variables

From Ref. 5. Reynolds stresses and integral length scales along theioenteel streamwise distance for four
different mean shear rates.

From Ref. 1: Probability density functions of streamwise and trasgveglocity differencesNu, (z1), Aus(xy),
Auy(x2)) at a position withz, /h = 7.83, whereU. =8.9 m/s,u’; =0.724 m/s,\ = 4.6 mm,L =30 mm,
Rey = 212 andn = 0.16 mm. Energy spectrum of the streamwise velocity.

. Storage size required and present format of the data

Small ASCI! files.

Contact person

Professor Stavros Tavoularis

Department of Mechanical Engineering, University of Ottawa
Ottawa, Ontario, Canada K1N 6N5

tel/fax: (613) 562 5800 ext. 6271

e-mail: tav@eng.uottawa.ca

Main references

FERCHICHI, M. & TAVOULARIS, S. 1997 Unpublished measurements.

HoLLowAy, A.G.L. & TAVOULARIS, S. 1992 The effects of curvature on sheared turbuldngtiid Mech. 237, 569-

603.

HoLLowAy, A.G.L. & TAVOULARIS, S. 1993 Scaling and Structure of Turbulent Eddies in Curved Sheared Flo
Turbulent Shear Flows 8, F. Durstet al (editors), 383-401, Springer.

KARNIK, U. & TAVOULARIS, S. 1987 Generation and manipulation of uniform shear with the usereéssExper.
Fluids5, 247-254.

TAVOULARIS, S. & KARNIK, U. 1989 Further experiments on the evolution of turbulent steaad scales in uniformly
sheared turbulenck Fluid Mech. 204, 457-478.
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HOM23: Homogeneous Shear Flow

Rogers & Moin

. Description of the flow

Incompressible homogeneous turbulent shear flow. Passive scalai@valuhe presence of a mean scalar gradient
also included.

. Geometry

Fully periodic domain, with computational grid following the medrear between remeshings. Orthogonal grid at
multiples of St = 2, whereS = 90U /Jy is the mean shear rate ani time.

. Original sketch: Not applicable.

. Flow characteristics

Homogeneous turbulence with no irrotational interfaces or walls. Sitargé-scale eddies determined by initial
energy spectrum.

. Flow parameters

Six 128 x 128 x 128 simulations containing four different hydrodynamic fields and twatamithl cases with scalars
of different Schmidt numbers. Box sige97 x 4.99 x 4.99.

C128R (C128S C128U C128W (C128X
Mean shear rat§ 28.284 28.284 28.284 56.568 14.142
Kinematic viscosity 0.010 0.010 0.010 0.020 0.005

Schmidt numbefc 1.0 0.2 0.7 2.0 0.7
Mean scalar gradient 2.5 2.5 25 2.5 2.5
St 16 16 16 28 14

Once the flows reach the developed stéig,/ ranges from about 10 to 18 /(ev) ranges from about 500 to 2000,
and the microscale Reynolds numbék, /v ranges from about 70 to 100.

. Numerical methods and resolution: Spectral numerical scheme as in (Rogallo 1981), #2383 collocation grid.

The grid is distorted by the shear, and is periodically re-interpolatedhogonal (ab At = 2).

. Boundary and initial conditions

Periodic boundary conditions in all three coordinate directionstialriop-hat energy and scalar spectrum over
wavenumbers6 < k < 32.

. Averaging procedures and resulting uncertainties:

Statistics post-processed using the same spectral basis function® usbdnhce the Navier—Stokes equations in
time. Statistics are compiled over individual data fields, and uncertaar@esorrespondingly high.

. Available variables

Time history of single-point second-order velocity statisticegnal length scales, and dissipation.
Short-range two-point correlation tensor, up®&,, = AN, = AN, = 16 for u'v/, u'2, v'2, w'2, cu’, V', ¢'2, at
all times with orthogonal grids, for each case.

Storage size required and present format of the data

About 46 Mb of IEEE single precision floating point data, plus sASCII files.

Contact person

Dr. M.M. Rogers
NASA Ames Research Centre, Moffett Field, Ca. 94035, USA.
E-mail: mrogers@nas.nasa.gov
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12. Main references
RoGALLO, R.S. 1981 Numerical experiments in homogeneous turbul&i#®A Tech. Memo. 81315.

ROGERS M.M., MoOIN, P. & REYNOLDS, W.C. 1986 The Structure and Modelling of the Hydrodynamic and
Passive Scalar Fields in Homogeneous Turbulent Shear Elept, Mech. Eng. Report No. TF-25. Stanford
University, Stanford, California.

ROGERS M.M. & M 0IN, P. 1987 The structure of the vorticity field in homogeneous tertiflowsJ. Fluid Mech.
176, 33-66.

ROGERS M.M., MANSOUR, N.N. & REYNOLDS, W.C. 1989 An algebraic model for the turbulent flux of a
passive scalal. Fluid Mech. 203 77-101.
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HOM24: Homogeneous Shear Flow

Sarkar

. Description of the flow:

Uniform shear flow (DNS).

. Geometry:

Triply periodic mesh, plus shear. Nondimensional length of the caéatipnal domain i27 in each direction. This
length is ‘much’ larger than the integral length scale and ideally doesatetrdine the evolution of the statistics.

. Original sketch: Not applicable.

. Flow characteristics:

A uniform mean shea§ = dU/dy, is imposed on an initial isotropic perturbation fieddThe evolution of the flow
field as a function of nondimensional timgt, is of interest. The flow is nonlinearly unstable and the asymptotic
state is exponential growth of turbulent kinetic enerffy, and turbulent dissipation rate, It should be noted
that, since R, and the integral length scales increase with time in uniformly shearedtfievgimulation has to be
eventually stopped when the resolution of large or small scales becomesjurzde.

. Flow parameters

For a given initial spectral shape of the isotropic velocity pertudnati the subsequent evolution of the flow as
a function of nondimensional tim&t depends on the initial values of shear numBéf/e and the microscale
Reynolds numbeR) = u)\/v. Here,u is the r.m.s. of a velocity component aids defined by = 150u?/)\2.
The initial values of the parameters &f& /e = 2.6, Ry = 24.3.

. Numerical method and resolution:

The incompressible Navier-Stokes equations are simulated in a frami@gneith the mean velocity as in Ro-
gallo (1981). Remeshing is performed at regular intervals to minimizesedue to the skewed grid coordinates.
Fourier collocation is used to compute spatial derivatives and a thiteroRunge-Kutta method is used for time
advancement.

Volume averages and spectra were obtained at intégrahen the computational grid is orthogonal. The computa-
tional domain is a cube of sizer with a128? spatial grid.

. Boundary and initial conditions

Periodic boundary conditions in a frame moving with the mean velokittial velocity perturbations are isotropic
with an energy spectrunkj (k) oc k* exp(—2k?/k2,), with k,,, = 18.

. Averaging procedures and resulting uncertainties

Statistics are compiled during the run for individual flow fields.

. Available variables

Time history of single-point second-order velocity statisticegnal length scales, and dissipation.

Short-range correlations faf, u/, u}u}, ujul, ujub, andp’p’ that span a cube of side 16 pointsSat= 7, 11 and
15.

Three-dimensional energy spectra at tilfés= 0, 3 (2) 15.

Storage size required and present format of the data
Approximately 2 MB of binary, plus short ASCII statistics.

Contact person

Sutanu Sarkar
Department of AMES, 0411, 9500 Gilman Drive
University of California at San Diego
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La Jolla, CA 92093

Email: sarkar@ames.ucsd.edu

Tel: (619)-534-8243 Fax: (619)-534-7599

Main references

SARKAR, S. 1995 The Stabilizing Effect of Compressibility in TurbuleneShFlowJ. Fluid Mech., 282 163-186.

SARKAR, S., ERLEBACHER, G. & HUSSAINI, M.Y. 1991 Direct Simulation of Compressible Turbulence in a Shear
Flow Theor. Comput. Fluid Dynamics, 2, 291-305.
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HOM25: Homogeneous Shear Flow (High Shear)

Lee, Kim & Moin

. Description: Homogeneous turbulent shear flow, at high shear rates.
. Flow geometry: Uniform shear flow with linear mean velocity profile.
. Original sketch: Not applicable.

. Flow characteristics

The flow is subject to high shear raté*(= Sq?/e ~ 35, whereS = dU/dy is the shear rate;® is twice the
turbulent kinetic energy andis the dissipation rate @f /2) and the streaky structures similar to those found in the
sublayer ¢T < 10) of wall-bounded flows (wher§* ~ 35) develop at aroundt = 8 and beyond, indicating that
the (dimensionless) shear rate is the controlling parameter that de¢srtheorganized structures in turbulent shear
flows. Comparison of turbulence statistics with channel flow also shemarkable similarity.

. Flow parameters

Mean flow has uniform shear (and hence linear velocity profile= Sy). The turbulence Reynolds number
Rer = ¢*/(ve) ranged from 3002400 foft = 0-16 and the Reynolds numbBe, = ¢)\/v based on the

N\ 1/2
longitudinal Taylor microscalg = (u2/u72w) ranged from 40 to 400.

. Numerical methods and resolution

Pseudo-spectral method was used to solve the Navier—Stokes equatfohs2wt 128 x 128 Fourier modes in the
(z,y, z)-directions. Time-marching was done with the second-order Rungés-Kgithod. Alias removal is carried
out by combination of phase shift and truncation. (Rogallo 1981 §racing was uniform in all three directions:
A~ 4(v/S)/2.

. Boundary and initial conditions

Computational domainB,, By, B,) = (87, 2m, 2), periodic in all three directions

The initial condition for the present data set was obtained by an isotdgzay run which gave an isotropic field
with realistic statistics including velocity-derivative skewnégs, ~ —0.47.

. Averaging procedures and resulting uncertainties

Averaged is done over individual fields.

. Available variables

Time histories of one-point statistic®;;, dR;; /dt, Reynolds-stress transport budget terfg,(I;,, D;;), integral
length scales, Taylor microscales, as well equivalent quantiries for thieityort

Storage size required and file format:Short ASCII file.

Contact person

Moon J. Lee
Department of Mechanical Engineering, Pohang University of Science and Teginol
Hyoja-dong San 31, Pohang 790-784, Korea

E-mail: mjlee@vision.postech.ac.kr

Phone: 82-562-279-2178

FAX: 82-562-279-5567 or 3199

Main references

LEE, M.J., Kim, J. & MOIN, P. 1990 Structure of turbulence at high shear rateluid Mech. 216, 561-583.
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HOM26: Uniformly Sheared Flow with Streamwise Plane Strain

Sreenivasan

1. Description of the flow

Uniformly sheared turbulence was let to develop to an asymptotic statdnangassed through a two-dimensional
contraction, perpendicular to the mean shear.

2. Geometry

The flow was generated by the usual means of a shear generator/flow separatey wéti a uniform channel
spacing, essentially the same as the Harris, Graham and Corrsin (19#fgaradoularis and Corrsin (1981) setup
(see case HOM21). The wind tunnel height,in the direction of mean shear, was kept constant throughout the
experiment. The contractions were made of polished wood and inserteaetyically at a position 7 /6downstream

of the shear generator, where the sheared turbulence had reached its asytnpttice. Two contractions, denoted
as a and b, were used, with final contraction ratios equal to 1.4 and 2.6, reslyect

3. Original sketch
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. Flow characteristics

The additional losses due to the contraction caused a decrease in the upstregeiine mean speed and mean
shear, compared to those in the undisturbed shear flow; these decreasesomger $or the larger contraction
ratio. Through the contraction, the centreline mean speed increased moathyowhile the mean shear decreased
monotonically, while remaining approximately uniform on the tramse plane. The turbulence also remained
approximately transversely homogeneous.

. Flow parameters

The important parameter characterizing the effects of contraction is the fétii®mean strain rates in the transverse
and streamwise directions. This ratio was approximately 0.12 for case hfandase b. The turbulence structure

is characterized by theructural parameters K, = —urts /Tnts , K1 = (u1® — u2)/(u1? + u?) and K =
(w12 — u3?)/(u1? + u32), following Townsend’s (1954) notation.

. Inflow and outflow boundary and initial conditions

At the entrance to the contraction, the mean centreline velocityliyas= 10.86ms~* (a), or10.31ms ! (b); the
mean shear wagllU; /dz3), = 395! (@), or36s* (b).

. Measurements

(a) Measurement procedures
Cross-wire anemometry was used for the measurements.

(b) Measured quantities
Mean velocity profiles and the dominant Reynolds stresses were measurédrantidownstream stations,
upstream and through the contractions. These results were used to edhmpetolutions of the structural
parameters and other dimensionless groups. Some inconsistencies hametisehin the published plots of
the shear stress. It would be better to disregard Figure 5 of the paper.

(c) Measurement errors

Estimated uncertainty (95% confidence level) is 2% for the mean velocitypbfhe mean shear, 4% for the
normal turbulent stress and 8% for the other stresses.

. Available variables

Centreline evolution of the mean velocity, the mean shear and the Reysitddses for cases a and b.

. Storage size required and present format of the data

Small ASCI! files.

Contact person

Professor K.R. Sreenivasan

Department of Mechanical Engineering, Yale University
New Haven, Conn. 06520, USA

tel: (203) 432 4345

fax: (203) 432 7654

e-mail: krs@kolmogorov.eng.yale.edu

Main reference

SREENIVASAN, K.R. 1985 The effect of contraction on a homogeneous turbulent shead.fiehwid Mech. 154,
187-213.
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HOMZ27: Uniformly Sheared Flow with Uniform Curvature

Holloway & Tavoularis

1. Description of the flow

Uniformly sheared turbulence was let to develop to an asymptotic, qaksisilar state in a rectilinear section
and then passed through a curved section with a uniform curvature oartfeegdane as the mean velocity gradient.

2. Geometry

The flow was generated by a shear generator/flow separator, with a uniformetkpaning,M/ = 25.4 mm, as

in the Tavoularis and Karnik (1989) setup. The curved section was éusatta positior 0.5k, downstream of
the shear generator. When desired, the mean shear was reduced by the insemiforof grids upstream of the
curved section. Two curved sections with different radii of curvature anerabmean shear values were used in
these experiments. The relative orientation of curvature with resp#ioe tmean shear direction could be reversed
by inverting the shear generator.

3. Original sketch
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All dimensions are in meters.

4. Flow characteristics

The boundary layers were essentially removed at the entrance to the curved,sglére the rectilinear shear flow
had developed to its asymptotic, self-similar state, at least for thedtighr cases. The wind tunnel width was
gradually increased in the curved section, to partly compensate for bouaglarygrowth. Reasonable uniformity
of the mean shear and transverse homogeneity of the turbulence were olisati/edses. The curvature enhanced
or suppressed the turbulence kinetic energy and shear stress, compagsetm trectilinear shear flow subjected
to the same total strain, depending on whetherdimvature parameter S = (U./R.)/(dU/dn) was negative
("destabilized flow”, analogous to a boundary layer over a concave wall) @ieo@stabilized flow”, analogous to

a boundary layer over a convex wall).

5. Flow parameters

The upstream, straight section had a height of= 305 mm and a length o8.2m. The curved sections had a
height of240 mm and centreline radii of curvatur®,., either5 m (mild curvature) o m (strong curvature). Ten
different combinations of mean shear and radius of curvature were generatguedin two sets of five cases each,
according to the sign of the curvature paramétemhe evolution of the various parameter is presented in terms of
thetotal strainT — 7, = (s/U.)/(dU/dn), wheres is the distance along the centreline of the curved sectionrand

is the total strain in the straight section, measured from the pogifimsertion of the last screen.
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6. Inflow and outflow boundary and initial conditions
The values of the different turbulent parameters upstream of the curvestrsaispecified in the data files{r, <
0).

7. Measurements

(a) Measurement procedures
Single- and cross-wire, hot-wire anemometry was used for all measurements.
(b) Measured quantities

Reynolds stresses, integral length scales and Taylor microscales alarenthaine vs. streamwise distance
for different mean shear rates and relative orientations of the mean shear aatticirv

(c) Measurement errors
Estimated uncertainty (95% confidence level) is 2% for the mean velocitypbflhe mean shear, 4% for the
normal turbulent stress and 8% for the other stresses.
8. Available variables
Turbulence kinetic energy, Reynolds stress anisotropies, integrgtH scales and Taylor microscales along the
centreline vs. the total strain,— 7, for different values of the curvature parameter,
9. Storage size required and present format of the data
Small ASCII files.

10. Contact person

Professor Stavros Tavoularis

Department of Mechanical Engineering, University of Ottawa
Ottawa, Ontario, Canada K1N 6N5

tel/fax: (613) 562 5800 ext. 6271

e-mail: tav@eng.uottawa.ca

11. Main references

HoLLowAY, A.G.L. & TAVOULARIS, S. 1992 The effects of curvature on sheared turbuleh&duid Mech.237,
569-603.

HoLLowAY, A.G.L. & TAVOULARIS, S. 1993 Scaling and Structure of Turbulent Eddies in Curved Sheared Flo
Turbulent Shear Flows 8 , F. Durstet al (editors), 383-401, Springer.
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HOM28: Uniformly Sheared Flow with S-Shaped Curvature

Chebbi, Holloway & Tavoularis

1. Description of the flow

Uniformly sheared turbulence was let to develop to an asymptotic, gaksisilar state in a rectilinear section
and then passed through an S-shaped curved section with curvature on tiasaas the mean velocity gradient,
at the end of which it relaxed in a final straight section. The specific aimesktlexperiments was to determine the
rate at which the turbulence structure adjusts to sudden changes in cerrvatu

2. Geometry

The flow was generated by a shear generator/flow separator device, with arudifannel spacing, similar to the
Tavoularis and Karnik (1989) setup. The upstream, straight sectioa hathht of» = 305 mm and a length of
3.19m. The curved sections had a heightadh mm and centreline radii of curvatur®. = 3.5m. The relative
orientation of curvature with respect to the mean shear direction could/éeseel by inverting the shear generator.

3. Original sketch

3190

All dimensions are in mm.

4. Flow characteristics

The boundary layers were essentially removed at the entrance to the curved,sgltre the rectilinear shear flow
had developed to its asymptotic, self-similar. The wind tunnel wiettk gradually increased in the curved section,
to partly compensate for boundary layer growth. The curved section wageddar enough downstream of the
shear generator for the turbulence to approach its asymptotic, seléssstilicture, with nearly constant Reynolds
stress anisotropies and exponentially growing stresses. Reasondbtenity of the mean shear and transverse
homogeneity of the turbulence were observed in all cases, except in thetfaghssection, where the boundary
layers appear to be influencing the core flow. The curvature enhanced or sgghites turbulence kinetic energy
and shear stress, compared to those in rectilinear shear flow subjected toéhtetsdsirain, depending on whether
the curvature parameter S = (U./R.)/(dU/dn) was negative ("destabilized flow”, analogous to a boundary layer
over a concave wall) or positive ("stabilized flow”, analogous to a bouynidger over a convex wall).

5. Flow parameters

The incoming flow into the curved section had a curvature paranfeter+0.05, depending on the orientation of
the shear generator. The evolution of the various parameter is presetgetsof the dimensionless distargé,
wheres is the distance along the centreline of the curved section. Some re®uftsesented vs. the total strain
ATt = (As/U.)/(dU/dn), measured from the latest position of curvature change.
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6. Inflow and outflow boundary and initial conditions
The values of the different turbulent parameters at the entrance of the @awtioh are specified in the data files.

7. Measurements

(&) Measurement procedures
Single- and cross-wire, hot-wire anemometry was used for all measurements.
(b) Measured quantities

Reynolds stresses, integral length scales and Taylor microscales alarenthgine vs. streamwise distance
for the two initial relative orientations of the mean shear and curvature.

(c) Measurement errors
Estimated uncertainty (95% confidence level) is 2% for the mean velocitypbf#he mean shear, 4% for the
normal turbulent stress and 8% for the other stresses.
8. Available variables
Turbulence kinetic energy, Reynolds stress anisotropies, integrgth scales and Taylor microscales along the
centreline vss/h, for the two initial relative orientations of the mean shear and curvature.
9. Storage size required and present format of the data
Relatively small ASCII files.

10. Contact person

Professor Stavros Tavoularis

Department of Mechanical Engineering, University of Ottawa
Ottawa, Ontario, Canada K1N 6N5

tel/fax: (613) 562 5800 ext. 6271

e-mail: tav@eng.uottawa.ca

11. Main references

CHEBBI, B., HoLLOwAY, A.G.L. & TAVOULARIS, S. 1997 The response of sheared turbulence to changes in
curvaturel. Fluid Mech. (to appear).
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Data Sheets for:

Chapter 4.-Shock-wave/ grid-turbulence inter-
action
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SHWO00: Homogeneous Turbulence Interacting with a Normal Shock

Jacquin, Blin & Geffroy

1. Description of the flow: Grid-generated homogeneous turbulence in supersonic flow interacts mottmal shock-
wave. The grid is located at the entrance of a supersonic wind tunnel df oeastant cross section and constitutes
the sonic throat of the tunnel. The position of the shock-waeeidrolled by a second throat at the downstream end
of the tunnel and by boundary-layer suction at the channel wall.

2. Geometry: The dimensions of the wind tunnel section &rem x 0.12m; the mesh width of the turbulence grid is
7 mm. The shockwave is located at a distance of 0.25 m (i.e. 35.7 medisjittiwnstream of the turbulence grid.

3. Sketch:

4. Flow characteristics: Homogeneous turbulence interacts with a normal shock-wave in a sopefew. The
turbulent energy follows a decay law of the formf 83 upstream of the shock ard! 4! downstream. The shock-
wave does not produce any significant amplification of the turbuleetikienergy.

5. Flow parameters: The main parameters of the flow (ahead the shock-wave) are:

* Mach number:M =14

* Stagnation pressurei; = 0.9 bar

* Stagnation temperatur&; = 290 K

* Turbulent kinetic energyg?® /2 = 101 m? /s>
* Mean velocity:U = 405 m/s

* Relative turbulence intensity;/q2 /U = 0.035

6. Inflow conditions: "Nominal” initial conditions at the shock position are:

* Mach number:M =14

* pressurep = 0.283 bar

* temperaturel’ = 208 K

* kinetic energy:q®/2 = 101 m?/s?,

* anisotropy:(u2 — v2)/q? = 0.03,

* dissipation ratee = 1.55 x 10° m?/s* (estimated from the variation @? assuming isotropy),
* Taylor microscale\ = /5v¢2/e = 0.44 x 107 m,

* Kolmogorov lengthscaley = (1/3/6)1/4 =2.0x10"°m,

* microscale Reynolds numbeRey = 1/¢2/3\/v = 122.8.

7. Measured data:
Measurement procedure:

- Laser-Doppler Velocimetry in standard two-colour configuration wattwird scattering;
ONERA device with DANTEC counters LD55;

- The transverse dimension of the probe volume is about 0.2 mm;

- Samples of 2000 instantaneous values are considered for the measurements.

Measured quantities:

- axial mean velocity componeit,
- transverse mean velocity compon&n{negligible compared t¢),
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- variance of the fluctuating axial velocity componept
- variance of the fluctuating transverse velocity componént

Measurement errors

Estimated to be of the order of one percent for the mean velocities and aliewt @ercent for the turbulence

quantities. Particle-drag bias is limited to a few millimeters immedjabehind the shock-wave. Errors due to
the relatively low signal-to-noise ratio may be important in the waownstream part of the explored domain. It
is to note that a number of 2000 samples is convenient for mean velociies)dy be too small for turbulence

measurements, even in the (present) case of low turbulence intensities.

8. Available measurements

The results are given in two tables, corresponding, respectively, hitek-free flow (Table 1) and to the shock-
turbulence interaction (Table 2). All the data are given in physical dem@s. Each table includes the longitudinal
position,U, V, u2, v2, and the trace of the Reynolds stress tensor, evaluatgd-as:2 + 2v2.

The tabulated data represent average values from eleven axial explorati@atrddigrent heights (z) in the vertical
symmetry plane (y=0) of the wind tunnel, betwees —0.03 and+0.02 m.

9. Size and present format of data:Modest size of data (two tables, ASCII format)

10. Contact person:

L. Jacquin

ONERA

8 rue des Vertugadins

F 92190 Meudon, France
e-mail: jacquin@onera.fr

REFERENCES
E. BLIN 1993 Etude expérimentale de l'interaction entre une turbulenoe ébune onde de choghése de doctorat
Université Paris 6.

L. JACQUIN, E. BLIN, P. GEFFROY 1993 An experiment on free turbulence/shock wave interacliarbulent Shear
Flows 8(Eds. Durstt al.) Springer, pp. 229-248
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SHWO01: Homogeneous turbulence interacting with a normal shock

Barre, Alem & Bonnet

1. Description of the flow: Homogeneous turbulence in supersonic flow is generated by means of anonzlke
located at the entrance of a supersonic wind tunnel. The normal shock isccbgathe interaction of two oblique
shock waves through a Mach effect.

2. Geometry: The dimensions of the wind tunnel section arésm x 0.15m; the ‘mesh width’ of the multinozzle
turbulence generator is 6 mm. The mesh width is defined as the squaré tteotatio between the cross section of
the turbulence generator and the total number of micro-nozzles. The slawekisMocated at a distance of 0.46 m
(i.e. 76.7 mesh widths) downstream of the turbulence grid.

3. Sketch:

4. Flow characteristics: Homogeneous turbulence convected at high supersonic speed (Mach numbatera}ts
with a normal shock-wave. The decay of the turbulent energy is characterizethtsyof the form:=0-7°, similar
to that found in the ONERA experiment. The shock-wave increases (astex) the axial velocity fluctuations, in
accordance with DNS results, and decreases the axial integral lengthscale.

5. Flow parameters: The main parameters of the flow (ahead the shock-wave) are:

* Mach number:M = 3.0

* Stagnation pressure;; = 0.9 bar

* Stagnation temperatur ~ 240 K

* Turbulent kinetic energyg? /2 = 2.02 m?/s?
* Mean velocity:U = 550 m/s

* Relative turbulence intensity;/q2 /U = 0.004

6. Inflow conditions: "Nominal” initial conditions at the shock position are:

* Mach number:M = 3.0

* pressurep = 0.0245 bar

* temperaturel’ = 86 K

* kinetic energy:¢?/2 = 2.02 m?/s?,

* anisotropy:(u2 — v2)/q? ~ 0,

* dissipation ratee = 1.91 x 10 m?/s* (estmated from the variation ef assuming isotropy),
* Taylor microscale = \/5v¢2 /e = 0.79 x 1073 m,

* Kolmogorov lengthscalen = (1/3/6)1/4 =1.0x 10~*m,
* microscale Reynolds numbeRey = 1/¢%/3\/v = 15.5
* turbulence Mach numbew’/a = 0.006

* longitudinal integral scaleL,, = 3.4 x 1073 m

7. Measured data:

Measurement procedure:

Hot-wire anemometry and Laser-Doppler velocimetry have been used:

Hot-wire anemometry: DANTEC 55M10 constant-temperature anemometer with 55M12 bridge; IFQI5P11
probes equipped with 2 &m wires (bandwith< 300 kHz).

Laser-Doppler velocimetry: Two-colour configuration with forward scattering; data processing wi#rometrics
DSA system.
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Measured quantities:

- axial mean velocity componeft,
transverse mean velocity componéh{negligible compared t&),

variance of the fluctuating axial velocity componeff

variance of the fluctuating transverse velocity component

spectra of hot-wire signals (representing mass flux fluctuations),
lengthscale€, (= L1 ,1) deduced from autocorrelations of the hot-wire signal.

Measurement errors:

Hot-wire measurements: Estimated to be of the order of one percent for the mean velocities and afsvupar-
cent for the turbulence quantities.

LDV measurements: Estimated to be of the order of 10 percent. Errors due to particle dragstireated to be
negligeable downstream of 4 mm behind the shock.

8. Available measurements:
Data are given both for shock-free flow and shock/turbulence interaction:
For the shock-free casé’, u2/U?, the longitudinal integral scalg,,, the ratiou? /v2, representing the anisotropy,
and the correlation coefficie®®,,, = W/\/ﬁ, as a function of the longitudinal distance from the grid;

For the case with shock?, V, u2, v2, Ly, skewness and flatness factors for the longitudinal velocity, andabe tr
of the Reynolds stress tensor, evaluateglas u2 + 2v2, as a function of the distance from the shock.
Hot-wire spectra measured upstream and downstream of the shock are also giv

9. Size and present format of data:Modest size ASCII file.

10. Contact person:

S. Barre

LEA/CEAT

43 rue de I'Aérodrome

F 86000 Poitiers, France
e-mail: barre@univ-poitiers.fr

REFERENCES
D. ALEM 1995 Analyse expérimentale d’une turbulence homogene en écoulampenssnique soumise a un choc droit.
These de doctoratJniversité de Poitiers.

S. BARRE, D. ALEM, J.P. BONNET 1996 Experimental study of normal shock/homogeneous turbulencadtiter, AIAA
J.34,968-974
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Data Sheets for:
Chapter 5.- Pipes and Channels
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10.
11.

PCHOO: Fully Developed Turbulent Pipe Flow Simulation

Loulou, Moser, Mansour & Cantwell

. Description of the flow: The flow is a numerically simulated, pressure-gradient driven fulligetient, statistically

stationary pipe flow.

. Geometry: The flow is in a smooth cylindrical pipe with a uniform pressuradijent. The domain is formally

infinite in the streamwise direction, though only a finite domaisingulated (seg7).

. Sketch: None needed

. Flow characteristics: Fully developed pipe flow exhibits the usual characteristics of wallAbed turbulent flows.

However, the Reynolds number in this case is low enough to produc®é&ynolds number effects. For example,
turbulent kinetic energy production does not equal dissipation angwhehe flow.

. Flow parameters: Various measures of the flow Reynolds number Beg = 5600, Re. = 7248, Re; = 380

andCy = 9.16 x 10~*. Reynolds numbers are based on bulk velocity, centreline velocity actifrivelocity
respectively, and the diameter.

. Numerical methods and resolution: The numerical method uses Fourier expansions to represent the azimuthal and

streamwise directions. Near-spectral resolution is achieved usindnegphsis-spline) polynomials in the radial
direction. The computation is carried out on a grid7@fx 160 x 192 (radial, azimuthal and axial) modes for a
total of 2.2 million Fourier/b-spline modes with quartic b-sgls. A non-uniform grid is used in the radial direction
based on an exponential function. The first point away from the walli$ at 0.39 while near the center of the
pipe Art = 5.7. A finer grid is used very close to the centre of the pipe where regulzoitditions are imposed.
See Loulowet al (1997) for detalils.

. Boundary and initial conditions: The pipe walls are treated as no-slip boundaries. The no-slip comiiimposed

exactly on the b-spline expansion. In the streamwise directiorddh®in is truncated to a finite size and periodic
boundary conditions are imposed. The length of the computationahidoisi5D. Since the flow is statistically
stationary and has periodic boundary conditions in the streamwisetidin, the initial conditions are irrelevant, and
there is no need for inlet conditions.

. Averaging procedures and uncertainties:Turbulence statistics are obtained by using 46 different fields approxi-

mately equispaced in time and averaged over a period of 43 time linifs,). Statistical steady state is assumed
to have been reached when the total shear stress reaches a linear function abradiis a mean deviation of
0.5%. Comparisons with single-point statistics are, on the whatslient with the exception of higher moments
of the radial velocity near the wall where some discrepancies between simslatia experiment are observed.
See Loulowet al (1997) for extensive comparisons to experimental data (Eggels1994, Westerweedt al, 1997,
Durstet al1995) and other computations (Eggetsal, 1994, Kimet al, 1987).

Correlations of the velocity show that velocity fluctuations remairhgljgcorrelated for large streamwise separa-
tions suggesting that the domain lengthb@f may be too small to permit adequate comparisons with experiments
carried out in much longer pipes. However, this uncertainty will not affeatparisons to LES simulations if the
same domain size is used.

. Available variables: The following data are available: 1) Mean velocity, vorticity and press2)y Reynolds shear

stress, 3) Skewness and Flatness, 4) Reynolds stress, kinetic endrdissipation budgets, 5) Streamwise and
azimuthal velocity spectra of all three components, 6) Streamwise and aaimaatticity spectra of all three com-
ponents,

Storage size and data format:Format is ASCII, requiring approximately 1 MB of total storage.

Contact person:

Brian Cantwell

271 Durand, Stanford University, Stanford, CA 94305, USA
Phone: (415)-723-4825

Fax: (415)-725-3377

E-mail: cantwell@leland.stanford.edu
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PCHO1: Turbulent Pipe Flow Experiments

Durst, Jovanovic & Sender

. Description of the flow: This case is a fully developed turbulent pipe flow at low to moderate&dg number.
. Geometry: The flow is in a smooth cylindrical pipe with/ D = 80.

. Sketch: None needed

AW N P

. Flow characteristics: Fully developed, smooth wall, turbulent pipe flow is generated in ani@deter long pipe.
Although theL/D is marginal for attaining a fully developed flow, the required develephdistance is reduced
somewhat by the use of a trip at the pipe entrance. The assumptidiyafdueloped flow is not as well established
for this case as for the other pipe flow cases.

5. Flow parameters: In this case,Re, = 7442, 13500 and 20,800. FaRe, = 7442, we getRe, = 500 and
Cy =9.03 x 1073. Re;, andRe, are based on diameter and bulk and friction velocities respectively.

6. Inflow, outflow, boundary and initial conditions: The flow is tripped at the pipe entrance. A screw conveyer
pump, which generates very low flow rate pulsations, is used in suctidke toadraw fluid through the test section.

7. Measurement procedures: The measurements were carried out using Laser Doppler Anemometry applied to a
50mm diameter glass pipe mounted in a rectangular viewing box. Thapgeewing box are filled with a working
fluid composed of a mixture of Diesel oils whose index of refractiandched to the pipe. The temperature of the
working fluid is controlled by heating and cooling units installedhe tipstream and downstream settling chambers
of the test rig. The measuring volume was measured to be 70 microranrettir and 250 microns in length. The
data is corrected for bias due to the finite size of the measuring voluirsge@es are used to minimize errors due
to measuring angle misalignment and electronic noise resulting in acouearevelocity data down gt = 0.5 at
Rep, = 7442. See Durset al(1995) for details.

The time interval between samples was set close to the integral time Bgdle, and a sample size of 40,000 was
used giving a relatively low statistical uncertainty. Estimated errorsmaean< 0.28%, turbulent intensitiesc 1%,
flatness< 2.3%. It may be that the potential lack of fully developed flow results in latgerertainties than these.

8. Available variables: The following data are available: mean, r.m.s., skewness and flatnedstlufeal velocity
components.

9. Storage size and data format:The data is in ASCII format and comprises less than 1 Mb of storage.

10. Contact person: Franz Durst
Lehrstuhl fur Stromungsmechanik, Universitat Erlangen-Number
Cauerstrasse 4, D-91058 Erlangen, Germany

REFERENCES
DuRsT, F., bvaNovic, J. & SENDER, J. 1995 LDA measurements in the near-wall region of a turbulent e {l.
Fluid Mech.295 305-335.

113



1.

PCHO2: Turbulent Pipe Flow Experiments

Perry, Henbest & Chong

Description of the flow: This case is a fully developed incompressible turbulent pipe flotly ®#mooth and rough
wall data are included.

. Geometry:

The apparatus consists of a long cylindrical pipe fitted with an upsteeasgmmetric settling chamber and 27:1
contraction. The settling chamber consists of honeycomb flow stragstand 4 screens.

Smooth Pipe:Precision-drawn brass tubing with an internal diameter of 0:098nd a length of 41.1#. Measur-
ing station:L/D = 398.5. Static pressure location&;/D = 49.2, 109.9, 170.5, 231.1, 291.7, 352.3. The smooth
wall flow was tripped using a sandpaper strip, 50 grit andrh3ong.

Rough Pipe: "k-type” roughness (0.25nm height, 2.5mm cell size, woven fabric wedding vale glued to the
inside of the pipe). Internal Diameter, 0.164 length, 41.14n; measuring statior),/ D = 390.7; static pressure
locations,L/D = 46.1,50.3, 176.8, 206.5, 226.5, 285.7, 345.1. Static pressureepwbre used, rather than taps,
2.0mm diameter hypodermic tubing 20m off the wall.

. Sketch: None needed
. Flow characteristics: Both smooth and rough wall cases are fully developed.

. Flow parameters: In the smooth wall pipe, data is available at Reynolds numBefs= 75, 000, 100,000, 125,000,

150,000, 175,000, 200,000 which/&, = 1610, 2080, 2550, 3010, 3420, 3900, respectively.

In the rough wall case, the same centreline Reynolds numbers are availaicle correspond tée, = 1670, 2380,
2920, 3515, 4140, 4710, respectively. Reynolds numbers are basedtatigeror friction velocities and diameter.

. Inflow, outflow, boundary and initial conditions: The apparatus consists of a long cylindrical pipe fitted with an

upstream axisymmetric settling chamber and 27:1 contraction. The gettlamber consists of honeycomb flow
straighteners and 4 screens. The smooth wall flow was tripped using aagandfrip (50 grit, 15 cm long). Flow
in the pipe exits into a centrifugal fan. The pipe is expected to bg dielveloped at the measurement station.

. Measurement procedures:All measurements were taken at approximately 400 diameters from the pipa@ntr

Mean flow profiles were measured with pitot-static tubes. Pressure dispn@asured along the pipe using static
taps. Results were corrected for small density changes along the pipe cuapoessibility effects. Wall friction
was inferred from the pressure drop measurements. Turbulence measurantkespectra were measured using
cross-wires. Hot-wires were calibrated using a dynamic calibratioesygiving very accurate turbulence intensity
measurements.

For the rough wall pipe, pressure drop was measured using a statianerpesbe protruded 20 mm from the wall. A
normal wire (DISA normal boundary layer probe, type 55P05) was alst insaddition to an in-house-built X-wire.

The pressure drop and Pitot-static tube mean flow data were monitsireglaiDatametric Barocell pressure trans-
ducer (model 1014A), the output voltage of which was integrated on 4T BRA0 analogue computer. The pressure
drop data was sampled for at least 15 seconds. For mean flow, 3 samples of Ibdsgeomere ensemble averaged.
The accuracy of mean flow measurements and wall shear-stress is estimated torb@.8A6.

All hot-wire signals were processed on line using a TR-20 analogugetantogether with a DEC PDP 11/10
digital computer (12 bit resolution). Reynolds stress data was aséifagm 8 bursts of 8000 data points sampled
at 200 Hz. The accuracy of dynamically calibrated Reynolds stresses is esttmbtedithin 2.5%.

The traversing mechanism was accurate to within 0.05 mm. See Henbest §éh88erryet al(1986) for details.

. Available variables: Mean streamwise velocity and skin friction.
. Storage size and data format:The data is in ASCII format and requires approximately 100 Kb of storage.

10.

Contact person:

Anthony E. Perry
Department of Mechanical and Manufacturing Engineering The University diddehe
Parkville, Victoria, 3052, Australia.
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PCHO3: Turbulent Pipe Flow Experiment

den Toonder & Nieuwstadt

1. Description of the flow: This case is a fully developed turbulent flow in a smooth circular pipsoaterate Reynolds
number.

2. Geometry: The geometry is a cylindrical pipe with a diameter of 4 cm and a total lewig?d m (L /D = 850).
3. Sketch: None needed.

4. Flow characteristics: Fully developed turbulent pipe flow exhibits all the usual featurasaif-bounded turbulent
flows.

5. Flow parameters: The working fluid is water at a temperatufe= 16.6C, (p = 998.9kg/m?® andv = 1.09 x
10~%m? /sec). The Reynolds number iBe, = 24,580 and Re, = 1382 (based on diameter and bulk or friction
velocities respectively).

6. Inflow, outflow, boundary and initial conditions: The flow is tripped at the pipe entry. All experimental data are
taken at a position where the flow can be considered fully developed.

7. Measurement procedures:Measurements were carried out using a two-component laser Doppler anemdineter.
authors suggest using a wall position correctiol\ef= —2.92 x 10~ m with the uncorrected data provided.

The sampling frequency was 60 Hz and measuring time per position: .3B@msce, typically 1800 samples per
position were taken, fewer close to the wall.

Uncertainties were computed in a standard way per position and are incluttesl diata file. Relative errors are
approximately 0.4% for the mean velocity and 1% for the r.m.s. velocity.

See den Toonder (1995) for more details.

8. Available variables: Axial and radial components of mean and r.m.s. velocity, skewness and flamgdent
shear stress; = uwvt, viscous shear stress = —dU} /dr*, and non-dimensionalized production of turbulent
energyP,, = —7;dU /dr* are all provided as a function of botif andr/D; as are the relative statistical errors
in the mean, r.m.s. velocities, flangeless, and

9. Storage size and data format:Data is in ASCII format, requiring approximately 100 kB of storage.

10. Contact person:

Dr. Jaap M. J. den Toonder

Philips Research Laboratories

Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands
Phone: +31-40-2742185

Fax: +31-40-2744288

e-mail: toonder@natlab.research.philips.com

REFERENCES
DEN TOONDER, J. M. J. 1999rag reduction by polymer additives in a turbulent pipe flow: laborgtand numerical
results Ph. D. thesis, Delft University of Technology.
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PCHO4: Turbulent Pipe Flow Experiments (Superpipe)

Zagarola & Smits

=

. Description of the flow: This case is a fully developed turbulent pipe flow with Reynolds In@nvarying by 3
orders of magnitude.

N

. Geometry: The experiments are carried out in a cylindrical aluminium pipe witfaendter of 12.7 cm and a total
length of 2603.27 cmI{/D = 205). The wall is polished smooth over its full length to a roughness oreasf
approximately 0.15 micron rms.

w

. Sketch: None needed.

N

. Flow characteristics: Fully developed pipe flow exhibits the usual features of wall-bourtdeulilent flows.

o

. Flow parameters: The experiments were performed in a test pipe enclosed within a presssel. The working
fluid is air at pressures ranging from 1 to 189 atmospheres. Test Rsymahdbers range frorRe, = 31, 500 to
35,259,000 Re, = 1700 to 10°). Reynolds numbers based on diameter and bulk velocity (or frictiorcitgjo
Detailed gas property and mean flow parameter information is provided with ebmtity profile.

»

. Inflow, outflow, boundary and initial conditions: The flow at the pipe entry is free of swirl and has a relatively
high turbulence level. This insures fully developed flow at the meagtations in the absence of an entry trip.

7. Measurement procedures: Both the flow rate and gas density were varied to achieve the set of tesblRgyn
numbers. Gas temperatures remained close to ambient. Mean velocity profilemesseared by traversing a
0.9 mm diameter Pitot tube across 75% of the pipe. Static pressure me@sis were taken at twenty 0.8mm
diameter wall taps equally spaced over a 25 diameter long section between the secoeadsuring station at
2072.67 cm and the primary measuring station at 2532.56 cm. The tesisfiltered and dried to produce a water
content of approximately 14 ppm. With the whole system under presterépw through the pipe was generated
using a vertical turbine pump driven by a variable speed motor.

Typical sampling rates for the Pitot tube were at 500 samples/sec witplisgnperiods of approximately 30 sec.
The tabulated data is not corrected for the effects of probe displacemenigitseveral correction methods are
discussed in Zagarola (1996). A complete uncertainty analysis is alen givZagarola (1996). The uncertainty
in the mean velocity is estimated to be 0.3%. The uncertainty in thedini¢tictor is estimated at 1.1%. For more
details see Zagarola (1996) and Zagarola & Smits (1997).

8. Available variables: The data consists of a set of mean velocity profiles at 26 Reynolds nunktesrder informa-
tion for each profile includes gas properties, friction velocity and consfiyisy factor.

9. Storage size and data format:Data is in ASCII files, requiring approximately 130 Kb of storage.

10. Contact person: Prof. Alexander J. Smits
Director, Gasdynamics Laboratory, Department of Mechanical and AerospaceeEngmn
Princeton University, Princeton, NJ 08544, USA
Tel: (609) 258 5117; Fax: (609) 258 2276
E-mail: asmits@pucc.princeton.edu
http://www.princeton.edu/ gasdyn/People/L&mits.html

REFERENCES
ZAGAROLA, M. 1996Mean-flow scaling of turbulent pipe flowh. D. thesis, Department of Aerospace and Mechanical
Engineering, Princeton University, Reference number 2053-T.

ZAGAROLA, M. V. & SMITS, A. J. 1997 Experiments in high Reynolds number turbulent pipe fhinys. Rev. LetZ8.
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10.
11.

PCHOS5: Rotating Turbulent Pipe Flow Simulation

Orlandi & Fatica

. Description of the flow: The flow is a direct simulation at low Reynolds number of smooth wipk flow with the

pipe rotating about its centreline axis.

. Geometry: The flow is in a smooth cylindrical pipe with a uniform pressuradient. The domain is formally

infinite in the streamwise direction, though only a finite domaisitisulated (seé7).

. Sketch: None needed.

. Flow characteristics: Fully developed pipe flow exhibits the usual features of wall-bourtddalilence. When

the pipe rotates a drag reduction is achieved and for high rotation r&esdaan streamwise velocity tends to the
parabolic laminar Poiseulle profile.

. Flow parameters: The Reynolds number Be, = 4900 and data for four rotation numbers are providBd, = 0

0.5, 1 and 2, wher&o, = DQ/U,.

. Numerical methods and resolution: The N-S equations, in primitive variables and in cylindrical coordinaare

solved by a second-order finite difference method on a staggered grithé-details of the numerical method see
Verzicco & Orlandi (1996) The resolution usedl28 x 96 x 257 points (in the azimuthal, radial and axial direction)
for a pipe of length. = 7.5D.

. Boundary and initial conditions: The pipe walls are treated as no-slip boundaries. In the streamwisédatireoe

domain is truncated to a finite size and periodic boundary conditioriegased. The length of the computational
domainis7.5D.

Since the flow is statistically stationary and has periodic boundaryitionmslin the streamwise direction, the initial
conditions are irrelevant, and there is no need for inlet conditions.

. Averaging procedures and resulting uncertainties: Averaging is performed once the mean profile reaches a

steady-state. Averages are done as a post-processing procedure on fieldeddpaaAt = 2D /U, dimen-
sionless time units. For N=0, 25 fields are sufficient. For N=2 the rsmobfields increases up to 65. The physical
reasons for a larger number of fields is related to the elongated helical stutuhe central region of the pipe.

. Available variables: Mean axial, radial, tangential velocities and pressure. Turbulent statistfilep, such as

second order one-point velocity and vorticity correlations, skewnegagefis, enstrophy, helicity and Lamb vector
components.

Storage size and data format:Data is in ASCII format requiring approximately 1Mb of storage.

Contact person: Prof. Paolo Orlandi
Dip. Meccanica e Aeronautica, Univ. di Roma “La Sapienza”
e-mail: orlandi@orlandisun.ing.uniromal.it

REFERENCES
ORLANDI, P. 1997 Helicity fluctuations and turbulent energy production inirajatnd non-rotating pipeBhys. Fluid<,
To appear.

ORLANDI, P. & FATICA, M. 1997 Direct simulation of a turbulent pipe rotating along thesakiFluid Mech.343 43-72.

VERzICCO & ORLANDI, P. 1996 A finite-difference scheme for three-dimensional incomprestds in cylindrical
coordinates]). Comp. Physl23 402.
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PCH10: Fully Developed Turbulent Channel Flow Simulations

Mansour, Moser & Kim

. Description of the flow: The flow is a numerically simulated, pressure-gradient driven, fullipttlent, statistically
stationary channel flow.

. Geometry: The channel flow is the flow between two parallel walls separated by a dis2andeis driven by a
uniform streamwise pressure-gradient, which is varied in time to maiatconstant mass flux. The streamwise and
spanwise directions are formally infinite, though only a finite donsisimulated (seg7).

. Sketch: None needed.

. Flow characteristics: The flows exhibit all the usual characteristics of wall bounded turbdilens. The Reynolds
numbers are sufficiently high for a small region to exist where tbdyetion and dissipation rate of turbulent kinetic
energy are almost equal.

. Flow parameters: The only relevant parameter in this flow is the Reynolds number. ItvtbeasesRe, = 395
and 590 Re, = 6875 and 10935), where the Reynolds numbers are based on half-width atidnfrior bulk)
velocity. The lower Reynolds number cadee( = 395) was computed by Kim (1990, unpublished). The data
were used in Rodi & Mansour (1993), and are reported along with theRegholds numberRe, = 590) data in
Mansour et al. (1997).

. Numerical methods and resolution:The direct numerical simulations were performed using the spectral neaheri
method of Kim, Moin & Moser (1987). The method makes use of Fouripaagions in the streamwise and spanwise
directions and a Chebychev representation in the wall-normal directi@in€ompressible Navier-Stokes equations
are formulated using a toroidal/poloidal decomposition, in whiehptessure is eliminated and incompressibility is
imposed exactly. See Kimt al (1987) for details.

The number of Fourier/Chebychev modes used in each simulation are shdalvié 1, along with the resulting
streamwise and spanwise grid spacing in plus units (the Nyquéssgecing associated with the highest wavenum-
ber Fourier mode). Also shown in table 1 is the equivalent grid spaeingeffective Nyquist spacing) in the
direction at the centre of the channel. An estimate ofjfhresolution as a function aj location is given by
AyT(y) = AyF+/1 —y2, wherey goes from -1 at one wall to 1 at the other.

. Boundary and initial conditions: The two walls of the channel are treated as no-slip boundaries. Themo-sli
condition is imposed exactly on the Chebychev expansion. In the strisarand spanwise directions the domain is
truncated to a finite size and periodic boundary conditions are impdseddomain sizes are shown in table 1.

Since the flow is statistically stationary and has periodic boundaryitianslin the streamwise direction, the initial
conditions are irrelevant, and there is no need for inlet conditions.

. Averaging procedures and resulting uncertainties:All the data provided from these simulations are obtained by
computing the appropriate quantities from the simulated velocitysiattl averaging in the homogeneous spatial
directionsz andz and time. The averages in time are taken over approximately 50 widely spaceitywidtds in
each case.

There are three potential sources of uncertainties in this data. Firgtisitherical discretization errors introduced
in the numerical simulations. These uncertainties should be ndgligihe second uncertainty is statistical, which
arises from computing the averages over a finite domain size and a finée An estimate of the magnitude of
this error can be obtained by realizing that the ideal profiles will be eithen er odd iny, depending on the
quantity. Departure from this ideal behaviour provides an estimatheoétror. In particular, if the profile of a
quantitygq should be even (for example), then the magnitude of the odd (@égt)(— ¢(—y))/2) relative to the even
part (¢(y) + ¢(y))/2) is an estimate of the relative error due to limited statistical samplBigch estimates can
be computed from the data provided. The third source of errors idadtiee finite domain size of the numerical
simulation, though the domain sizes were selected to ensure that thisaimgyeis small. This is an error only if
one takes the view that the simulations are a model for an ideal flow nea@nstvise and spanwise infinite domain.
However, if an LES is done in the same domain with the same periodiedary conditions, than a comparison can
be made without error due to the domain size.
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Re, L, L, N,xN,xN, Azt Azt Ayf

395 27§ wd 256x193x192 10.0 6.5 6.5
590 279 w6 384 x257x384 9.7 4.8 7.2

Table 1: Simulation parameters for the two channel direct numerical simgatThe Reynolds numb&e . is based on
the friction velocityu, andé.

9. Available variables: For both cases, profiles of the mean velodityy), the velocity variances:€, v2, w?), and
Reynolds stresgv as well as dissipatiore). In addition, the triple velocity correlations appearing in the Rdgs
stress balance equations are provided. Furthermore, streamwise andsgpamevdimensional spectra of the three
velocity components are provided at severdbcations. Note that all of these data are computed from unfiltered
velocity fields, so care must be exercised when comparing these data dicecHStresults. In addition, higher
order moments such as tripple correlations are more sensitive to dtatistical samples, so the uncertainties in
these quantities are larger. Finally, the small separation velocity-tetea-point correlation required to compute
filtered versions of the second order statistical profiles as described ineCl&gam the database document are
provided.

10. Storage size and data format:There are four profile files containing mean velocity, velocity variancepditien
and triple correlation data in ASCII (270 Kb). In addition, there ibimary file containing the small-separation
two-point corrrelations needed to compute filtered quantities. Totalsile#a23 Mbytes.

11. Contact person:

Nagi N. Mansour
NASA Ames-Research Center, Moffett Field, CA 94035, USA
Phone: (415)-604-6420
E-mail: nmansour@mail.arc.nasa.gov
or
Robert D. Moser
Dept. Theoretical and Applied Mechanics, University of lllinois
104 S. Wright St., Urbana, IL 61801 USA
Phone: (217)-244-7728
E-mail: r-moser@uiuc.edu
REFERENCES

Kim, J., MoIN, P. & MOSER R. D. 1987 Turbulence statistics in fully developed channel flow at leywniglds number,
J. Fluid Mech.177, 133-166.
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in preparation.
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PCH11: Fully Developed Turbulent Channel Flow Experiment

Niederschulte, Adrian & Hanratty

1. Description of the flow: The flow is a fully developed turbulent flow in rectangular channel.

2. Geometry: The channel is rectangular with aspect ratio 12:1 (24 inches by 2 inches). 8d®irament station was
located3944 (394 inches) down stream of the channel inlet and trip, and in the centre sptin of the channel, see
Niederschulte (1988) and Niederschulte, Adrian & Hanratty (1990) faildet

3. Sketch: None needed.
4. Flow characteristics: The flow exhibits all the usual characteristics of wall bounded turbiillens.

5. Flow parameters: The only relevant parameter in this flow is the Reynolds number, whidtej = 18,339 or
Re, = 921. The working fluid is water &25°C.

6. Inflow, outflow, boundary and initial conditions: The top and side walls of the channel are rigid and conform
to the design dimensions to within 0.01%. The boundary layers aitbeof the channel are tripped, and the
development length df944 is sufficiently long for the channel to be fully developed.

7. Measurement procedures:The velocity was measured using a 2-component LDV system with a measahimge
that is 35 microns in diameter and 300 microns long. The configuratiordesigned to permit accurate measure-
ment of the velocity profile near the wall, without correction for theesf the measurement volume. Water in the
channel was filtered and seeded with 0.5 micron particles such that there woandifggnificant probability of
more than one particle appearing in the measurement volume, whilerstiidphg a near continuous signal. The
data were taken with a very high sample rate (500 Hz) to eliminate all questi velocity biasing associated with
low data density in LDV measurements. See Niederschulte (1988) and Nibdkegt al(1990) for further details
of the measurement procedures.

In the near-wall regiony(™ < 20) there is an apparent increase in the rms velocity due to noise caused ¢sl opti
flare from the wall. Data below"™ = 20 should not be considered valid.

8. Available variables: The streamwise and cross stream velocities were measured. Mean, r.m.sy\Vekgiolds
stress and skewness and flatness profiles at selgdbdedtions are included.

9. Storage size and data format:There is a single ASCII data file containing the profile data. Total siata 5kb.

10. Contact person: Prof. Ron Adrian
Dept. Theoretical and Applied Mechanics, University of lllinois
104 S. Wright St., Urbana, IL 61801 USA
Phone: (217)-333-1793
E-mail: r-adrian@uiuc.edu

REFERENCES
NIEDERSCHULTE, M. A., ADRIAN, R. J. & HANRATTY, T. J. 1990 Measurements of turbulent flow in a channel at low
Reynolds numbeExp. in Fluids9, 222—-230.

NIEDERSCHULTE, M. A. 1988Turbulent Flow Through a Rectangular Chann®h. D. thesis, Department of Chemical
Engineering, University of lllinois at Urbana-Champaign.
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PCH12: Fully Developed Turbulent Channel Flow Experiments

Wei & Willmarth

=

. Description of the flow: The flow is a fully developed turbulent flow in rectangular channel.

N

. Geometry: The channel is rectangular with aspect ratio 11.9:1 (30.48 cm by 2.572 ¢ra)m€asurement station
was located 73§ down stream of the channel inlet, and in the centre of the span of the cheem®lei & Willmarth
(1989) for details.

w

. Sketch: None needed.

. Flow characteristics: The flow exhibits all the usual characteristics of wall bounded turbdilent.

[S1 I

. Flow parameters: The only relevant parameter in this flow is the Reynolds number, whiclhie three cases
included here ifRe. = 14914, 22776 and 3958QR¢e, = 13145, 20197 and 35353, dRe, = 708, 1017 and 1655.
Reynolds numbers are based on half-widthand centreline, bulk or friction velocities respectively. The working
fluid is water.

6. Inflow, outflow, boundary and initial conditions: The top and side walls of the channel are rigid and conform to
the design dimensions to within 0.25%, and the development leraghi 78 from the channel inlet. This should
be sufficiently long for the channel to be fully developed.

7. Measurement procedures:Velocities were measured using a high spatial and temporal resolution tewr,dwo
component LDA Wei & Willmarth (1989). The LDA measurement volume wamid by crossing four laser beams,
two green and two blue, within a 50 micrometer diameter sphere. This tramstat spatial resolutions of 2.76,
3.94, and 6.43 viscous units for the three Reynolds numbers, reghecthe flow was seeded using 3 micrometer
diameter titanium dioxide particles. Statistically long, time resoblata records were taken at a number of distances
from the wall for each Reynolds number.

The LDA data rates were sufficiently high to provide smooth, timelvesbvelocity measurements, which enabled
the computation of fluctuating velocity spectra. This also eliminates a@issilpility of velocity biasing due to low
data rates. For all Reynolds numbers, the highest data rates were oltainegny™ ~ 15 andy* ~ 500. Data
rates tended to be uniformly high throughout this region. Theskiwdata rates occurred very close to the wall and
at the channel centreline. Data was not taken with data rates less than 300 HzthA¢ealReynolds numbers, the
two v’ measurements closest to the wall appear to be affected by low data rates. Thesesai dhta points to the
wall are thus less reliable than the rest of the data.

8. Available variables: The streamwise and cross stream velocities were measured. Mean, rms velo&gyantts
stress profiles are included.

9. Storage size and data format:There are three ASCII data files containing the profile data for the Regaolds
numbers. Total data size: 14kb.

10. Contact person: Prof. Timothy Wei
Dept. Mechanical and Aeronautical Engineering, Rutgers University
PO Box 909, Piscataway NJ, USA
Phone: (908)-445-2718
twei@jove.rutgers.edu

REFERENCES
WEI, T. & WILLMARTH, W. W. 1989 Reynolds-number effects on the structure of a turbelesmnel flow. J. Fluid
Mech.204, 57-95.
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PCH13: High Reynolds Number Channel Flow Experiment

Comte-Bellot

1. Description of the flow: The flow is a fully developed turbulent flow in rectangular channel.

2. Geometry: The channel is rectangular with aspect ratio 13.3:1 (2.4 m by 18 cm). The rega=u station was
located1226 down stream of the channel inlet, and in the centre of the span of the chee@€&pmte-Bellot (1965)
for details.

3. Sketch: None needed.
4. Flow characteristics: The flow exhibits all the usual characteristics of wall bounded turbiillens.

5. Flow parameters: The only relevant parameter in this flow is the Reynolds number, wiichhe three cases
included here idte;, = 57000, 120000 and 230000, dte, = 2340, 4800 and 8160. Reynolds numbers are based
on half-width ¢) and bulk or friction velocities respectively. The working fluid is air.

6. Inflow, outflow, boundary and initial conditions: The top and side walls of the channel are rigid and conform to
the design width 0.1 mm, and the development length12a8 from the channel inlet.

7. Measurement procedures:Mean velocity measurements were made with pito probes except very closentalthe
(less than 3 mm). Constant current X-wire anemometers with analog linéamize¢re used to measure second
order moments. The linearization makes higher order moments suspeaysvémot included. The wire lengths
are 3mm and the wires were 2 mm apart. The wire length is thus between 78@wadRunits, which is rather large,
especially near the wall. For this reason, near-wall data in not includedte=Betlot estimates the uncertainties
in the mean velocities away from the wall to be approximately 1%, and 6%hé&ovelocity variance away from the
wall. See Comte-Bellot (1965) for more details.

8. Available variables: The streamwise,cross stream and spanwise velocities were measured. Meaocihsand
Reynolds stress profiles are included.

9. Storage size and data format:There are nine ASCII data files containing the profile data for the tResmolds
numbers. Total data size: 14kb.

10. Contact person: Prof. Genevieve Comte-Bellot
Ecole Centrale de Lyon
36 Avenue Guy de Collongue
BP 163-69131 Ecully Cedex, France
Phone:334 72 18 60 10
gcb@selene.mecaflu.ec-lyon.fr

REFERENCES
CoMmTE-BELLOT, G. 1965 Ecoulement turbulent entre deux parois paralleles. Public&iiestifiques et Techniques du
Ministere de I'Air no. 419.
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PCH20: Fully Developed Rotating Channel Flow

Johnston, Halleen & Lezius

1. Description of the flow: A small water channel was rotated at a constant rate about an axis perpendicuéar to th
flow direction to generate a Coriolis effect on the channel flow. The reguisymmetry in the flow was explored,
including the effects on the turbulence.

2. Geometry: Water was pumped through a channel rotating about an axis parallel to the meeevétse) vorticity
in the channel flow. The channel was 1.5 m long, 0.04 m high and 0.28 m Miekessurements were performed in a
regionl0é long.

3. Sketch: None needed.

4. Flow characteristics: On the centreline, mean velocity measurements, at zero rotation, indicatenthe He fully
developed. However, computed values of the mixing length indicatedawenfas still developing. Existence of a
two-dimensional region, free of the influence of the side walls, veafied. Rotation acts to suppress turbulence on
one side of the channel and enhance it on the other.

5. Flow parameters: Tests were performed for a range of Reynolds and Rotation numbersatmis dvailable at
Rep = 5500 Ro<0.21

Rey = 17,500 Ro <0.081

whereRe, is the Reynolds number based on half-width and bulk velocity,fane 26Q /U, is the rotation number.

6. Inflow, outflow, boundary and initial conditions: The flow entered the channel from a plenum with flow straight-
eners. Mean velocity measurements with no rotation indicated fully develdpethel flow at the measurement
region 58 and 68 channel widths from the entrance. However, mixingiemgfiles indicated that the flow was not
quite fully developed. The outflow, beyond the measurement regias through a perforated plate across which
the pressure drop was used to calculate the flow rate.

7. Measurement procedures: Mean velocity profiles were measured by pressure probes using a specialaterati
procedure to deduce the velocity. Flow visualization was employed totinéestate of the flow and the near wall
turbulent structure.

Velocity profiles are available for two combinations of Reynolds nena@nd rotation rate:
(a) Measured quantities:

Mean primary flow velocity[/;
Local wall shear stress,, (inferred from the velocity measurements)

(b) Measurement Uncertainties: A recent re-analysis of the data by the astiggssts an uncertainty in the mean
velocities of+1.5%, and an uncertainty in the wall shear stress0f5%. The authors also suggest that these may
be low estimates (see the README associated with this data in the database).

8. Available variables: Mean velocity profiles and wall shear stress. In addition, extensive giisgitobservations
are noted from flow visualization.

9. Storage size and data format: There are three ASCII data files, containing profiles; two for the twgnkels
numbers studied, and one containing the relative values of the waibfric¢locity. Total data size: 15Kb.

10. Contact person:

REFERENCES

JOHNSTON, J. P., KALLEEN, R. M. & LEZzIUS, D. 1969 Effect of spanwise rotation on the structure of two-dirverzd
fully developed turbulent channel flow. Fluid Mech .56, 533.
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10.

11.

PCH21: Fully Developed Rotating Channel Flow Simulations

Piomelli & Liu

. Description of the flow: The rotating channel flow is obtained by imposing a spanwise rotatioa 2D fully-

developed turbulent plane channel. To attain a fully developed flow,itihdagion was allowed to develop until a
statistical steady state was reached, and statistics were then accumulated. ShigaBNart of a larger study on
the computation of this flow by large-eddy simulation.

. Geometry: The computational domain wdsd x 2J x 47d/3 in the streamwise, wall-normal and spanwise direc-

tions, respectively.

. Sketch: None needed.

. Flow characteristics: The flow characteristics evident in the simulations of Kristoffersenr@érsson (1993) were

also noted in this study. See previous section for a descripticieré&d data are available from this study which are
not available for Kristoffersen & Andersson (1993).

. Flow parameters: The parameters for this flow are the Reynolds number and the rotatinberu The Reynolds

number for this flow isRe, = 177 (based on:, andd, the shear velocity and channel half-width)®¢, = 2850
(based on bulk velocity/, andd). The rotation numbetiRo, = 26§2/U, = 0.144, and based on, andd it was
1.166.

. Numerical methods and resolution: The Navier-Stokes equations are integrated in time using a FounetinyShev

pseudospectral collocation scheme. The skew-symmetric form of the mamequation is employed, and the time
advancementis performed by a fractional time step method with a semeitgglheme. The wall-normal diffusion
term is advanced using the Crank-Nicolson scheme, and the remaining tearisvnstorage third-order Runge-
Kutta scheme. Periodic boundary conditions are applied in the streananwd spanwise directions, and no-slip
conditions at the solid walls. 987x 128 grid points were used.

. Boundary and initial conditions: (a) Domain size and truncations : Sizetd x 26 x 4wd/3 in the streamwise,

wall-normal and spanwise directions with a grid 8; x 97 x 128.
(b) Boundary conditions : No slip on the walls; periodic in theatmwise and the transverse directions.

(c) Inlet or initial conditions : Results from an equilibrium (noatibn) simulation were used as the initial condition.
After rotation was applied, a new steady state was reached, and the statéstoshtained.

. Averaging procedures and resulting uncertainties: Averaging was performed over 4 dimensionless time units,

tu,/§. The total shear stress deviated from the expected linear variation bh¢es8.6%.

. Available variables: Time- and plane-averaged data available include all the velocity momentsthe flatness.

Skewness and flatness were computed using only the restart files, wditikeniir second moments were calculated
on the fly, and are, therefore, substantially smoother. Several flow reafigagither on the original grid or on a
finer mesh (128 129x 128 grid points) are available from the contact.

Storage size and data format: There is a single ASCII data file, containing profiles of mean velocitypaist
variance and Reynolds shear stress. Total data size: 21kb.

Contact person: Prof. Ugo Piomelli
Dept. Mech. Engr., Univ. of Maryland
College Park, MD 20742, USA
Phone: (301) 405-5254

E-mail: ugo@glue.umd.edu

REFERENCES

KRISTOFFERSEN R. & ANDERSSON H. 1993 Direct simulations of low-Reynolds-number turbulent/flo a rotating
channelJ. Fluid Mech.256, 163.

PlIOMELLI, U. & L1u, J. 1995 Large-eddy simulation of rotating turbulence using a locatigadmic model. Phys.
Fluids 7, 839.
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PCH22: Fully Developed Rotating Channel Flow Simulations

Andersson & Kristoffersen

. Description of the flow: The rotating channel flow is obtained by imposing a spanwise rotatioa 2D fully-
developed turbulent plane channel. To attain a fully developed flow,itihdation was allowed to develop until a
statistical steady state was reached, and statistics were then accumulated.

. Geometry: The channel flow between parallel walls was simulated in a computational domalr® x 2§ x 27
(where26 is the channel height).

. Sketch: None needed.

. Flow characteristics: With increasing rotation the velocity becomes more asymmetric and colatéimesar region
of slopedU/dy ~ 2§ in the centre of the channel. The wall-layer on the unstable side becomesrtnd the
turbulence is enhanced, then levels off arolidag = 0.10; a significant drop is noticed &0, = 0.5. On the stable
side the wall-layer becomes thicker, and the turbulence level is reducédwivittaining a full relaminarization.

An interesting observation is the tendency towards isotropy ofuti®itence on the unstable side, due to the aug-
mentation ofv?and the saturation af?. On the stable side, however, the anisotropy increasesRvithAnother
important finding is the existence of regions of negative energgumtion, already hypothesized on the basis of the
experiments (Andersson & Kristoffersen, 1994). The region arigeswhe position of zero turbulent stress does
not coincide with the maximum of the mean velocity. Negative energyymtich leads to energy being extracted
from the turbulence and could be an interesting test for models.

The Taylor-Gortler rolls are observed but are found unsteady, apanttfire casé?o, = 0.15. Therefore, no attempt
was made to separate large scale structures from the turbulence forcsigpistposes. Qualitative description of
flow patterns can be found in Kristoffersen & Andersson (1993).

. Flow parameters: The parameters in this flow are the Reynolds numBef, = 194, and the rotation numbeRo,
which varied from O to 0.5.

. Numerical methods and resolution:The computational grid i$28 x 128 x 128. The mesh spacing is constantin
x andz at 19 and 9.5 wall units, and is stretched;ifollowing a tanh-distribution to obtain a minimum spacing of
.5 wall units at the grid point next to the wall. Spatial derivativesdiseretized by a 2nd order central-difference
approximation, and the solution is marched in time with a second-esgicit Adams-Bashforth scheme.

. Boundary and initial conditions: Periodic boundary conditions are imposed for thendz , directions, requiring
a forcing term corresponding to an imposed mean pressure gradient in

dp/dx =1

The equations are solved within a computational domaindafy: x 26 x 27d

(a) Domain size and truncations: The formally infinite domain in thesshwise £) and spanwisez) directions are
truncated to domain ofrd x 2§ x 27d

(b) Boundary conditions: No slip is imposed on the walls and pericdiditions are imposed in the streamwise and
spanwise directions.

(c) Inlet or initial conditions: The simulation was started from a @ndnitial field. When the total shear stress
was linear across the channel, statistically steady turbulence was assumesimtila¢ion was then continued for
several large-eddy turnover time¥,u.. As rotation was increased, the previous results were used as thegstartin
field.

. Averaging procedures and resulting uncertainties:Though several large-eddy turnover times were used for av-
eraging, as mentioned above, the authors feel this may have been only mp@ileajuate for some cases. The
critical friction velocities are estimated to be accurate to within 3% forwlthee highest rotation rate. A simulation
at zero rotation rate was performed which agreed well with previous, accepteldtims.
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9. Available variables: A variety of mean statistical data are compiled for this study including-siction as a
function of rotation rate, profiles of mean velocity, Reynolds stres$janoulent kinetic energy, as well as various
terms in the Reynolds stress transport budget. The individualtigjearare defined in Andersson & Kristoffersen
(1994).

Filtered data for direct use in evaluating LES is not available fordimmilation.

10. Storage size and data format: There are eleven subdirectories of data, each with an index file describing the
contents. These are identified with corresponding figures in Andersstristffersen (1994). All of the files are
ASCII and total about 285kb.

11. Contact person: Prof. Helge Andersson
Dept. Appl. Mech., Mech. Engr., Norwegian Inst. of Tech.
Trondheim, Norway
E-mail: tonera@tv81.termo.unit.no

REFERENCES
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Turbulent Shear Flow, Tokyo
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PCH23: Fully Developed Rotating Channel Flow Experiment

Nakabayashi & Kitoh

1. Description of the flow: A small wind tunnel (channel) was rotated at a constant rate about an axis petpand
to the flow direction to generate a Coriolis effect on the channel flow. €helting asymmetry in the flow was
explored, including the effects of Reynolds number and rotation@tutfibulence. The Reynolds humber range was
lower than that of Johnston et al., and the data (primarily hot-wirelnareh more detailed and extensive.

2. Geometry: Air was blown through a channel rotating about an axis parallel to the mesarsyerse) vorticity in
the channel flow. The channel was 2.0m long, 0.010 m high and 0.080 m Metesurements were performed at a
station 361 channel half-heights from the entrance, where the turbulesciilly developed.

3. Sketch: None needed.
4. Flow characteristics:

5. Flow parameters: The Reynolds numbete;, ranged from 850 to 5000 and rotation numBey = 4D?Q /v ranged
from 0 to 0.0547.

6. Inflow, outflow, boundary and initial conditions: Because of the very long channel, the effective inflow and
outflow conditions are those of fully developed channel flow, keepimgiid the Reynolds number effects.

7. Measurement procedures:Velocity and turbulence profiles were measured by hot-wire anemometryediadp
curve-fitting technique is used to infer the wall shear stress. Bothesamgl x-wires were employed. Not all of the
following variables are available for all conditions. Estimated unastitss are 2% for mean velocity and 5% for
wall shear stress.

8. Available variables: The following data are available: mean streamwise flow velocity profilespormal stresses,
< uyp >, < uge >, turbulent stressg wyus >, local wall shear stress,, (inferred from velocity measurements)
and surface pressures.

9. Storage size and data formatThe data are stored in a series of ascii files organized into directories Bgymelds
number of the run. For each Reynolds number there are several filesféedifrotation numbers, and for mean
and fluctuation quantities. Total data size: 85 kbytes

10. Contact person:

REFERENCES
NAKABAYASHI , K. & KITOH, O. 1996 Low Reynolds number fully developed two-dimensiondiulent channel flow
with system rotationJ. Fluid Mech.315 1.
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Data Sheets for:
Chapter 6.- Free Shear Flows
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SHLOO: Single Stream Plane, Incompressible Turbulent Mixing Layer

Wygnanski & Fiedler

1. Description of the flow: Single stream, plane mixing layer. One side at rest. The boundary legerse either
turbulent (tripped, supposed to be fully developed, based on La@pédysis) or laminar (aspiration is used).
Only self preservation region results are available. Self preservation addepi 2, ~ 3 x 10°.

2. Geometry: Rectangular exit, 18 cm x 51 cm Total length available: 80 cm. Contractigh T#ailing edge with
tripping wire.

3. Original sketch
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. Flow characteristics: One stream mixing layer. Mean velocity 12 mis= 1.

. Flow parameters: Mixing layer: Spreading rate, = 9.

. Inflow/Outflow/Boundary and Initial Conditions: Free stream turbulence lin long. velocity. Tripped bound-
ary layer.

. Measurement procedure:Mean and fluctuating longitudinal velocities are measured. Hot Wire Anenmpmxt
wire. Linearity assumed. Analog measurements.

. Available variables: Mixing layer data: growth rates, velocitiedl /U.; u2; v2; w?; @w; vu?; vw?; uw?;

uv?; ud; v3; w3 (+ skewness, flatness) Dissipation ter(rf&: ) fori = 1, 2, 3 andj = 1, 2. + Micro scales.

Turbulent kinetic energy balance. One dimensional spectra and two poretatmns ®,.: space £ andy) and
time, R,,: time), intermittency functions. Measurement locations: 29 to 80 cm.

. Storage size and data format:Format is ASCII. Data are tabulated from printed forms. 70 Kb.
10.

Contact persons:

Prof. H. Fiedler
TU Berlin, Hermann- Fottinger-Institut
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Strasse des 17 juni 135, D-1000 Berlin 12, Germany.
Phone: (49) 30 314 23359

Fax: (49) 30 314 21101

E-mail: hfiedler@hobo.pi.TU-berlin.de

or

Prof. I. Wygnanski

AME dept. Tucson, AZ 85721, USA,

Phone: (602) 621 6089

Fax: (602) 621 8191

E-mail: wygy@bigdog.engr.arizona.edu

REFERENCES
WYGNANSKI, |. & FIEDLER, H. E. 1970 The two-dimensional mixing regiah.Fluid Mech.41, part 2, 327-361.
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SHLO1: Plane, Incompressible Turbulent Mixing Layer. Influence of initial
conditions. Vel. ratio 0.6

Bell & Mehta

1. Flow description: Two stream, plane mixing layer. The boundary layers can be either turkitdgmped, fully
developed, based on shape factor) or laminar. The development of thedWers

2. Geometry: Rectangular exit, 36 x 91 ¢ Total length available: 366 cm. Useful length: 250 cm. Splitter plate
trailing edge: * wedge. Edge thickness 0.25 mm.

3. Original Sketch:

Wide angle 5000 CFM blower
diffusers 5 HP motor

Honeycomb
and screens
2-D contraction

Test
section

000 CFM

blower

| 20 HP motor
Side-wall adjustment for

pressure gradient control All dimensions in cm

4. Flow characteristics: Two streams mixing layer. Mean velocities 15 m/s; 9 m/s< 0.25

5. Flow parameters: Boundary layers: Laminar BLd = 0.4/ 0.44mm;f = 0.53/0.61. mm; H = 2.52/2.247 =
0.72/0.91x1073, Ry = 525/362. Turbulent BL§ = 7.6/8.5 mm;§ = 0.82/0.94 mm; H = 1.5/1.5C; = 5.3/4.86
x1073; Ry = 804/567. Mixing layer: Spreading ratés, /dz (from erf function)= untripped: 0.023; tripped:
0.019.

6. Inflow, outflow, boundary and initial conditions: Free stream turbulence 0.%5n longitudinal velocity and 0.0%
in transverse vel. Initial boundary conditions are either natural @blybpre-transitional) or tripped by means of
thin wires 15 cm upstream of the trailing edge. Only global BL parameteriaga.g

7. Measurement procedure:Hot Wire Anemometry - X wire. A/D measurements (low frequency recordiRnum
chamber calibration. Mean and fluctuating velocities U, V and W are measured. Spamniations from 4% to
4%, depending on distance and tripping. Spanwise averaged.

8. Available variables: Boundary Layer data/., Cy, 6, 6.
Mixing layer data:U /Us; u2, v2, w?, o, uv?.
Streamwise mixing layer growth; Streamwise development of max. pyitngsulent stresse, u2, v2, w?).
8 measurement locations (cm): 7.8, 16.7,57.3, 77.6, 108.1, 1804,1250.3

133



9. Storage size and data format:The data are in ASCII format. 70 Kb.

10. Contact Person
Dr. R. D. Mehta
Fluid Dynamics Laboratory, NASA Ames Research Center
Moffett Field, CA 94305, USA.
Tel: (650) 604 4114; Fax: (650) 604 4511
E-mail: rmehta@mail.arc.nasa.gov

REFERENCES

BELL, J.H. & MEHTAR.D. 1990 Development of a Two-Stream Mixing Layer from Tripped anttipjped Boundary
Layers.AlAA J. 28, No 12, 2034-2042.
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SHLO2: Plane, Incompressible Turbulent Mixing Layer. Influence of Near
Plate Wake.

Mehta

1. Flow description: Two streams, plane mixing layer. The boundary layers are turbulepp¢uli fully developed,
based on shape factor). Depending on the velocity ratio, the wake ofdteeqan be present. The velocity ratio
ranges from 0.5 to 0.9. The development of the ML is given.

2. Geometry: Rectangular exit, 36 x 91 ¢in Total length available: 366 cm. Useful length: 250 cm. Splitter plate
trailing edge: * wedge. Edge thickness 0.25 mm.

3. Original sketch:

Wide angle 5000 CFM blower
diffusers 5 HP motor

a

Honeycomb

and screens
2-D contraction

Test
section

000 CFM

blower

| 20 HP motor
Side-wall adjustment for

pressure gradient control All dimensions in cm

4. Flow characteristics: Two streams mixing layer. Mean velocities: high speed side: 21 m/s, lowsig#: 10.5-
18.9 m/s.0.0526 < A < 0.333.

5. Flow parameters: Boundary layers: Tripped BL (second values correspond to the differenspeed side ac-
cording to the vel. ratio):d = 7.6/8.5 mm;f = 0.96/0.83-0.87 mm; H= 1.5; C; = 4./4.4-4.7x1073; Ry =
1,300/686-1,114.

Mixing layer: Spreading rate®,, /dX: from 0.0073 to 0.0318.
6. Inflow, outflow, boundary and initial conditions: Free stream turbulence 0.%5n longitudinal velocity and 0.0%

in transverse vel. Initial boundary conditions are tripped by mearsmfitires 15 cm upstream of the trailing edge.
Only global BL parameter are given. The velocity ratio are 0.5, 0.6, 087 009.

7. Measurement procedure:Hot Wire Anemometry - X wire. A/D measurements (low frequency recordiBgnum
chamber calibration.

Mean and fluctuating velocities: U, V and W are measured Spanwise variationgtig to 4%, depending on
distance and tripping. Spanwise averaged data.
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8. Available variables: Boundary Layer datal/., C, 4, 6.
Mixing layer data:U /Uy, u? /U2, v2 /U2, w0 /U2, uv/U3,, ww/U3..

Global parameters: Mixing layer growth. Streamwise development of mariprimary stressesig, u?, v2).
Streamwise development of velocity defe¢t/, ;. — U>)/(Uy — Us)). Variation of the growth rate versus the
velocity ratio.

8 measurement locations (cm): 12, 32, 73, 111, 144, 205, 236, 267
NB: The triple products were not given in the original paper.

9. Storage size and data format:The data are in ASCII format. 260 Kb.

10. Contact person:Dr. R. D. Mehta
Fluid Dynamics Laboratory, NASA Ames Research Center
Moffett Field, CA 94305-100, USA.
Phone: (650) 604 4114
Fax: (650) 604 4511
E-mail: rmehta@mail.arc.nasa.gov

REFERENCES

MEHTA, R.D. 1991 Effect of velocity ratio on plane mixing layer developmenfiuence of the splitter plate wake.
Experiments in Fluids 10, 194—-204.
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SHLO3: Plane, Incompressible Turbulent Mixing Layer. Natural and Forced.

Oster & Wygnanski

1. Flow description: Two streams, plane mixing layer. Two different blowers are used. Theitgtatio ranges from
0.3 to 0.6. Main results are available at 0.3 and, mainly, 0.6.

2. Geometry: Rectangular exit 0.5 x 0.6 Tn Total length available: 2. m. Contraction 1:7.3 Splitter plate trgili
edge: 3 wedge. Edge thickness (flap) 0.5 mm.

3. Original sketch:

Adjustable top
™ m and bottom plates

LI L] C I )
Test section

R

4. Flow characteristics: Two streams mixing layer. Mean velocity of the high speed side: 13.5 nds Speed
adjustable from 0 to 13.5m/9).25 < XA < 0.54

5. Flow parameters: The boundary layers are not examined. Detailed data are available at X = 1@@wmstream

of TE (considered as initial conditions). Reynolds number based owrityettifference and momentum thickness:
10t

6. Inflow, outflow, boundary and initial conditions: Free stream turbulence : 0.2%. Homogeneity of mean velocity
better than 1 %. Initial conditions are given at 100 mm downstream offthe T

7. Measurement procedure:Hot Wire Anemometry CTA - X wires. (10 kHz). Sampling 4kHz. Detailed aaltton.
Measured quantities: Mean and fluctuating velocity U. Measurement errors 1%and 206 on V.

8. Available variables: ‘Initial conditions’: for r = 0.6 (X = 100 mm)U /AU, u'/AU, v'/AU.
Mixing layer data: Integral quantitieg b; spreading rates for= 0.3, .4, .5, .6.
Mixing layer velocity data:

(@ r =0.3,0.4,0.5, 0.6 /AU, v'/AU for X = 20., 40., 60., 80., 100., 120., 140., 160. cm. (add 10 cm for
the 3 last cases).

(b) r = 0.6: v' /AU, ww/AU? for X = 30., 50., 70., 90., 110., 130., 150., 170. cm.
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NB Detailed data with trailing edge flapping are available: Mean and fluctuatireg (dat’, w’', u'v' and total
turbulent energy) for = 0.3, 0.4, 0.5, 0.6. Combination of 4 frequencies (30, 40, 50 and 50 Hz) amajpBtudes
(A=0.5,1.,1.5and 2 mm).

9. Storage size and data format:The data are in ASCII format. Data are tabulated from printed formsKh20

10. Contact person: Prof. I. Wygnanski, AME Dept. Tucson, AZ 85721, USA
Phone: (602) 621 6089
Fax: (602) 621 8191
E-mail: wygy@bigdog.engr.arizona.edu

REFERENCES
OSTER, D. & WYGNANSKI, |. 1982 The forced mixing layer between parallel streadn&luid Mech. 123 91-130.
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SHLO4: Plane, Incompressible Turbulent Mixing Layer. Vel. ratio 0.54

Delville, Garem & Bonnet

. Flow description: Two stream, plane mixing layer. The boundary layers are turbuleny @eleloped, based on
spectra, Log plot, etc. analysis). Development of the ML is given

. Geometry: Rectangular exit, 30 cm x 30 cm. Total length available: 120 cm. Useful X rh@@em. Contraction
1:16. Splitter plate: 1m long,°3vedge on 50 mm. Thickness at TE: 0.3 mm.

. Original sketch

F 1.2m long, 30cm x 30cm squared test section j
: Ua'=42.8mis
splitting plate e 'E}

T Upzas amis

fiters

ERRE

. Flow Characteristics Two stream mixing layer. Mean velocities 41.54 and 22.40 /s.0.3

. Flow parameters: Boundary layersd = 9.6/ 6.3 mmgp = 1.0/0.73 mmH = 1.35/1.37;Ry = 2900/1200.
Mixing layer: Spreading rates equivalent= 10.6; dj,,/ dz = 0.05.

. Inflow, outflow, boundary and initial conditions: Free stream turbulence level: 073 in longitudinal velocity.
Tripped boundary layers.

. Measurement procedure: Hot Wire Anemometry—X wires. Rakes (up to 48 wires). Non-linearized iatiitn
laws. Analog Mean and rms coupled with simultaneous sampling at 50 kHz.

Mean and fluctuating velocities are measured for the 3 components.

. Available variables: Boundary layer datdl/; u?

Mixing layer dataU /U ; u?; v2, w?; uv

vu2; vw?; vw?; ww?; ud; v3; w3 (+ skewness, flatness)
Dissipation terms from spectra. Turbulent kinetic energy balance. Spedttevaipoint correlations.

Single wire measurements at 24 downstream locations, from 3 cm up to 100 cm

Probability Density Functions of 2 components of velocity at X = 600.rRrd.f. ofvelocity differences 2 compo-
nents, at X = 600 mm, for 3 reference positions (on the axis, in theleatttl outside of the ML). The difference
are determined for transverse (y) separatind for time separations (on the axis only).

. Storage size and data format:The data are in ASCII format. 17 Mb.
A detailed report is included in the present databasén Postcript (PDF) format, including drawings and discus-
sions.
Not provided here, but available, huge size for raw data, see ERCOFTAChdae (typically between 20 and
100Mb).

139



10. Contact person:Dr J. Delville
LEA-CEAT, University of Poitiers, 43 rue de I'’Aérodrome, F-&8®Poitiers cedex France
Phone: (33) 0549 53 70 57
Fax: (33) 054953 7001
E-mail: delville@univ-poitiers.fr

REFERENCES
DELVILLE, J. 1995 La décomposition orthogonale aux valeurs propres et |'anddysorganisation tridimensionnelle des
écoulements turbulents cisaillés libres. These, Univ. Poitiers

DELVILLE, J., BELLIN, S., GAREM, J.H. & BONNET J.P. 1988 Analysis of structures in a turbulent a turbulent plane
mixing layer by use of a pseudo-flow visualization method based het-ariemometry. Advances in Turbulence, |l
Fernholz and Fiedler eds., Springer, pp 251.
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SHLO5: Time Developing Turbulent Mixing Layer Simulations

Rogers & Moser

. Description of the flow: The flow is a fully turbulent time-developing mixing layer. Initiednditions are taken
from two realizations of a parallel turbulent boundary layer. Three cases@tsled that differ in the details of
their initial conditions (se§7).

. Geometry: The time-developing mixing layer is spatially homogeneous in treastwise and spanwise directions
and develops in an infinite domain in the cross-stream direction, héthatyer thickness growing in time without
bound.

. Sketch: None needed

. Flow characteristics: The simulated turbulent mixing layers evolve through a “transitjperiod in which the
boundary layers turbulence provided as an initial condition is changediolénce characteristic of a mixing layer.
There is clear evidence (Rogers & Moser, 1994) that during this transitie layer undergoes Kelvin-Helmholtz
rollup, though the rollers are far from two-dimensional in some ca&eghe layer grows, so do the rollers, which
have been observed to pair, at least locally. Depending on the case the m@les may not persist throughout
the simulated development (see Rogers & Moser, 1994). All except Cas#vé ¢hrough a period of self-similar
growth (see table 5).

. Flow parameters: The only relevant parameter in this flow is the Reynolds number. Floawntfies are nondi-
mensionalized by the initial momentum thickné§s and the velocity difference between the two-streams of the
mixing layerAU. In these units the Reynolds number of all three cases is 800. The@Rsyrumber based on the
(evolving) momentum thickness grows to be as large as 2420.

. Numerical methods and resolution: The numerical method used in these simulations is that of Spalart, Moser
& Rogers (1991). It is a spectral method in which the streamwise and spaspatial variations are represented
using Fourier series, and the cross-stream dependence is represented apibea polynomial expansion based on
Jacobi polynomials. The formally infinite cross-streafndirection was mapped to the intervak (—1, 1) by the
mappingy = tanh(y/yo). See Spalart al (1991) for details.

Both the mapping parametes,, and the number of Fourier and Jacobi polynomial modes in the represer(fgti,
N, andN;, wherez andz and the streamwise and cross-stream directions respectively) were vaoedtleach
simulation as the Reynolds number increased. The variation is shaabl@6.

. Boundary and initial conditions: The formally infinite homogeneous streamwise and spanwise direciens
truncated to a finite size and periodic boundary conditions are impd$eddomain sizes are2562, and31.2559,

in the streamwise and spanwise directions respectively, wiferis the initial momentum thickness of the layer
(see Rogers & Moser, 1994). In the cross stream direction, the camldie that:(y) — +1/2AU asy — oo,
whereu is the streamwise velocity component and all other velocity componentszgra. AU is the free-stream
velocity difference.

The initial conditions for the simulations were constructed usimg tealizations of an incompressible turbulent
boundary layer computed by Spalart (1988). The momentum thickneselsyrumbeiRze, of the boundary layer
was 300, and in the units of the mixing layer simulatiéns %(5,”. If the two boundary layer velocity vector fields
are writtenuy (x, y, z) andua(z,y, z), where0 < y < oo, —L, /2 < z < L, /2, and the wall is ay = 0. Then the
basic initial condition fielda! (z, y, z) (for case 1) is given by

1 _ 111(3772/72) ) Z 0
u (mayﬂz) - {RUQ(—CU,—:I/,Z) y < 0 ) (l)

whereR is a reflection operator that changes the sign ofithady components of a vector, leaving theomponent
unchanged.

The initial condition fields for cases 2 and@(andu?® respectively) are constructed from those of case 1 by

L.
| .
W) = Wt [ el ds
z JO
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y Self-Similar  dé,, /dt
Period

Casel 0 105<t< 150 0.014
Case2 4 100<t< 150 0.014
Case3 19 {0<t<125) (0.017)

Table 1: Case information for the mixing layer simulations. Initiahdition parametey is defined ing7. The growth
ratedsd,, /dt is for the self similar period. In Case 3, there is no convincing seiflar period, the growth rate and period
shown are for an approximate similarity period as discussed in RogereseiM1994).

Time Ny x Ny x N, Yo

Casel 0-34.9 256 x 120 x 128 4.0
34.9-87.3 512 x 180 x 128 4.0
87.3-104.2 512 x120x 192 4.0
104.2-150.0 512x 180x 192 6.0
150.0-187.5 512 x 210 x 192 6.0
187.5-250.0 384 x 180 x 128 8.0

Case2 0-77.9 256 x 120 x 128 4.0
77.9-150.0 256 x 180 x 128 6.0
Case3 0-17.3 256 x 120 x 128 4.0

17.3-85.4 384 x 120 x 128 6.0
85.4-175.0 384 x 160 x 128 8.0
175.0-250.0 384 x 220 x 128 11.0

Table 2: Specification of numerical parameters for time developing turboleding layer simulations from Rogers &
Moser (1994).

L.
j _ 1 Vi 1
‘1;(3772/72) - uy(xay72)+ L7/0 uy(a:,y,z) dZ

where; = 4 and 19 forj = 2 and 3 respectively. The initial condition fields provided with this d=tae include
boundary layer realizations similar to those used for initial condstioere.

8. Averaging procedures and uncertainties:All the data provided from these simulations is obtained by comgutin
the appropriate quantities from the simulated velocity fields and aveyagithe homogeneous spatial directians
andz. There are three sources of uncertainty in this data. First are the nuntisicagtization errors introduced
in the numerical simulations. The simulations were done with greattoaesure that the discretization errors are
negligible (Rogers & Moser, 1994).

The second source of uncertainty is statistical, which arises from congpthite averages over a finite domain size
for a single realization. An estimate of the magnitude of this error easbibained by realizing that the ideal profiles
will be either even or odd ig, depending on the quantity. Departure from this ideal behavior gesvan estimate

of the error. In particular, if the profile of a quantigyshould be even (for example), then the magnitude of the odd
part (¢(y) — q(—y))/2) relative to the even partd(y) + ¢(y))/2) is an estimate of the relative error due to limited
statistical sampling. Such estimates can be computed from the data proridedif the measured quantities are
considered to represent the evolution of this particular flow, withethgsticular initial conditions, then there is
no statistical error. However, it is not clear how comparisons to LES candake in this sense, since LES is only
expected to be valid statistically.

The third source of uncertainty is due to the finite domain size ohthmerical simulation. However, if an LES is
done in the same domain with the same periodic boundary conditi@rsa comparison can be made without error
due to the domain size.

9. Available variables: For each of the three cases, data is provided at several times throughltiteawaf the flow,

as indicated in table 1. Given are the mean velotity), the velocity variancesug, v2, w?), and the Reynolds
stresuw.

In addition to this data at discrete times, the time evolution oftilbenentum and vorticity thickness is provided.
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10. Storage size and data format:The data is in ASCII files, organized into directores according to initinb@dmns.
Total data size: approximately 1 Mbyte of total storage.

11. Contact person:

Michael M. Rogers

NASA Ames-Research Center, Moffett Field, CA 94035, USA
Phone: (415)-604-4732

E-mail: mrogers@nas.nasa.gov

or

Robert D. Moser

Dept. Theoretical and Applied Mechanics, University of lllinois
104 S. Wright St., Urbana, IL 61801 USA

Phone: (217)-244-7728
E-mail: r-moser@uiuc.edu.

REFERENCES

ROGERS M. M. & M 0SER R. D. 1994 Direct simulation of a self-similar turbulent mixingéayPhys. Fluidss, 903—
923.

SPALART, P.R. 1988 Direct numerical study of a turbulent boundary layer upeto= 1410. J. Fluid Mech.187, 61-98.

SPALART, P.R., MOSER R.D. & ROGERS M.M. 1991 Spectral methods for the Navier-Stokes equations with one
infinite and two periodic directiond, Comp. Phy96, 297-324.
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SHLOG6: Plane, Incompressible Turbulent Mixing Layer. Influence of External
Turbulence.

Tavoularis & Corrsin

1. Flow description: Two-stream, plane mixing layer. The mixing layer develops withirgaificant turbulence level.
The development of the ML is given.

2. Geometry: Square test section, 3056 30.5 cn¥. Total length available: 330 cm. Contraction 9:1 before the
channels and turbulence generators. Each of the two streams originated atléte af five parallel channels,
equipped with fine-mesh screens at their upstream ends and turbulence enhaggiagtheir downstream ends.
The solidities and numbers of the screens were adjusted to produce itiegl ciesan velocity ratio.

3. Original sketch
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4. Flow characteristics: Two-stream mixing layer. Mean velocities 10 m/s; 21.4 m/s:z 0.36. The flow outside the
mixing layer resembled grid-generated turbulence, with near zero shear strassaalydequal, decaying normal
stresses. Although integral length scales in the “grid turbulencedinsgiave not being reported, one may roughly
estimate their initial values by half the channel size (15 mm).

5. Flow parameters: Reynolds number based on vorticity thickness: from 45 to §3 Mixing layer spreading rate:
o = 32.

6. Inflow, outflow, boundary and initial conditions: Typical turbulence levels: 4% of local mean velocity, isotropic
(resp. 2.5% and 5 % in term of conv. vel. 15.7 m/s).

7. Measurement procedure: Hot Wire Anemometry CTA, pm- single and X wires. Two single wires for space
correlations with 0.1 mm accuracy in space. No information on calibratioogglure. Measured quantities: Mean
velocities U. Turbulent data: 2 components. Space correlations for 3 dinecti

8. Available variables: Near the origin (no splitter plate), x = 30 cm: U (m/8)/U,, v' /U,; u'v' Ju'v'.

Mixing layer developmentt/ /AU, u'/AU, v' /AU, ww/AU?
Three detailed measurement locations (cm): 76.2 (2.5 h); 122 (4); $98(5.

Autocorrelations for some y locations (axis, intermed. and edge) for & enY. longitudinal, transverse and shear
stress components.

Two-point correlations: for some y locations (axis, intermed. and efdge)= 76 cm. longitudinal, transverse and
shear stress components, with separations in x, y and z directions.
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9. Storage size and data format:The data are in ASCII format. 40 Kb.

10. Contact person: Prof. S. Tavoularis
Department of Mechanical Engineering. University of Ottawa, 770 King&dwivenue
Ottawa, Ontario KIN 6N5, Canada.
Phone: (613) 5625800 ext. 6271
Fax: (613) 562 5177
E-mail: tav@eng.uottawa.ca

REFERENCES

TAVOULARIS, S. & CORRSIN, S. 1987 The Structure of a Turbulent Shear Layer Embedded in Turbulehgs. Fluids
30(10), 3025-3033
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SHL10: No-shear Turbulence Mixing. (Vel. ratio 1.)

Veeravalli & Warhaft

1. Flow description: Mixing between two turbulent streams of same velocity but different charstiter The flow
is created by two sets of grids (or perforated plates) with same soliditdifferent spacings. The mixing layer
develops within a significant turbulence level (0.1% to 2%). Thesiggment of the ML is given.

2. Geometry: Square test section, 40:640.6 cnt. Total length available: 425 cm (Useful length: 253 or 168 cm).
Three grids or perforated plates: 3.3:1; 8.9:1 and 3:1 (solidity QI8 splitter plate.

3. Original sketch:

y Homogeneous decaying y (m)
large-scale region A
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n W —
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— iXing layer
M, _LM 1
! T
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x +0.203 0 —0.203
Homogen~nous decaying
o small-scale region

4. Flow Characteristics ‘Turbulence’ mixing layer. Mean velocity 6 m/s

5. Flow parameters: Three sets of turbulence data are available. Reynolds numbers: meangi@e)d from 1744 to
15 539; Turbulence (Taylor microscale): from 18 to 96.5.

6. Inflow, outflow, boundary and initial conditions: Turbulence levels from 0.1% to 2%

7. Measurement procedure: Hot Wire Anemometry CTA, gdm- X wires. Sampling 45 kHz. Measured quantities:
Mean velocities U. Turbulent data: 3 components. The homogeneity is beiteb% (average 2 %) outside of the
ML.

8. Available variables:

Global Flow parameters are given at the first downstream locatioh):integral lengths, Rnumbers etc. Decay
rates and evolution of half width thickness. Evolution of the inktjme scales. Mean velocity profiles. Produc-
tion/dispation ratio. RMS of the three velocity components for 3mastiveam locations. Observations on approx. 60
cm (of order of 50 meshes). Higher orders moments (3 and 4) for the thlegity components and three locations.

9. Storage size and data formatThe data are in ASCII format. Data are tabulated from printed forms.l60 K
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10. Contact person: Prof. Z. Warhaft
Cornell Univ., Sibley School of Mech. Engg., 244 Upson Hall
Ithaca, NY 14853-7501 USA.
Phone: (607) 255 3898
Fax: (607) 255 1222
E-mail: zwl6@cornell.edu

REFERENCES
VEERAVALLI, S. & WARHAFT, Z. 1989 The Shearless Turbulence Mixing Layker-luid Mech.207, 191-229

VEERAVALLI, S. & WARHAFT, Z. 1990 Thermal Dispersion from a Line Source in the Shearless Eurt@ Mixing
Layer, J. Fluid Mech.216, 3570
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SHL20: Supersonic Plane Turbulent Mixing Layer, M, = 0.62

Barre, Quine, Menaa & Dussauge

1. Flow description: Two stream supersonic/subsonic, plane mixing layer. The boundaryilayke supersonic
stream is turbulent (fully developed, based on spectra, Log plot , etc.sig)alpevelopment of the ML is given.

Two set of data are provided. They correspond to two slight differeahgements of a wind tunnel. The results
obtained for the common data are comparable but not exactly identical.ath@mvided are complementary. The
user then should consider the two sets of results as independent fldess some averaging process (not provided
by the authors) can be used to collapse the data.

2. Geometry: Rectangular exit, 15 cm x 14 cm.

Thickness at TE~ 0.1 mm.

3. Original sketch:

{ / Ay / 7 J

M, U, Ty, T, py }
95 mm
Ty'//ﬁ

Porous
bronze plate

50 mm

/

4. Flow characteristics: Two stream mixing layer, one side supersonic, the other subsonic. Machers, supersonic
side: 1.79; Subsonic side: 0.3. Convective Mach Number: 0.62

5. Flow parameters: Low pressure settling chambe0(6 x 10°Pa). Turbulent boundary layer in the supersonic
stream:d = 9.7mm; § = .78mm; Cy = 2.02x 10~3; Ry = 1.57 x 10*. (Very thin boundary layer on the subsonic
side, typically less than 1 mm)

6. Inflow, outflow, boundary and initial conditions: Free stream turbulence level: supersonic siggU; — Us) ~
0.3%, subsonic side, /(U1 — Us) ~ 1%

7. Measurement procedure:Pitot tube, temperature probe. Constant Current Anemometry, simgleMode separa-
tion through Morkovin’s (1956) fluctuation diagram (14 overheabstiMeasured quantities: Mean and fluctuating
longitudinal velocities.uv component through mean momentum balance. The turbulent heat flux is alédeplo
through the integration of the mean total enthalpy equation. Temperfaatuations ant velocity/temperature cor-
relations.

8. Available variables: Boundary layer data, 5 mm upstream of the TE in the supersonic side aimgNayer data :
Mean values, (dimensional dat) Py, T, U, p, pu, Re, Entropy, Viscosity.

Fluctuations: (dimensionless dafg)/T;; (pu)’21/2/(pu); w2, T?/T?; T'u'/TU; R.r; puv' (indirect). The
Strong Reynolds Analogy (Morkovin 1962)y — 1)M?(u'/U))/(T'/T) is also tested.
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Measurement locations: -5; 1; 8; 16; 32; 64; 80; 100; 120; 140; 180, 200 mm.
N.B.Two-point statistics will be available under request to the g@oerson.

9. Storage size and data format:The data are in ASCII format. 180 Kb.

10. Contact person:Dr. J.P. Dussauge
IRPHE, 12 av. Général Leclerc, F-13003 Marseille France
Phone: (33) 04 91 50 54 39
Fax: 04 91 41 96 20
E-mail: dussauge@marius.univ-mrs.fr
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BARRE, S., QUINE, C. & . DUSSAUGE J.P 1994 Compressibility Effects on the Structure of Superddixing Layers:
Experimental Resultsl. Fluid Mech.259 47-78.
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MORKOVIN M.V. 1962 Effect of compressibility on turbulent flonGolloque sur la récanique de la turbulenc€ollo-
gues Internationaux du CNRI®8
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SHL21: Supersonic/Subsonic Plane Turbulent Mixing Layer. M. = 0.51-0.86

Samimy & Elliott

. Flow description: Two stream supersonic/subsonic, plane mixing layer. The boundaryilayke supersonic

stream is turbulent (fully developed, based on spectra, Log plot, etc.sig)alpevelopment of the ML is given.

. Geometry: Rectangular exit, 15 cm x 15 cm.

Thickness at TE~ 0.5 mm.

. Original sketch:

At ttittttttthtLLLthbh bbby

M,. U,
—

w—]p
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TUERKEERRRTRRERRRRRREREESEEAENANNNNNNN

. Flow characteristics: Two stream mixing layer, one side supersonic, the other subsonic. Machers, supersonic

side: 1.8; 2.; 3. Subsonic side: 0.45. Convective Mach Number: 0.64; 0.86

. Flow parameters: High pressure settling chambe2.65 x 10> Pa). Turbulent boundary layers in the supersonic

stream (Mach 3M, = 0.86): § = 9.2mm; 0§ = 0.75mm; Ry = 4.0 x 10*. (Mach 1.8,M, = 0.54): § =
8mm; 6 =0.5; Ry = 2.15 x 10%.
The boundary layers in the subsonic stream are very thin (typicallyHasslmm).

. Inflow, outflow, boundary and initial conditions: Free stream turbulence level: supersonic sigg(U; — Uz) <

1%, subsonic side,, /(U; — Us) < 0.5%.

. Measurement procedure:2D LDV 2048 samples. Measured quantities: Mean and fluctuating velocities M.and

. Available variables: Boundary layer data, supersonic side dr = 0.51 and 0.86. Mixing layer dataty 5; Yo 1;

Yo.9; Temperature; Mach, Reynolds,d,; o; etc...

U U, u2; v2; uw, u3; wuw; wov; u®; ul; v*; (metric and non-dimensionalized).

Measurement locations: 60; 120; 150; 180; 210 mmAfor= 0.51. X=120; 150; 165; 180 mm fde/, = 0.64. X=
180; 210; 250 mm foi/,. = 0.86.

. Storage size and data format:The data are in ASCII format. 80 Kb.
10.

Contact person: Prof. M. Samimy

Dept. Mech. Engg., The Ohio State Univ. 206 West 18th av.
Columbus, OH 43210-1107, USA.

Phone: (614) 292 6988

Fax: (614) 292 3163

E-mail: samimy.1@osu.edu
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439-445.,

SAMIMY, M., REEDER, M.F. & ELLIOTT G.S. 1992 Compressibility effects on large structures in free sheas.fldw
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10.

SHL22: Supersonic Plane Turbulent Mixing Layer, M. = 0.525-1.04

Bonnet, Barre & Debisschop

. Flow description: Two-stream supersonic/subsonic, plane mixing layer. The boundagy laythe supersonic

stream is turbulent (fully developed, based on spectra, Log plot, etc.sig)alpevelopment of the ML is given.
N.B. A full set of experiments are obtained at convective Mach number 1.04, pitbsaure drop, see last reference.
Data not provided here but available upon request.

. Geometry: Rectangular exit, 15 cm x 15 cm Total length available: 50 cm.

Splitter plate: 80 cm long,. thickness at TE~ 0.3 mm.

. Original sketch:

Sonic throat Supersonic nozzle

g n Supersonic side (1)

—=

il Subsonic side (2)

R
PRI PR —

Settling chamber

. Flow characteristics: Two stream mixing layer, one side supersonic, the other subsonic. Machers, supersonic

side: 1.48; 1.65; 1.76; 2.; 3.2. Subsonic side:
0.2—-0.4 Convective Mach Numbers: 0.525; 0.535; 0.58; 0.64; 1.04.

. Flow parameters: High pressure settling chambed (x 10° to 12 x 10°Pa). Turbulent boundary layers in the

supersonic streami = 12mm; 0 = .97; .96; .96; .76; .66mm; Ry = 6.8; 8.64; 8.64; 6.8; 6.3 x 10*. The
boundary layers in the subsonic side are very thin (typically lessthan).

Mixing layer: Spreading rates depends on convective Mach number.

. Inflow, outflow boundary and initial conditions: Free stream turbulence level: supersonic and subsonic sides

~ 04/(U1 - Uz)%

. Measurement procedure: Laser Doppler velocimetry: ONERA System and Aerometrics system, S&@ding.

Measured quantities: Mean and fluctuating velocities (2 components). Meastemees are estimated to% in
mean and 4% in rms.

. Available variables: Boundary layer data, supersonic side for M Z\8,(= 1.04): U; u2; v?; uw.

Mixiﬂg layer data:Ys 5; Yo.1; Yo.0; Temperature; Mach, Reynolds,d.; dstanford; 0; €tC...
U, u?; v2, uv; vu?; uv?; u?; v3; (+ skewness, flatness)
Measurement locations: 2; 10; 70; 125; 150; 180; 210; 240; 265;328bmm.

. Storage size and data format:The data is in ASCII format. 300 Kb.

Contact persons:Dr J.P. Bonnet

LEA-CEAT, University of Poitiers, 43 rue de I'’Aérodrome, F-&8®Poitiers cedex France
Phone: (33) 054953 70 31

Fax: (33) 0549537001

E-mail: bonnet@univ-poitiers.fr
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Dr S. Barre

LEA-CEAT, University of Poitiers, 43 rue de I'’Aérodrome, F-&8®Poitiers cedex France
Phone: (33) 0549 53 70 05

Fax: (33) 054953 7001

E-mail barre@univ-poitiers.fr

REFERENCES
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Exp. Thermal and Fluid Scienc@ 147-155.

BARRE, S., BRAUD, P., CGHAMBRES, O. & BONNET, J.P. 1997 Influence of inlet pressure conditions on supersonic
turbulent mixing layersExp. Thermal and Fluid Scienc#4, N. 1, 68-74.
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SHL30: Round turbulent jet

Hussein, Capp & George

1. Description of the flow: Axisymmetric jet discharging from a circular orifice into a large rooithvgtagnant air.
Only the self-preserving far-field is of interest here.

Figure 1: Flow configuration

2. Geometry: The only geometrical parameter of interest in the case of an axisymmetrisy@tdsinto nominally
infinite surroundings is the exit diametBr= 1 inch (= 2.54 cm).

In reality, the room into which the jet discharges is of finite size haténclosure was kept large and designed to
minimize the backflow momentum (Fig. 2). It should be noted thateéhdges not issue from an orifice in the wall
but the exit is34 ft from the end wall. The enclosure had@x 16 ft cross-section and &2 ft long.

3. Original sketch

16

10
6 ’/
Jet —
origin &%_

h\

n

v

82

4

Figure 2: Layout of jet facility (dimensions in feet)

4. Flow characteristics: After an initial development region, the flow develops self-presgridehaviour: the jet
spreads linearly with, i.e.

dryjy/dr = const=0.094,
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10.

wherer, /, is the jet half-width defined in Fig. 1, and the velocity on the centredlindecays as

(U/U;) = Bi(ﬂ?/D—ﬂTo/D) (here B, = 5.8)

wherez, is the virtual origin of the jet (hereo/D =~ 4). In the self-preserving region, lateral profiles of all
guantities at various collapse when made dimensionless with the local centre-line velogciand the downstream
distance from the virtual origim; — z, or alternatively the local jet half-width ;. Hence, only similarity profiles,
the spreading ratér, ,,/dx and the decay constait, need to be given to define the jet behaviour in the self-
preserving region. The mean velocity was found to be self-similar fat/D > 30; profiles of the turbulence
quantities measuredaf D = 70 and100 were found to be self-similar (measurementsab = 70 are presented).

. Flow parameters: The Reynolds number based on the exit velotigyand the exit diameteb is Re = Uy D /v =

9.55 x 10*. The exit velocity i/, = 56.2 m/s and the turbulence level in the exit flow(i$8%.

. Inflow/Outflow/Boundary and Initial Conditions: The mean velocity and turbulence intensity across the jet exit

was measured with a hot-wire probe. The boundary layer at the jet lip wasdamith a thicknessgs = 0.7 mm
so that the exit profile was near top hat. The momentum flux in the setepving portion of the jet is 85% of the
momentum flux at the exit.

In any case, the self-preserving state of the jet should be independaatioflow conditions.

. Measurement procedures:Velocity measurements were carried out with stationary hot-wires, flyitgvire and

a burst-mode Laser-Doppler anemometer (LDA). The hot-wire-anemonwtages were digitized and processed
on a computer. The stationary hot-wire has limitations in this flmeesthe local turbulence intensity ranges from
30% at the centre-line to a value above 100% towards the edge. The flyingide is moved with a velocity of
7.5 m/s so that the effective turbulence intensity seen by the wire is lagsliP% at all locations. A two-channel
LDA was used working in the back-scatter mode with frequency shift. Sidneals were processed with a counter
using the resident time weighting technique. The results obtainédthst flying hot-wire and the LDA are very
similar but distinctly different from those obtained with a statipnhot-wire. Because of the problems of stationary
hot-wires in high-intensity flows, only the former results wi# included here. The quantities measured are the
mean velocity, the Reynolds-stress components, the triple corredggecond-order moments) and the dissipation
rate on the assumption of the turbulence being locally axisymmetrianBas of the turbulent kinetic energy and of
the individual Reynolds-stress components were constructed frese theasurements.

No explicit information is given on the measurement errors and unceesiior the various quantities. The mea-
sured shear-stress distribution agrees well with the distributi@uledéd from the mean velocity and the spreading
rate, giving confidence in the measurements of the second moments. Thestaesgenerally higher than measured
previously with stationary hot-wires and in the outer region theyalso higher than the measurements obtained by
Panchapakesan and Lumley (1993) with a moving hot-wire, but in a jesevReynolds number was smaller by a
factor of 10. There are some uncertainties about the measurements ofsipatiia rate leading to a fairly large
pressure-diffusion term near the axis so that the balances presented ageiahisss reliable and are not included
in the data provided. They can be obtained from the original paper.

. Available variables: Spreading ratér; ;, /dz = 0.094, decay constant for centre-line velociy, = 5.8, similarity

profiles in analytical form ot/ /UL, Ww/UC, WW/UC, WW/UC, u'v' /U, versus) = y/(z — xo)

. Storage size and data format:Format is ASCII.

Contact person: Prof. W.K. George
University of Buffalo, SUNY, 339 Engg East, 14260 Buffalo, NY, AIS
E-mail: tribill@eng.buffalo.edu

REFERENCES

HUSSEIN, H.J., PP, S.P.AND GEORGE, W.K. 1994 Velocity measurements in a high-Reynolds-number, mament
conserving, axisymmetric, turbulent jét,Fluid Mech.258 31-75.

PANCHAPAKESAN, N.R.AND LUMLEY, J.L. 1993 Turbulence measurements in axisymmetric jets of air and hélantn
. Air jet, J. Fluid Mech.246, 197-223.

155



SHL31: Plane turbulent jet

Gutmark & Wygnanski

1. Flow description with sketch: Two-dimensional plane jet discharging from a rectangular orifice (sitit)stagnant

ambient. Only the self-preserving far-field is of interest here.

Figure 1: Flow configuration

2. Geometry: The only geometrical parameter of interest in the case2dd glane jet issuing into nominally infinite

surroundings is the slot width which was= 1.3 cm.

However, the finite size of the room into which the jet discharges méyeince the jet development and hence
information on the size of this room is given in Fig. 2. The orificasw.3 cm wide and50 cm long. The jet
developed between two walls 20 x 200 cm size forming top and bottom, and screens were installed to eliminate

most room draughts.

3. Original sketch

A v i
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d , 200 cm
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200 cm l
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Figure 2: Schematic diagram of experimental apparatus.

4. Flow characteristics: After an initial development region, the flow develops self-presgridahaviour: the jet

spreads linearly with, i.e.

dy,2/dx = const= 0.1,
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wherey /, is the jet half-width defined in Fig. 1, and the velocity on the centredlindecays as

(Uo/U)? = (2/D —20/D) (here 4, = 5.32)
wherez, is the virtual origin of the jet (hereo/D =~ 3). In the self-preserving region, lateral profiles of all
guantities at various collapse when made dimensionless with the local centre-line velogciand the downstream
distance from the virtual origin; — o, or alternatively the local jet half-widtl, ,,. Hence, only similarity profiles,
the spreading ratéy, ,,/dxz and the decay constant, need to be given to define the jet behaviour in the self-
preserving region. The authors state that the flow was found to beresiérving beyond/D > 40, but some of
the profiles of turbulence quantities indicate that self-preservatiorm@ztanly beyond: /D = 100.

5. Flow parameters: The Reynolds number based on the exit veloGifyand slot widthD is Re = Uy D /v = 3 x 10*.
The turbulence level in the exit flow 2%.

6. Inflow/Outflow/Boundary and Initial Conditions: The jet exits from a slot in the wall. Detailed measurements
are not provided at the jet exit. A top-hat velocity profile was aimed atdyygua strong nozzle contraction. That
this was nearly achieved is indicated by the fact that the momentum flux jettse89% of the momentum flux at
the exit, assuming a top-hat profile.

In any case, the self-preserving state of the jet should be independhbgtinflow conditions.

7. Measurement procedures:The mean-velocity profile was measured with a Pitot tube and a singl@iteprobe.
The latter was also used to measure the longitudinal fluctuations vkkilether two fluctuating components were
measured with x-wires and single inclined wires (constant temperature ameterovith linearizers). Further quan-
tities measured are the intermittency factor, the Reynolds stresdeaweitaging performed only over the turbulent
zones, two-point velocity correlations, dissipation terms and micresctiple correlations. The turbulent kinetic
energy balance was constructed by assuming local isotropy for deterntieingstous dissipation.

No direct information is given on the measurement errors. However, #asuned shear-stress distribution agrees
fairly well with the distribution calculated from the mean-velocity fileand the spreading rate, giving some con-
fidence in the measurements of the second moments. The normal stressescasdirable agreement with the
measurements of Heskestad (1965), and fonth@ndw-components this is true also for other measurements re-

viewed in Rodi (1975), but the latter show up to 20% smaller valueﬁclJP/UC. Hence, strangely, there is some
uncertainty about this quantity. There are even greater uncertainties hbonéasurements of higher moments and
the terms in the kinetic energy balance so that these are not includeddatén@rovided. They can be obtained
from the original paper.

8. Available variables: Spreading ratdy, »/dxz = 0.1, decay constant for centre-line velocity, = 5.32, similarity

profiles of /U, w2 > ju., w2 ju,, w'”

0))

9. Storage size and data format:Format is ASCII.

/Ue, u'v' /U, versusy/y, ;» (and the corresponding= y/(z —

10. Contact person: Prof. . Wygnanski
AME dept. Tucson, AZ 85721, USA,
Phone: (602) 621 6089
Fax: (602) 621 8191
E-mail: wygy@bigdog.engr.arizona.edu

REFERENCES
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HESKESTAD, G. 1965 Hot-wire measurements in a plane turbulengje&ppl. Mect32, pp. 1.

RobDI, W. 1975 A review of experimental data of uniform-density free tleht boundary layers, iBtudies in Convectign
\ol. 1, ed. B.E. Launder, Academic Press, London.
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Data Sheets for:
Chapter 7.- Turbulent Boundary Layers
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TBLOO: Flat plate, zero-pressure-gradient TBL

Smith & Smits

1. Description of the flow: Flat-plate, zero-pressure-gradient TBL.

2. Geometry:

The experiments were conducted in a long, subsonic, open return windlthiaving a rectangular cross-section.
Test section dimensions were m8long (streamwise), by 1.22 wide (spanwise) by 0.1& high (wall-normal).

3. Sketch: None needed.

4. Flow characteristics

The mean flow was approximately two-dimensional as evidenced by agreemetiiewttomentum integral equa-
tion to within £7%. A settling chamber and 6:1 contraction (described below) minimized freamstturbulence
levels. The outer wall, opposite the measurement wall, was contourdditoize the streamwise pressure gradient.

5. Flow parameters

The working fluid was air at existing ambient temperature and pressurebiefimconditions were monitored
throughout all experiments, and the temperature did not vary by rhare@.2C' during any given run. Using
an upstream pitot tube, the tunnel flow speed was set to obtain a unit BeynonmberRe,,,;; = 2,100,000+3%

for all runs. The free stream flow speed was approxima®&ly./s. Mean flow measurements were obtained at ten
streamwise locations, providing momentum-thickness Reynold®artsmanging from 4,601 to 13,189. Turbulence
measurements were made at two streamwise locations, at Reynolds numBeys06,000 and 13,000. The static
pressure coefficient varied by less than 4% over the length of the test section

Flow parameters for the mean flow data files

T Reg 5+ UOo Uref Ur Of 1) o* 0 H II 5109/5
(mm) (m/s) | (m/s) | (m/s) (mm) | (mm) | (mm)
1.021| 4,601 | 1,500| 33.32| 33.16| 1.291| .00300| 18.35| 2.98 | 2.18 | 1.37 | .513| .264
1.161| 4,980 | 1,609| 33.39| 33.06| 1.285| .00296| 19.82| 3.20 | 2.36 | 1.36| .513| .327
1.302| 5,388 | 1,705| 32.46| 32.19| 1.234| .00289| 21.31| 3.48 | 2.56 | 1.36| .545| .292
1.451| 5,888 | 1,847 | 33.41| 33.03| 1.261| .00285| 23.02| 3.76 | 2.77 | 1.36| .543| .314
1.721| 6,866 | 2,058 | 33.40| 33.12| 1.225| .00269| 26.65| 4.44 | 3.26 | 1.36| .646 | .290
2.021| 7,696 | 2,316| 33.84| 33.43| 1.229| .00264| 30.07| 4.93 | 3.63 | 1.36| .642| .307
2.523| 9,148 | 2,712| 34.03| 33.69| 1.220| .00257| 35.73| 5.83 | 4.32 | 1.35| .638| .300
3.023| 10,347| 3,089| 33.11| 32.81| 1.173| .00251| 41.46| 6.58 | 4.92 | 1.34| .640| .271
3.542| 11,608 | 3,490| 33.41| 33.23| 1.179| .00249| 47.04| 7.34 | 552 | 1.33| .601| .302
4124 13,189 4,005 | 32.97| 32.82| 1.154| .00245| 54.49| 8.28 | 6.28 | 1.32| .578| .279

Flow parameters for the turbulence data files

T Reg (5+ UOO U,aef Ur Cf ) o* 0 H II (S[og/(s
(mm) (m/s) | (m/s) | (m/s) (mm) | (mm) [ (mm)
1.021| 5,021 | 1,518 32.85| 32.26| 1.236| .00283| 19.29| 3.33 | 2.40 | 1.39| .660| .310
4.124] 13,052| 4,087 | 33.04| 32.27| 1.170| .00251| 54.98| 8.13 | 6.22 | 1.31| .502| .313

6. Inflow, outflow, boundary and initial conditions:

Ambient air entered the tunnel through a large bell-mouth, passedytheoboneycomb flow-straightener, having a
grid size of 6.3nmand a depth of 76hm and into a settling chamber. The settling chamber was @.%ing and
contained a series of five screens oriented perpendicular to the flow diréltiefirst screen was of openness ratio
67% (mesh size 0.Bamby 0.9mm), and the last four screens were of openness ratio 63% (mesh sigaibg
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1.3mm). The flow exited the settling chamber, passed through a two-dinreai€ial contraction, and entered the
test section.

Downstream, the flow leaving the test section entered a short, two-diomah diffusor, followed by a longer, three-
dimensional diffuser. In the two-dimensional diffusor, a row oftex generators prevented separation on the outer
wall. A final screen placed between the two diffusor sections helped reduce fateadimess.

7. Measurement procedures:

Static pressure coefficent data were obtained from pressure taps alongttvéireeof the tunnel test wall. At ten
streamwise locations, mean velocity profiles were measured via Pitot guobeys.

Turbulence measurements were made using single normal-wire hgpwebres operated in the constant temperature
mode. Reynolds stresses were measured using crossed-wire probesiddentasure andv, and theru andw.

The hot-wire anemometer circuits contained symmetrical bridges to enhauogeefrcy response. For all runs, the
frequency response was at leastG%z

Maximum error in percent relative to the measured value

Rey y P Rl el v el RIS e i g
~5,00 | yT~17 | 16| - | - - - - - - | -
y/6~01] 5 |10 5 | 10 | 6 3 4 | 5 |UA| 5

y/6~07| 3 | 5| 3 5 | 4 1 1 | 2 |UA| 2

~ 13,000 | y*~17 | 16| - | - - - - - - - | -
y/S~01| 5| 7] 5 7 |6 1 4 | 2 |UA| 2

y/6~07| 3 | 5| 3 5 | 4 1 1 | 2 |UA| 2

8. Available variables

Mean flow data consist of mean velocity profiles, static pressure coefficiethtslkan friction coefficient at ten
Reynolds numbers. Turbulence data consist profiles of mean and mearésgalaies , as well as third and fourth
order moments, of the three velocity components. Profiles of thenduw Reynolds stresses andv anduv? are
also available. The README file accompanying the data provides full deshthe available data.

9. Storage size and data format:Data are in ASCII files, requiring approximately 50 Kb of storage. A REAEYile
provides details about file formats.

10. Contact person: Prof. Alexander J. Smits
Director, Gasdynamics Laboratory, Department of Mechanical and AerospacesEngmn
Princeton University, Princeton, NJ 08544, USA
Tel: (609) 258 5117; Fax: (609) 258 2276
E-mail: asmits@pucc.princeton.edu
http://www.princeton.edu/ gasdyn/People/L&mits.html

REFERENCES

SMITH, R. W. 1994Effect of Reynolds Number on the Structure of Turbulent BoundamrkaPh. D. thesis, Department
of Aerospace and Mechanical Engineering, Princeton University, Referenceend8®4-T (for a full description of the
data)

DUSSAUGE, J.P., ERNHOLZ, H.H., BNLEY, J.P., $ITH, R.W., SvITS, A.J. & SPINA, E.F. 1995Turbulent Boundary
Layers in Subsonic and Supersonic FJAAMGARDograph335
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TBLO1: Turbulent Boundary Layer with No Pressure Gradient

Spalart

. Description of the flow: Numerical simulation of a two-dimensional boundary layer with zero presgradient.

. Geometry: Smooth flat surface, periodic spanwise and streamwise with multiple-soatections to model the
streamwise growth. Data from two sets of simulations are include#, ising the same numerical code and flow
parameters. In Spalart (1988) the streamwise extent of the numerifal i 100 6*, and the spanwise extent
is L, = 2546*. The simulations in Chaciet al (1996) are run in a computational box only half as long in the
streamwise direction.

. Sketch: Not needed

. Flow characteristics: The flow is intended to model conditions in a zero-pressure-gradiemdaoy layer at a
given streamwise position. The computational box is short enouagttlie streamwise growth is not significant,
and this is explicitly used in the computational scheme. Four cases wegreatlyi computed, corresponding to
Res+ = 250, 500, 1000, 2000, and used to estimate the slow growth parameters of the boundary layet, avh
then used in the code. Only the two middle ones are included as datase¢sthay are now recognised as having
the best numerical quality.

. Flow parameters: Within classical thinking,Rey fully describes the flow. For the two sets includetk, =~
300, 670. The free stream is nominally quiet, but the periodic boundary comditare roughly equivalent to a
“tripped” layer. Trip “memory” is clearly an issue for the first set butlpaibly not for the second. The Reynolds
number of the first data set is also marginal for fully developed terimé, which is traditionally expected to exist
only aboveRey = 320, but this case is used as inlet condition for the simulation in TBla2t, an instantaneous
flow field is included here for that purpose.

. Numerical methods, resolution and resulting uncertainties:The numerical scheme is fully spectral, Fourier in
the streamwise and spanwise directions and Jacobi normal to the wallagledah the three directions by th¢3

rule Spalart (1986; 1988). The multiple-scale procedure discusseplalart (1988) provides a fair approximation
to the streamwise growth effects, including entrainment. The spacimgbetcollocation points idz+ ~ 20 and
Azt ~ 7, and the stretched grid in thedirection is adjusted to have 10 points within the first 9 wall sinfthe size

of the collocation grid for the lower Reynolds number case in Spal@&§)lis(128 x 50 x 96) in thez-, y- andz-
directions. For the high Reynolds number if256 x 64 x 192). For the shorter computational boxes in Chatial
(1996) the resolution is maintained by halving the number of streasmibdes. Grid refinement studies conducted
in Spalart (1988) for the lower Reynolds number case suggest tha@tion errors due to resolution should be
below 2%. Time step is adjusted to a maximum local CFL of 2 (Spalart 1986)

. Boundary and initial conditions:

(a) Domain size and truncation: Domain size is given above. Wall normal grid is mapped exponentially avith
scale proportional to the displacement thickness.

(b) Boundary conditions: Periodic spanwise. No-slip at the wall and free-slip at the top of timeadw, which is
far in the free stream.

(c) Inlet and initial conditions: Flow is streamwise periodic with the corrections mentioned above. ifhdas
tion is run until the flow is statistically stationary.

. Averaging procedures and resulting uncertainties: Statistics are compiled after the flow becomes statistically
stationary, and accumulated during= 200¢* /U, corresponding to about two full flow-throughs at the free
stream.

. Available variables: At Ry = 300 and 670, profiles from Spalart (1988) contgi/, v, v'2, w'2, —u/v’, and the
budgets ofu'2, v'2, w'2, —u'v'. Viscous diffusion and dissipation are distinct, but not presstnan and pressure
diffusion.

One instantaneous flow field is included for each Reynolds number fromCéizaii(1996), which is essentially a
re-computation of the original flow fields.
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10. Storage size required and present format of the data66 Kb, ASCII file for the profiles. 5 Mb binary files for the
low Reynolds number flow field. 17 Mb for the high Reynolds numbe.o

11. Contact person: For Spalart (1988): P. R. Spalart
Boeing Commercial Airplane Group, P.O. Box 3707, Seattle, WA 981287 2USA
e-mail:spalart@nas.nasa.gov

For Chaciret al(1996): B. Cantwell
Dept. Aeronautics and Astronautics, Stanford U., Stanford, CA 94383,
e-mail: cantwell@leland.stanford.edu

REFERENCES

CHACIN, J.M., CANTWELL, B.J. & KLINE, S.K. 1996 Study of turbulent boundary layer structure usingrihariants
of the velocity gradient tensor. To appeadirExper. Thermal and Fluid Sci.

SPALART, P.R. 1986 Numerical simulations of boundary layers: Part 1. Weak fatmon and numerical methoddASA
TM-88222.

SPALART, P.R. 1988 Direct numerical study of a turbulent boundary layer upeto= 1410, J. Fluid Mech.187, 61-98.
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TBL10: Turb. B.L. in Adverse Pressure Gradient

Marusic & Perry

1. Description of the flow: Two flows, called 10APG and 30APG, with upstream velocities of 10m/s @ma/8. Both
start in zero pressure gradient and are then acted upon by an approximatedytadserse pressure gradient.

2. Geometry: Flows develop on the 940mm wide floor of an open return blower typelwinnel. A contraction
area ratio 8.9:1 leads to a 4.3m long working section with 68 presappengs along the floor streamwise centre
line. Pressure gradients are imposed by heavy screening at the downsffaaer dnd by varying the angle of 12
adjustable louvers in part of the working section roof. The incloratf the first 1.45m of the working section roof
was varied to obtain an approximately zero pressure gradient on the floor.

3. Sketch:

Heavy screening

Screen

e

— 4300 1 — 2480 !

Working section Diffuser

Figure 1: Details of working section (dimensions in mm).

4. Flow characteristics: Two two-dimensional adverse pressure gradient turbulent boundasy flayvs far from
equilibrium.

5. Flow parameters: Free stream turbulence intensity 0.3%.
Mean flow parameters, see table below.

z(mm) Ue/ur H Ry
(10APG)
1200 23.6 1.43 2206
1800 25.4 1.44 3153
2240 28.1 1.49 4155
2640 31.5 1.58 5395
2880 34.5 1.64 6395
3080 38.4 1.73 7257
(30APG)
1200 26.4 1.40 6430
1800 28.2 1.41 8588
2240 30.1 1.44 10997
2640 32.9 1.49 14209
2880 35.2 1.54 16584
3080 38.1 1.60 19133

x is the streamwise directiob, is the velocity at the edge of the boundary layer; friction velocity; Ry, momen-
tum thickness Reynolds numbéf; shape factor.

6. Inflow, outflow boundary and initial conditions: Should be taken from initial and final profiles and imposed
pressure distribution.
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10.

. Measurement procedures:

(a) Measured Quantities: Mean flow profiles, Reynolds shear stresses, all three components of yhel&e
normal stresses and measured spectra.

(b) Measurement Errors: Not cited

(c) Other supporting information: Mean flow profiles from pitot-static probe. Wall shear from Clauser chart
and Preston tube. Turbulence quantities from stationary and flying ¥ines.

. Available variables: Mean flow profiles, Reynolds shear stresses, all three components of yheléenormal

stresses and measured spectra.

. Storage size required and file format:Profiles 50 Kbytes, Spectra 6 Mbytes. ASCI| files.

Contact person: I. Marusic

Department of Mechanical and Manufacturing Engineering, University of Metie Parkville, Victoria 3052,
Australia

e-mail:ivan@mame.mu.oz.au

REFERENCES
MARUSIC, I. & PERRY, A.E. 1995 A wall-wake model for the turbulence structure of boundtyers. Part 2. Further
experimental suppord. Fluid Mech.298, 389-407.
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TBL11: Turb. B.L. in Adverse Pressure Gradient; Numerical

Spalart & Watmuff

1. Description of the flow: Numerical simulation of a two-dimensional boundary layer with seqakyfiavourable
and adverse pressure gradients. The simulation was intended to reptjpaterental data, compiled especially for
that purpose, and which are also included in the data set. Only the sionutatescribed here. For a description of
the experiment, see Watmuff (1990); Spalart & Watmuff (1993).

2. Flow geometry: 3-D computational box, periodic in the streamwise,and spanwise-directions, with streamwise
corrections discussed above. All lengths are expressed in meters whidieslare normalised with the free-stream
velocity U, at the inlet. The useful length of the experimental flat plate was 1.5 ntharigbundary layer was tripped
atz = 0.15. Free-stream pressure was controlled by a contoured upper wall, conveagent £ 0.2 to 0.6 and
divergent thereafter. The resulting pressure distribution is shioviine sketch below. The computational region
extends fromx = 0.3 to 1.1, but only the region from = 0.4 to = 1 is considered useful, The rest is used by the
numerical “fringes” described below. The boundary layer remains attached ahd tginning of the comparison
region, is fully turbulent with thickness of the order&f= 1.9 mm. The spanwise extent of the computational box
is L, = 0.09.

3. Sketch:
0.5
computed
useful
o 0.0F |
o5
0.0 0.5 1.0 1.5 2.(
x (m)

Figure 1: Computational domain and experimental pressure distmibotitside the boundary layer.

4. Flow characteristics: The flow accelerates from@, near 0 to near0.4, which helps erase the memory of the trip
and of the inflow condition. After that th€, returns to about-0.05 in the region covered by the DNS, although
the experiment went farther. The boundary layer remains attached, and thickénisreachesRey ~ 1750 and
H =~ 1.6. A zero-pressure-gradient boundary layer at the sBmewould beH =~ 1.45.

5. Flow parameters: The Reynolds number per meterd8 x 10°, and Rey is 530 at the beginning of the com-
parison region. The pressure coefficients are given in the sketch. @&stheam is nominally quiet and the two-
dimensionality of the experiment was checked to be of the order of 1-2¥spanwise distances of 20 cm.

6. Numerical methods, resolution and resulting uncertainties: Fully spectral method, Fourier in the and z-
directions. Jacobi polynomials in matched to an exponential mapping (Spattil 1991). Streamwise boundary
layer growth is compensated by a “fringe” method in which an extra term ieahtp the equations im = (0.3 —
0.4) andz = (1 — 1.1), restoring the outgoing flow to the desired inflow condition (Sgadavatmuff 1993). The
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collocation grid is(960 x 82 x 320). Dealiasing is done in the three directions by 28 rule. Based on the highest
mean skin friction in the box, the distance between collocation pointis = 20, Az* = 7.3. The wall normal
stretched grid has 10 points belgww = 9. Numerical quality parameters are discussed in Spalart & Watmuff
(1993).

7. Boundary and initial conditions:

(a) Domain size and truncations: The boundary layer is essentially fully developed as it reaches the domain
numerical domain, and relaxes further due to the favourable pressuiergrathe lateral extent of the large
eddies was estimated from the two-point correlation function to beeobttier of 0.02 at = 1, compared to
the computational box sizk, = 0.09.

(b) Boundary conditions The pressure distribution outside the boundary layer is coatt@ll the experiment by a
contoured upper wall. In the simulation, it is controlled by tailgrthe behaviour of the wall-normal velocity
at boundary at largg. Velocity and stress profiles are given at inflow. Outflow is not critical.

(c) Inlet or initial conditions: Generated by the fringe method described above.

8. Averaging procedures and resulting uncertainties:Mean values are averaged over the span, and over time. A
filter of streamwise widths 0.02 is also applied. The statistical sample is formed by 100 velocity field&roty a
total time of abou®.81/U,, or about one full flow-through.

9. Available variables: The simulation data are givenat= 0.55 to 1 by 0.05. The file hag, U, V, C,, u'2, v'2, w2,
—u/v'. The same data are given from an accompanying experimentfrem.2 to 2 by 0.05, in TBL12.

10. Storage size required and file format:67 Kbytes, ASCII file.

11. Contact person:P. R. Spalart
Boeing Commercial Airplane Group
P.O. Box 3707, Seattle, WA 98124-2207, USA
e-mail:spalart@nas.nasa.gov

REFERENCES

SPALART, P. R., MOSER R. D.AND ROGERS M. M. 1991 Spectral methods for the Navier-Stokes equations with one
infinite and two periodic directiond, Comp. Phy<96, 297-324.

SPALART, P.R. & WATMUFF, J.H. 1993 Experimental and numerical investigation of a turbulentdbary layer with
pressure gradients. Fluid Mech.249, 337-371.

WATMUFF, J.H. 1990 An experimental investigation of a low Reynolds numindruient boundary layer subject to an
adverse pressure gradieh®89 Ann. Res. Brief€TR, Stanford, pp. 37-49.
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TBL12: Turb. B.L. in Adverse Pressure Gradient; Experimental

Watmuff

1. Description of the flow: Incompressible, two-dimensional, turbulent boundary-layer flowvistream of a trip the
pressure gradient is initially favourable to allow the turbulencm#ture without undue increase in Reynolds num-
ber. The pressure gradient then becomes adverse. The experiment was espaasdtytd match the conditions of
the direct numerical simulation TBL11.

2. Geometry: Flow develops on the 1.0m wide 2.1m long floor of an open returnéidype wind tunnel. A contrac-
tion area ratio 5:1 leads to the initially 0.24m high working sectiBressure gradients are imposed by a flexible
ceiling and the test section has two Plexiglas sidewalls.

3. Sketch:

Fringe
0.4 5 s

Period

037 Ceiling

Y 0.2 Flow
0.1 Trip Z_.I:'_i._v:. Comparison region L s
v e : e v A A A A A
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0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
X

Figure 1: Flow configuration (from Spalart & Watmuff, 1993).

4. Flow characteristics: Two dimensional favourable and adverse pressure gradient turbulemddxy layer flow.

5. Flow parameters: Free stream turbulence intensity at end of contraction is 0.2%. Referenaityélp, ; at
entrance to the test sectian= 0, is 6.5 m/s giving a reference unit Reynolds number of 4.28°xm~!. Reynolds
numbers based upon momentum thickness are below 1600, well withiartge for which ‘low-Reynolds-number
effects’ are known to occur in zero pressure gradient.

6. Inflow, outflow boundary and initial conditions: From initial and final profiles and imposed pressure distribution.
7. Measurement procedures:

(a) Measured Quantities: Wall static pressure distribution, skin friction distributjonean flow profiles, Reynolds
shear stresses, all three components of the Reynolds normal stressedloMeard Reynolds stress profiles
measured at 50mm intervals along tunnel centreline from0.2m to 2.0m, i.e. 37 profiles.

(b) Measurement Errors: Not tabulated but some discussion in references.

(c) Other supporting information: All mean velocity and turbulence data obtained from normal and X wire
hot-wire probes attached to a high-speed three-dimensional computesteshtraversing mechanism. Wall
static pressure measured at 44 tappings. Skin friction from Predtes.tu

8. Available variables: As in Measured Quantities, above.
9. Storage size required and present format of the data65 Kbytes ASCII file.

10. Contact person: P. R. Spalart
Boeing Commercial Airplane Group, P.O. Box 3707, Seattle, WA 981287 2USA
e-mail:spalart@nas.nasa.gov
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REFERENCES
SPALART, P. R. & WATMUFF, J. F. 1993 Experimental and numerical study of a turbulent boundaey Veiyh pressure
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TBL20: Closed Separation Bubble

Alving & Fernholz

1. Description of the flow: Turbulent boundary layer on a smooth, axisymmetric body exposedadwarse pressure
gradient of sufficient strength to cause a short region of mean revens€dgkparation’). The pressure distribution
is tailored such that the boundary layer reattaches and then develops inreatipaero pressure gradient.

2. Geometry: The test surface was a hollow aluminium circular cylinder, 1.65m intkeagd 0.25m in diameter, its
axis aligned with the flow and preceded by a 0.3m elliptical nose cone. Thelaoulayer was tripped at the nose-
cone/cylinder junction. The test surface was surrounded by a conceetficrated cylinder forming the outer wall
(diameter 0.61m) and ended at a perforated end plate. This outer wall was shagfemlyasn the sketch below, to
produce an adverse pressure gradient at the start of the test cylinder.

3. Sketch:
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Figure 1: Sketch of the facility.

4. Flow characteristics: Flow over and downstream of an adverse pressure gradient induced separhbén G he
flow reattaches in a mild adverse pressure gradient and then develops innaihorero pressure gradient.

5. Flow parameters: Reference Reynolds numb&ly, .. /v = 1.62 x 105/m. Free stream turbulence intensity 0.2%.
Mean flow parameters, see table below.

6. Inflow, outflow boundary and initial conditions From initial and final profiles and imposed pressure distribution.
7. Measurement procedures:

(a) Measured Quantities: Mean flow profiles, Reynolds shear stresses, all three components of yhel&e
normal stresses third and fourth order moments.
(b) Measurement Errors: For pulsed wire:? + 5%, —uw + 20%, v? + 30%.

(c) Other supporting information: Mean flow profiles and turbulence quantities from single and X hot wires
except in regions of reverse flow or high turbulence intensity whalgep wires were used. Wall shear from
Clauser chart and pulsed wire.

8. Available variables: Mean flow profiles, Reynolds shear stresses, all three components of yheltRenormal
stresses third and fourth order moments.

9. Storage size required and file format:206Kbytes, ASCII file.
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a:(m) ¢ Cp de/da: Up/Ut Xw Cfc[ Cfpw 699(m) 0(m) H Rey
0.175 -2.2 0.398 2.18 0.75 0.0 0.00185 0.00249 0.0149 0.0a29 2850
0.275 -15 0.566 1.34 0.65 9.6  0.00057 0.00065 0.027 0.0048 24850
0325 -1.2 0.595 0.58 0.61 28.0 0.00031 0.00026 0.034 0.0a63 6850
0.425 -0.6 0.623 0.27 0.61 74.0 -0.00025 0.047 0.0076 3.2 0752
0.525 0.0 0.656 0.32 0.57 47.0 0.00005 0.051 (0.0078) (2.420Q@)
0.625 0.7 0.679 0.19 0.57 7.0 0.00057 0.00080 0.063 0.01189 210400
0.725 1.3 0.688 0.056 0.56 0.2 0.00110 0.00151 0.066 0.01235 111200
0.825 1.9 0.690 0.036 0.56 0.0 0.00160 0.00193 0.074 0.01295 111700
0925 2.6 0.689 -0.010 0.56 0.0 0.0020 0.0022 0.079 0.01293 111700
1.025 3.2 0.688 -0.024 0.56 0.0 0.0022 0.0024 0.079 0.01237 111400
1225 4.4 0.6856 -0.019 0.55 0.0 0.0025 0.0026 0.090 0.01330 111900
1475 6.1 0.685 0.000 0.56 0.0 0.0026 0.0027 0.103 0.01485 113300

Table 1:2 streamwise from tripwire locatiol; = (2 — Zreatt)/ (Treatt — Tsep); Tsep = 0.361m; Tpeqrr = 0.518 m;U, /Uy
potential velocity extrapolated to wall / velocity at throgt, probability of reverse flow at the wal; ¢, from Clauser
plot; C,,, from pulsed wire;Rey momentum thickness Reynolds numb&rshape factor.

10. Contact person: A.E. Alving
Aerospace Engineering & Mechanics, University of Minnesota, Minneapdhs55455, USA
e-mail:alving@aem.umn.edu

REFERENCES

ALVING, A.E. & FERNHOLZ, H.H. 1996 Turbulence measurements around a mild separation bubblewnsitceam of
reattachmentl. Fluid Mech.322, 297-328.

ALVING, A.E. & FERNHOLZ, H.H. 1995 Mean-velocity scaling in and around a mild, turbulent separhtibble Phys.
Fluids 7, 1956-1969.
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TBL21: Mild Separation Bubble

Na & Moin

1. Description of the flow: Numerical simulation of a turbulent boundary layer with adverse preggadient and a
closed mild separation bubble.

2. Flow geometry: 3-D computational box: the streamwise extent of the dom&lals);,,, the vertical heighti§4 67,
and the spanwise extentis ¢;,, whered;, is the displacement thickness at the inlet of the computational domain

(see sketch below). All values are normalised withand with the free-stream velocity, at the inlet.

3. Sketch:
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Figure 1: Computational domain of separated turbulent boundary layer.
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Figure 2: Mean streamlines.

4. Flow characteristics: A suction-blowing velocity profile was prescribed along the upper dawnof the com-
putational domain to create an adverse-to-favourable pressure gradieptdaduces a closed separation bubble.
Turbulent structures emanating upstream of separation move away fromalliato the shear layer in the detach-
ment region and then turn around the bubble. Iso-surfaces of negedsaupe fluctuations which correspond to the
core region of the vortices show that large-scale structures grow shta layer and merge with one another. They
then impinge on the wall and subsequently convect downstream. The chatac&rouhal numbest = fo7, /U,
associated with this motion ranges between 0.0025 to 0.01. The locafitims maxima of wall-pressure fluctua-
tions and Reynolds shear stress occur downstream of the reattachment zotoewr Giots of two-point correlation
of wall-pressure fluctuations are highly elongated in the spanwisetdin inside the separation bubble implying
the presence of large 2-D roller-type structures. The convection welieiérmined from the space-time correlation
of pressure fluctuations is as low@&83U, in the separated zone and increases downstream of reattachment.

5. Flow parameters: The Reynolds number based on inlet momentum thickness and maximum mesmn\gise
velocity at inlet is 300. The height of the separation bubble is abauirtiet boundary layer thicknegs: 20 d;,,),
and its length is abouts ¢;,.
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6. Numerical methods, resolution and resulting uncertainties:The incompressible Navier-Stokes and continuity
equations are integrated in time using a semi-implicit scheme witimibdified fractional step procedure (Le &
Moin 1991), which advances the velocity field through the Runge-Kuttateps without satisfying the continuity
equation. Continuity is only enforced at the last substep by solvidgisson equation. A low-storage, third-order
Runge-Kutta scheme (Spalart 1987; Spaétral 1991) is used for treating convective terms explicitly and the
second order Crank-Nicholson scheme is used for implicit treatment adwgsterms. All spatial derivatives are
approximated with second-order central difference schemes. The grid spacindgdrm in the streamwise and
spanwise directions. Based on the inlet wall shear velatity ~ 18.3 andAz* ~ 10.5. In the wall-normal
direction the grid spacing is minimum at the wally, .~ 0.11, and maximum in the free-streanyy}, ., ~ 22.7.
The number of cells in the grid B12 x 192 x 130, in x, y andz.

7. Boundary and initial conditions:

(a) Domain size and truncations:See point 2 above

(b) Boundary conditions The suction-blowing velocity profile shown in Figure 3 is presedlalong the upper
boundary of the computational domain.

'06 L L L L
0 50 100 150 200 250 300 350

Figure 3: Suction-blowing velocity distribution along the uppetndary.

(c) Inlet or initial conditions
Inflow turbulence is generated by sequentially feeding at the inflow plarezarf DNS field randomised by
amplitude factors. Phase angle information is considered more iardthan the amplitude factor in that
it is closely related to turbulence structures, and the phase angles abies fiield are not changed during
the procedure of generating inflow turbulence. The technique attempst fohgsically realistic velocity
fluctuations using an already validated DNS data and superposes them on engaerelocity profile at the
inflow plane. The mean velocity profile is taken from zero-pressure grasimndation in Spalart (1988) at
Rey = 300 (see TBLO1). Using a single realisation of his 3-D flow field, th@&components of the velocity
fluctuationsu’; (=, y, z) are calculated by subtracting the mean velogitfy) from the instantaneous velocity
uj(z,y,2),

u;(a:,y,z) :U’j(mayvz)_aj(y)a (1)

From Fourier coefficients obtained by transformirign the streamwise and spanwise directions,

a;(kza y,k.) = |’U‘;'|€wa

a new field is constructed by jittering’;| with real random numbexrs, in the range).8 < a,, < 1.2,

(ﬂ;)new = au(kz, Y, kz)|ﬂ;| eitp (2)

The new coefficients are transformed back to physical space to obtain a flogtualcity field, which is then
superimposed on the long-time mean velocity profile, and fed into theuatational domain using Taylor’s
hypothesis. In other words, the streamwise coordimatéthe input field is fed as inlet boundary condition at
the timet = «/U., whereU., is a convection velocity. It was checked that chandiagn the rangd.8U, — U,
resulted in negligible differences in the statistics of a zero-presgadient turbulent boundary layer, and
consequently/. = U, was used throughout the present study. After the whole randomisedsfield into the
inlet plane, it is recycled by using a new setaf in (2). At the exit of the computational box, a convective
boundary condition is used.
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8.

10.

11.

Averaging procedures and resulting uncertainties:

The mean velocity components, turbulence intensities, and pressure alatedlan a staggered grid. Thus, the
pressure is obtained at cell centres and velocities at the cell surfaces. Staigticges were performed over the
homogeneous spanwise direction and time and, hence, single poiricstatie functions of both andy. The data
were sampled every 10 calculation time steps, at equal time intekvals: 0.347, /Uy, and the total averaging time
was2250 97, /U,, equivalent to about 7 “flow-through” times, defined as the full traveétof fluid particles outside

n

the separation bubble.
An idea of the statistical uncertainties can be had from the r.m.s. valihe dime-averaged field of the spanwise

velocity w, which should vanish everywhere. The spatial average of this mean field(s %, but its spatial r.m.s.
value is1.5 x 10~2, which is 5% to the r.m.s. value of the velocity itseff = 0.03.

The correlation functions are averaged over 60 instantaneous fields separatédtimne units. They therefore
correspond to roughly one fifth of the averaging time for the meanegalulheir statistical uncertainty can be
estimated by comparing the zero-separation correlations with the tutlntensities of the longer averages. The
differences are,

u v w W

4% 3% 8% 7%

. Available variables: Two-dimensionalz —y) maps of mean and r.m.s fluctuations of the three velocity components

and pressure, plus,, Reynolds shear stress (Figures 4-5). Because of staggered-mesh numetiuad,nthe
velocities are known at the cell faces, while the pressureuaimda two-dimensional projection, are known at the
centres. This has been respected in the time-averaged flow fields, which arerthsepfirated into three files, each
with its own, slightly staggered, grid. The Reynolds stressesiaea interpolated at the locations of both thand

v velocities.
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Figure 4: Contours of mean streamwise velocity.
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Figure 5: Contours of longitudinal turbulence intensities.

Two-point small-separation correlation functions of the, v-v, w-w, andu-v velocity components, computed for
six cross-flow slabs, centredat= 80.5, 122.4, 160.7, 220.0, 270.2, 321.1., and each one spannidgr ~ 7. These
locations are those for wich momentum balances are computed in (Na & M@@).IBhese are full five-dimensional
correlation functions ix, z’, y, y’, andz — 2/, as explained in chapter 2.

Storage size required and file format:Approximately 4 Mb of binary data for the averaged fields. Approximately
35 Mb of binary data for each of the six correlation slabs.
Contact person

Yang Na
U. lllinois, 104 S. Wright St., Urbana, IL 61801
e.mail: yangna@uiuc.edu
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TBL22: Small Separation Bubble on Isothermal Wall

Spalart & Coleman

1. Description of the flow: Numerical simulation of a small two-dimensional turbulent separatidoble, with heat
transfer on an isothermal wall.

2. Flow geometry: 3-D computational box, periodic in the streamwise,and spanwise-directions, with streamwise
corrections discussed above. All values are normalised with the hHigiftthe computational domain and with
the free-stream velocity/, at the inlet. The streamwise extent of the domaif js= 10 and the spanwise extent
is L, = 1.43, but the useful region extends only fram= 1.3 to 8.7. The momentum thicknessat= 1.3 is
6 = 0.0105, and the temperature deficit thickness = 0.0119. The boundary layer thickness, defined by the 2%
spanwise vorticity isoline, i§ ~ 0.24.

3. Sketch: Not available.

4. Flow characteristics: The momentum and temperature boundary layers are turbulent at the infldinsamnelax in
a settling region, abouw long. Strong adverse and then favourable pressure gradients causeiceaegative
mean skin friction) and rapid reattachmentomrs 5.85 — 6.85. The highest point of the separating streamline is
y/d ~ 0.5. Instantaneous flow reversal occurs far upstream of mean reversal, and sisegl®dr. Surprisingly,
heat transfer peaks near separation. Also, negative turbulent kinetic garedjyction and counter-gradient heat
flux are found in a small region.

5. Flow parameters: Reynolds number based on the length of the useful region is abo@tdB®, ~ 230 at inflow.
Pr=0.71.

6. Numerical methods, resolution and resulting uncertainties: Fully spectral method, Fourier in the and z-
directions. Jacobi polynomials in matched to an exponential mapping (Spatil 1991). Streamwise boundary
layer growth is compensated by a “fringe” method in which an extra term iseaip the equations im < 1.3 and
x > 8.7, restoring the outgoing flow to the desired inflow condition (SpaaWatmuff 1993; Spalart & Coleman
1997). The collocation grid i&00 x 200 x 256), with 30 out of the 200 points in thg-direction above the upper
boundary aty = H. Dealiasing is done in the three directions by #78 rule. Based on the highest mean skin
friction in the box, the distance between collocation pointdis- = 20, Azt = 7.3. The wall normal stretched
grid has 10 points below" = 2.5. Numerical quality parameters are extensively discussed in Spalart & Coleman
(2997).

7. Boundary and initial conditions:

(a) Domain size and truncations: The main problems in this simulation are the short settling refporthe
incoming boundary layer after the inlet fringe, and the low Reynoldsber. The boundary layer never attains
a fully-developed profile and, in particular, never develops a |dgaii law. Also, there is no space for a
proper recovery of the layer after reattachment.

(b) Boundary conditions The flow is controlled by suction and blowing through an inviscidrimary aty = H,
given by
WOP/UO = —\/§Vofexp(0.5 - 52), where g = (l‘ - :L‘C)/O',

andV, = 0.435, z. = 6.5 ando = 1.22. Inflow velocity, temperature and stress profiles are given. Velocity
and temperature fields are turbulent at inflow. Outflow is not critical.

(c) Inlet or initial conditions: Generated through the fringe method described above.

8. Averaging procedures and resulting uncertainties:Mean values are averaged over the span, and over time. A
filter of streamwise widthx 0.1 is also applied. The statistical sample is formed by 429 velocity and tetyper
fields, covering a total time of aboRd H/U,, or about 2.4 full flow-throughs.

9. Available variables: At 12 streamwise stations, wall-normal profiles of méari/, T, ¥, u'2, v'2, w'2, —u/v, T*2,

=T, =T, w2, w2, w2. Also the wallC}, andC; and Stanton numbers.

10. Storage size required and file format:About 500Kbytes, ASCII file.
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11. Contact person: P. R. Spalart
Boeing Commercial Airplane Group, P.O. Box 3707, Seattle, WA 981287 2USA
e-mail:spalart@nas.nasa.gov

REFERENCES
COLEMAN, G.N. & SPALART, P.R. 1993 Direct numerical simulation of a small separation bulitleConf. on Near-
Wall Turbulent FlowsMar. 15-17, ASU, Tempe, AZ. (So, Speziale & Launder, editors). EseRir7-286.

SPALART, P.R. & CoLEMAN, G.N. 1997 Numerical study of a separation bubble with heat trartséieop. J. MechB
16, 169-189.

SPALART, P. R., MOSER R. D.AND ROGERS M. M. 1991 Spectral methods for the Navier-Stokes equations with one
infinite and two periodic directiond, Comp. Phy96, 297-324.

SPALART, P.R. & WATMUFF, J.H. 1993 Experimental and numerical investigation of a turbulenhdhaty layer with
pressure gradients. Fluid Mech.249, 337-371.
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TBL30: Boundary Layer with Surface Curvature

Johnson & Johnston

1. Description of the flow: The effects of concave curvature on turbulent boundary layer structtgstigated using
flow visualisation and three-component LDA.

2. Geometry: Large, low-speed, free surface water channel. Inner, movable walls definewhehfinnel. Nominal
flow velocity 15 cm/s. Flow measured on vertical concave wall. Convex walbsite the test wall contoured to
minimize pressure gradients on the test wall. The channel width asdaraftstreamwise distance from the start of
the bend is given in the table below:

x (cm) w (cm) x (cm) w (cm)
-366.0 24.92 45.0 24.54
-244.0 25.66 71.0 24.67
-122.0 26.32 96.0 24.68
-69.0 26.61 122.0 24.82

2.0 25.52 147.0 25.32
20.0 24.21 172.0 25.36

3. Sketch:

R |
b4
b

¥

i

Figure 1: Dimensions in cm of the concave test wall.

4. Flow characteristics: Initially 2D turbulent boundary layer subjected to sudden concave cugvatentry to #0°
bend. By75° into the bend the boundary layers from concave and convex walls haveanerg

5. Flow parameters: Mean flow parameters, see table below.

6. Inflow, outflow boundary and initial conditions From initial and final profiles and geometry.
7. Measurement procedures:

(a) Measured Quantities: Mean flow profiles, Reynolds shear stres&y , all three components of the Reynolds
normal stresses and third and fourth order moments.
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Station

Flat 15° 300 45° 60°
z (cm) -56.0 35.6 71.2 106.8 142.4
Upw (CMIS) 15.19 15.32 15.12 15.05 15.26
u,(cm/s) 0.690 0.715 0.735 0.755 0.790
ol .00413 .00436 .00473 00503  .00536
Ja9 (CM) 7.98 9.29 10.19 11.62 12.51
9 (cm) 0.91 1.11 1.18 1.33 1.23
Ry 1455 1813 1904 2121 1952
H 1.41 1.33 1.29 1.24 1.20

Table 1:z streamwisel/,,,, potential velocity extrapolated to wadl;- friction velocity; Ry momentum thickness Reynolds
number;H shape factor.

(b) Measurement Errors: In U less thant1%, in velocity fluctuations less thah3%. In the transport terms,
vu?, vo?, andvw?, over 100% in some cases in the near wall regionafar 3% andC'y +5%. See references

for details

(c) Other supporting information: Mean flow profiles and turbulence quantities from two colour, three beam,
laser-Doppler anemometer. Flow visualization by coloured dye and lasaradduorescence.

8. Available variables: Mean flow profiles, Reynolds shear stres&p , all three components of the Reynolds normal
stresses and third and fourth order moments.

9. Storage size required and present format of the datad3Kbytes ASCII file.

10. Contact person: James P. Johnston, Thermosciences Division, Department of Mechanicaé&mggn Stanford
University, Stanford, California 94305-3030, USA. e.mail: jetam@vk.stanford.edu

REFERENCES
BARLOW, R. S. & DHNSTON, J. P. 1988 Structure of a turbulent boundary layer on a concave suifdéajd Mech.

191, 137-176.

JOoHNSON, P.L. & JOHNSTON, J. P. 1989 The effects of grid-generated turbulence on flat and concavkehitoundary
layers.ReportMD-53 Dept. of Mech. Eng. Stanford University.
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TBL31: Relaxing Turbulent Boundary Layer

Webster, DeGraaff & Eaton

1. Description of the flow: The investigation was performed in a low-speed wind tunnel havindithensions given
under "Geometry” below. Since the flow did not separate, hot-wire anemgpmveas sufficient for measurement
of the mean and fluctuating velocities. Because of the complex velocitygwodih oil-film technique was used to
measure local skin-friction. The uncertainty in the measurements is acoelotaldnd is summarized in the table.
Measurements were made at three momentum-thickness Reynolds number3®, and 4000. These are all
in the "low Reynolds number” range (ie., below 5000) but also thusiange to be calculated by LES without an
inordinate demand for computer resources. The results cannot be diretihaced to other experiments because
the geometry has not been duplicated elsewhere. However, the characteristieslofv have been examined in
the light of other work, such as flow over a convex or concave curvaturéoammd to be consistent. The relative
simplicity of the flow, the low measurement uncertainties, and the careoiriding details needed by simulators
invite consideration for use in developing LES capabilities.

2. Geometry: A flat plate boundary layer over a faired, two-dimensional bump, 305 x 20 im a rectangular test
section of constant cross-section, 152 x 711 mm.

3. Sketch:

492R

Figure 1: Sketch of test-section and bump geometry. All dimensionsrin m

4. Flow characteristics: Two-dimensional, incompressible, turbulent boundary layer, attachedeflerywhere over
the bump.

5. Flow parameters: Air at nominally room conditionsR, = 1500, 2500, 4000

6. Inflow, outflow boundary and initial conditions: Inflow was standard 2-D boundary layer; outflow was nearly
standard and was measured.

7. Measurement procedures:

(a) Measured quantities: All components of velocity and Reynolds stress (hot-wire), wall-gues, and skin
friction measured using an oil flow fringe imaging technique.

(b) Measurement errors: 3% in velocity; 5% in normal and 10% in skew components of Reynoldsst 5% in
skin friction.

(c) Other supporting information:
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8. Available variables: Mean velocity, wall pressure, skin friction; all Reynolds stress coraptm
9. Storage size required and present format of the data274Kbytes ASCI| file.

10. Contact person: J.K.Eaton Department of Mechanical Engineering, Stanford Universignf&td, California
94305-3030, USA. e-mail: eaton@vk.stanford.edu

REFERENCES

WEBSTER D.R., DEGRAAFF, D.B., AND EATON, J.K. 1996 Turbulence Characteristics of a Boundary Layer Over a
Two-Dimensional BumpJ. Fluid Mech.320, 53-69

182



Data Sheets for:
Chapter 8. Complex Flows
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CMPOO: Flow in a square duct — Experiments

Yokosawa, Fujita, Hirota, & Iwata

. Description of the flow: These are the experiments of Yokosasval (1989). Air was blown through a flow meter
and a settling chamber into a square duct. Measurements were performed 90dihstdownstream where the
flow was fully developed.

. Geometry: Cross-section30mm x 50mm x 4500mm, Bellmouth nozzle, 6:1 contraction

. Sketch:

P X

- — - .
= X

U4 4+

Figure 1: Geometry and coordinate system for experiments (from FifYakosawaet al, 1989).

. Flow characteristics: The fully developed flow exhibits axial vortex pairs (crossflow) in eaamimer. Only the data
for the case of all four walls smooth is included here.

. Flow parameters: Reynolds numbert/ D/v = 6.5 x 10%; U is the bulk velocity, approximately 21m/#) is the
hydraulic diameter. Mean velocity at the duct centre approximately 25 m/s.

. Inflow, outflow, boundary, and initial conditions: Uniform, low-turbulence flow at entrance; flow open to atmo-
sphere at exit; flow judged fully developed duct flow at measurement station

. Measurement procedures:
(a) Measured Quantities:

Mean primary flow velocity[/;
Mean secondary flow velocitieE, andUs;

Mean normal stresseg;u;, 7 = 1,2,3
Mean turbulent stressesg; u; anduus
Local wall shear stress,,

(b) Measurement Uncertainties:

U,: 1.4%; U, andUs: 6%
uiur. 2.4%; usus anduzus: 8.6%

U1U andu1U3: 4.9%
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8. Available variables: Quantities described above, measured in a quarter section of the duct.

9. Storage Size and File Format:The data are contained in one text file of approximately 32KB. They asetsiof
columns with a descriptive header and labels.

10. Contact person: Prof. Masafumi Hirota
Dept. of Mech. Engr.
Nagoya University
Furo-cho, Chikusa-ku
Nagoya 464-01 Japan

REFERENCES

YOKOSAWA, H., FuJITa, H., HIROTA, M., & IwATA, S. 1989 Measurement of turbulent flow in a square duct with
roughened walls on two opposite sidéstl. J. Heat and Fluid Flow 10, 125.

FuJIta, H., HIROTA, M., & Y OKOSAWA, H. 1990 Experiments on turbulent flow in a square duct with a rouglh w
Memoirs of Faculty of Engr., Nagoya U.41, 280.
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CMPO1: Flow in a square duct — Simulation

Huser & Biringen

1. Description of the flow: This is the simulation of Huser & Biringen (1993). Turbulent floham incompressible,
constant property fluid through a straight square duct was simulateflfp developed conditions (no further
evolution in the streamwise direction). Statistics were collected dféesimulation reached a steady state.

2. Geometry: The computational domain dimensions wére 1 x 6.4. Periodic boundary conditions were specified
in the streamwise direction.

3. Sketch:

Figure 1: Geometry and coordinate system (from Fig. 1 of Huser & §énin 1993).

4. Flow Characteristics: The secondary flow is of prime importance since it is generated solelyebintbraction
of the turbulent stresses. Thus adequate calculation of the turbulecreeeiisl to an accurate overall simulation or

modelling.

5. Flow Parameters: This deceptively simple geometry is described by one parameter only, yim@l&e number. For
the simulation presented here, the Reynolds number based on the mean fetbcity and duct width was 600.

6. Numerical Methods and Resolution: The time-splitting method of Le & Moin (1994) was used to advancemeti

A Lagrangian polynomial method was used to obtain the finite differencéisfband second derivatives in the wall-
normal direction on a stretched, staggered grid. Fifth order upwiaskeblidifferences were used for the convective
terms in all three directions. This will introduce artificial dissipatiwhich may affect spectra and correlations, but
is necessary since explicit dealiasing is not possible. The momentumatuatre solved by using fourth-order
central differences for the viscous terms in the wall-normal directione g$eudo-spectral Fourier method was
implemented in the streamwise direction to calculate the viscous terme aotl/e the pseudo-pressure equation.
The pseudo-pressure equation in the wall-normal direction was dizeldily fourth-order central differences. The
grid for the results presented here vi@g x 101 x 96.

7. Boundary and Initial Conditions:
(a) Domain size and truncations: SiZex 1 x 6.4

(b) Boundary conditions: No slip on the walls; periodic in theatnwise direction.
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(c) Inlet or initial conditions: The calculations began with a laminanffeerturbed randomly, then run until a
statistically steady state was obtained. This was achieved at a nondinatisian based on friction velocity
and duct width, of 60. This corresponds to a flow distance of about #8@hs, far beyond the entrance
length in experiments. It should be noted, though, that this is aetliat constant pressure gradient while
experiments are run at constant mass flux. The latter converge much fastéhéhfmnmer which should
therefore be evaluated carefully in this regard.

8. Averaging Procedures and Uncertainties:Long-time statistics were obtained by averaging the flow field in the
homogeneous direction, over the four quadrants, and in time for aimendional time duration of 15. A fric-
tion factor of 0.027 was computed, slightly lower than 0.030 of expenits. A lower resolution simulation was
computedf81 x 81 x 64, which gave results very similar to those included here.

9. Available Data: The data in this database are mean streamwise and secondary velocities, aibthpe@ents of
the mean vorticity, the mean pressure, and all the components of the ma&arrate tensor; all the components
of the Reynolds stress tensor, the skewness and flatness of theyet@ooponents, the pressure, and the products
of velocity components; kinetic energy, dissipation rate, enstropldyseamwise vorticity budget terms; terms of
the transport equations for mean streamwise and transverse velocitiesstnezanwise and transverse velocities
squared, and products of streamwise and transverse velocities.

Full, small-separation correlation functions for the velocities are@miseided.

10. Storage Size and File Format: The data are contained in twelve text files totalling approximately 6 MéchE
variable is presented in a group corresponding to a value in the fospgrhich is the distance from one wall and
subsequent groups for the other distances from the wall (51 groupadb variable corresponding to 51 distances
from the wall). The data is given for one quadrant of the duct sinceagesrwere taken over the four quadrants.
The correlations are in a single binary file (with header) of 115 Mb.

11. Contact Person:Prof. Sedat Biringen
Dept. of Aero. Engr.
Univ. of Colorado
Boulder, CO 80309 USA

REFERENCES

HUSER, A., AND BIRINGEN, S. 1993 Direct numerical simulation of turbulent flow in a square duétluid Mech. 257,
65.

LE, H. AND MOIN, P. 1994 Direct numerical simulation of turbulent flow over a backward fpsiep,Technical Report
No. TF-58, Department of Mechanical Engineering, Stanford University.

HUSER A., BIRINGEN, S.,AND HATAY, F. 1994 Direct simulation of turbulent flow in a square duct: Regsd@itress
budgets.Phys. Fluids 6 no. 9, 65.
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CMP10: Flow Around A Circular Cylinder

Cantwell & Coles

. Description of the flow: This is the experiment of Cantwell & Coles (1983), the near wake of sofim@rcular
cylinder.

. Geometry: A cylinder 2.97m in length and 10.14 cm in diameter was mounted in a windel test section of
circular cross-section. Velocity measurements were made in the first edghetiirs downstream in the wake.

. Sketch:

00

\)

Figure 1: Geometry and coordinate system

. Flow characteristics: The flow is that of a smooth circular cylinder placed normal to a uniforpr@gching flow
at a Reynolds number of 140,000. This is large enough to create ddtdylent wake but have laminar separation
(subcritical) which generates turbulent vortices in a nearly periodicdashi

. Flow Parameters: Reynolds numbert/ D /v = 140, 000; U is the free-stream velocity, approximately.2m/s;
D is the cylinder diameter. At these conditions the Strouhal nunftigf[J = 0.179.

. Inflow, outflow, boundary, and initial conditions: There was uniform, low-turbulence approach flow; the test
section extended beyond the measurement range (eight diameters) downstreaest section was 10 feet (3.05m)
in diameter. There were end plates on the cylinder.

. Measurement procedures:The primary instrument was a hot-wire probe, either single or cressed mounted
on an arm rotating at a high speed which increases the relative velocity conijadovemthe probe axis (a "flying
hot-wire”). Thus the angle of the velocity vector relative to the prakis remains in an acceptable range.

The hot-wire signals were recorded digitally and sampled in phase hétlvartex shedding detected by a fast
pressure sensor on the cylinder. Ensemble averages of the datadhide pr'frozen” field of velocity as a function
of phase angle. Variations from these averages are measures of the turlpuldvecield, also a function of phase
angle.

(a) Measured quantities:

Mean streamwise and transverse velocitiésandUs,
Mean Productsu?, u3, uyus, uus, uyu3

Third and fourth powersz$, u3, uf, uj

Intermittency

Maxima and minima of these variables for each profile

(b) Measurement Uncertainties:

U, andUs: 1%
Products: 5%
Third and fourth powers: 25%
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8. Available variables: Quantities described above.

9. Storage Size and File Format:Approximately 7.5 MB of data are stored in 19 text files. They are sgifamatory
except that W or URERN, whereN = 1,2, 3, or4, refers toU” or U

10. Contact person: Prof. Brian Cantwell
Dept. of Aero. and Astro.
Stanford University
Stanford, CA 94305 USA

REFERENCES

CANTWELL, B., AND CoOLES, D. 1983 An Experimental Study of Entrainment and Transport in thbulant Near Wake
of a Circular CylinderJ. Fluid Mech. 136, 321.
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CMP20: Flow Around A Square Cylinder

Lyn, Einav, Rodi & Park

1. Description of the flow: This is the experiment of Lyn & Rodi (1994) and Lyn et al. (1995),ftber around a long
square cylinder mounted transversely to an oncoming uniform flow.

2. Geometry: The cylinder was 40mm in width and 392mm long mounted in the rectangest section of a water
channel 392mm by 560mm (blockage 7.1%). Velocity measurements were magdtadapper surface and behind
the cylinder up to eight diameters downstream.

3. Sketch:
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Figure 1: Coordinate system and location of measurement points.

4. Flow characteristics: The flow is around a long square cylinder in a water channel at Reynotdsemof 22,000.
At this Reynolds number the flow is approximately periodic withr@&tal number 06.133 + 0.004.

5. Flow Parameters: Reynolds numbe/ D /v = 22,000; U is the free-stream velocity, approximatélyp4m/s; D
is the cylinder width40mm. At these conditions the Strouhal numbgER /U = 0.133.

6. Inflow, outflow, boundary, and initial conditions: The approach flow three cylinder widths upstream had a turbu-
lence level of about 2% and a centreline mean velocity deficit of about 5 to 10%ugh measurements of mean
velocity, uyuy, anduzus are available, calculations should be started further upstream if undonditions are
desired.

7. Measurement procedures: The data are compilations from single-component laser-Doppler velagirfiddV)
and two-component LDV experiments. The single-component (streammesgurements are clustered just above
the upper surface of the cylinder where it would be difficult to profaetlaser beams necessary for the second
component of velocity. Bragg cells were employed to provide an offset @éreyunecessary to capture the reversal
of flow direction in regions of separation. A low-pass filtered pressigeal from a tap on the cylinder side-wall
was used to obtain a reference phase for phase-averaging the velocity measaurémwemy phase-bins were used.

(a) Measured quantities:

Mean streamwise flow velocity];
Mean transverse flow velocity],

Mean normal stresseg; iy, stz
Mean turbulent stres&; us
Forward-flow-fraction of botti/; andU,
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(b) Measurement Uncertainties:

U, andUs: 5% of approach velocity
U1U anduQuQ: 5%
u1uz. 1510 25%

8. Available variables: Quantities described above, measured in the upper half plane. Measuremenh$oastio
shown in the figure under Sketch.

9. Storage Size and File Format:The data is stored in 21 text files totalling approximately 804 KB. fits: 20
files contain data from each of 20 phase angles during a period of the wbeexing. The 21st file contains data
averaged over all the phases.

10. Contact person: Prof. Wolfgang Rodi
Universitat Karlsruhe
Kaiserstr. 12
D-76128 Karlsruhe, Germany
e-mail: rodi@bau-verm.uni-karlsruhe.de

REFERENCES
LYN, D.A., Robpi, W. 1994 The Flapping Shear Layer Formed by the flow Separation fromdiveaFd Corner of a
Square Cylinderd. Fluid Mech. 267, 353.

LYN, D.A., EINAV, S., RoDI, W., PARK, J.H. 1995 A Laser Doppler Velocimeter Study of Ensemble Averaged Charac-
teristics of the Turbulent Near Wake of a Square CylindeFluid Mech. 304, 285.
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CMP30: Backward Facing Step - Simulation

Le & Moin

. Description of the flow: This simulation is that of Le & Moin (1994) matching the experimeiniavic & Driver
(1994), (1995), the flow of a fully developed turbulent boundasel over a backward facing step. Before the step
there is a short entry region over which the boundary layer develayariil the step, there is a long recovery region
before the flow exits the domain.

. Geometry: The computational domain is shown in the sketch. For the simulatidnded here, the various di-
mensions shown on the sketch are givenly= 10h, L, = 30h, L, = 6h, L, = 4h. The expansion ratio is
1.2,

. Sketch: (See sketch under experiment of Jovic and Driver, CMP31.)

. Flow Characteristics: The backstep flow results in separation of the turbulent boundary layerflagis over

the step followed by a recirculation zone under the separated boundary Tdyeboundary layer reattaches at a
mean distance down-stream of the stej6.@Bh. In the separated region, there is a free shear layer separating the
recirculation region from the rest of the flow. This free shear layer#tehinany of the features of a mixing layer.

. Flow Parameters: There are two relevant flow parameters in this flow. One is the ReynaltberRe; = 5100,
which is based on the inlet mean velocity at the upper (no-stress) bouaddrhe step height. The other is
the ratio of the inlet boundary layer thickness to the step height= 1.2, whereJ is the 99% thickness. The
inlet boundary layer (statistics taken from the DNS of Spalart [4]) tmus a Reynolds numbdte; = 6100, a
displacement thickness Reynolds numBet = 1000, and a momentum thickness Reynolds numiBey = 670.

. Numerical Methods and Resolution: The numerical method used in the simulations is a second-order staggered
grid finite difference method. It is described in detail, along with thegecisnplementing it in Le & Moin [1]. The

grid spacing in the streamwise and spanwise directions was unifotm7&& and 64 grid points respectively. In

the wall-normal direction 193 grid points were used. They are digied nonuniformly, according to the following

mapping:

tanhy; (Y1 — )
, s |1 Ost=m
— ) B
h+ Ka (2 —n) [1—%} n<¢(<L,

whereL, = 6h, n/h = 2.1875,¢» /h = 1.1, y1 = 2.2, ¢»/h = 6, v, = 0.7963. A uniform distribution of grid
point in ¢ then results in the desired point distributioryin

. Boundary and Initial Conditions: In the spanwise direction, periodic boundary conditions are usedhardwer
boundaries (inlet and recovery sections, step face) are no-slip walls. Plee lnpundary is a no-stress boundary,
with the streamwise, normal and spanwise velocities (andw respectively) satisfying

ou Ow
v=0 and 8_y_8_y_0

Since the flow is statistically stationary, the initial conditions mao¢ relevant. However, the inflow conditions are
very important. Inflow conditions were generated as a random process elésigmatch the spectra and Reynolds
stresses of the boundary layer DNS of Spalart (1988). The technigaesedsilokd in detail in Le & Moin (1994).

The outflow boundary condition is given by
u _; u
ot ~‘ot’
whereU.. is the convection velocity, which is independenyaindz and is selected to balance the mass flow at the

inlet.
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8. Averaging Procedures and UncertaintiesAll the data provided from these simulations are obtained by conmgutin
the appropriate quantities from the simulated velocity fields and avegagithe homogeneous spatial directien,
and time. The averages in time are taken over a period of approxima@hy U,, wherel, is the velocity at the
upper (no stress) boundary.

There are three potential sources of uncertainty in this data. First aneitherical discretization errors introduced
in the numerical simulation. The numerical method is a second orderdiffiéeence. Further, due to computer time
and memory restrictions, the grid resolution was limited, especialtiienspanwise direction. The consequences
of this are discussed in Chapter 5. The second uncertainty is statistidah arises from computing the averages
over a finite domain size and a finite time. The third source of unceytartue to the finite domain size of the
numerical simulation. However, if an LES is done in the same domaimtvé same boundary conditions, then a
comparison can be made without error due to the domain size. A relatedssheesffect of the artificial inlet (and
outlet) conditions, which is also discussed in Chapter 5.

9. Available Data: Provided are the mean velocities, nontrivial components of the Reystigkss tensor and pressure
variance as a function af andy. Note that all of these data are computed from unfiltered velocity fieldsas®o
must be exercised when comparing these data directly to LES resultdyRimakmall separation velocity-velocity
two-point correlations required to compute filtered versions of thergkooder statistical profiles as described in
Chapter 2 are provided for severalocations.

10. Storage Size and File Format:The data is provided in a total of 7 binary files, one for the one psimtistics
and one each for the £locations at which the small separation two-point correlation is piexi Total storage is
approximately 56 Mb.

11. Contact person:
Prof. Robert Moser
Dept. of Theor. Appl. Mech.
University of lllinois, Urbana-Champaign
Urbana, IL 61801 USA
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CMP31: Backward Facing Step - Experiment

Jovic & Driver

1. Description of the flow: This is the experiment of Jovic & Driver (1994); 1995), the flowaofully developed
turbulent boundary layer over a backward facing step. The approachingdrydager was at a Reynolds number
Ry = 610.

2. Geometry: The flow is that of a boundary layer passing over a backstep in the walteShsection is symmetrical
in that a mirror image boundary layer and backstep is located on the walsibppivat tested (see figure), forming a
double-sided expansion. The channel height upstream is 96mm and ceamdt15mm. The channel aspect ratio
was 31 to avoid 3D effects.

3. Sketch:
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Figure 1: Geometry of experimental setup (From Jovic & Driver, 1994)

4. Flow characteristics: A wind tunnel with the fan at the exit was used to generate a fully deeeldprbulent
boundary layer over a flat plate to a backward facing step. The opposite aabhwirror image plate and step to
form a plane of symmetry at the tunnel centreline and an expansion rdtia.of

5. Flow Parameters: Reynolds numbert/h /v = 5000; U is the centreline velocity ahead of the step, approximately
7.7m/s;h is the step height.
Boundary layer ahead of step:= 11.5mm; §* = 1.7mm; § = 1.2mm; H = 1.45; Cy = 0.0049; Ry = 610.
6. Inflow, outflow, boundary, and initial conditions: Boundary layer developing along a straight duct; profiles mea-
sured. Outflow: At end of long straight duct after step.
7. Measurement procedures:
(a) Measured quantities:
Instrumentation: LDV with frequency shifting for directional rastibn; laser-interferometer for oil-flow mea-
surement of skin friction (see sketch); surface pressure taps.
Mean flow velocities{/; andU-
Mean normal stresseg;uy, uzus
Mean turbulent stress; us
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Local wall shear stress,,
Surface pressures

(b) Measurement Uncertainties:

Mean velocities2%
Reynolds stresse$5%
Pressure coefficien@.0005

8. Available variables: The above quantities averaged over time.
9. Storage Size and File Format:Approximately 7 KB of time-averaged data are stored in one text file.

10. Contact person: David Driver
NASA Ames Research Center
Moffett Field, CA 94035

REFERENCES

Jovic, S.,AND DRIVER, D. 1994 Backward-facing Step Measurements at Low Reynolds Nuiibgr= 5000. NASA
Tech Memo 108807.

Jovic, S.,AND DRIVER, D. 1995 Reynolds Number Effect on the Skin Friction in Separated$-Behind a Backward-
facing Step Exper. Fluids 18, 464.
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CMP32: Backward Facing Step - Experiment

Driver & Seegmiller

1. Description of the flow: This is the experiment of Driver and Seegmiller (1985), a fully deped turbulent
boundary layer over a flat plate and a backward facing step.

2. Geometry: The flow is that of a high Reynolds number boundary layer passing dyalestep in the wall of height,
h, 12.7mm forming an expansion ratio of 1.125. The channel heiglitags is 8h, and the channel width is 12h.
The wall opposite the step was either parallel to the wall with the steliverging at 6 deg. Only the data from the
straight wall case is included here.

3. Original Sketch:

DIVIDING STREAMLINE

.j_ Yo/ RECIRCULATING FLOW

I77777777 77777777 7777777
x/H—>

SEPARATION REATTACHMENT

Figure 1: Geometry of experimental setup (from Driver & Seegmille85)9

4. Flow characteristics: A low speed wind tunnel was used to generate a fully developed turbulentboy layer
over a flat plate and a backward facing step. The opposite wall was either peraiielboundary layer wall (data
reported here) or diverging at 6 deg beginning at a point opposit¢pgdata not reported here). The approaching
boundary layer was at a Reynolds numBgr= 5000 and Mach number of 0.128.

5. Flow Parameters: Reynolds numbeit/h/v = 37500; U is the centreline velocity ahead of the step, approximately
44.2 m/s;h is the step height.
Boundary layer 4h upstream of step= 19mm; §* = 2.7mm; § = 1.9mm; H = 1.42; Cy = 0.0029
6. Inflow, outflow, boundary, and initial conditions: Inflow: Boundary layer developing along a straight duct; pro-
files measured. Outflow: At end of long straight duct after step.
7. Measurement procedures:
(a) Measured quantities:
Instrumentation: LDV with frequency shifting for directional ragiidn; laser-interferometer for oil-flow mea-
surement of skin friction; surface pressure taps.
Mean flow velocities{/; andU,
Mean normal stresseg;uy, Uzt
Mean turbulent stress; us
Local wall shear stress,,
Surface pressures

(b) Measurement Uncertainties:
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Mean velocities1.5%
Reynolds stresse$2%
Pressure coefficien@.0002

8. Available variables: The above quantities measured in profiles along the duct.

9. Storage Size and File Format:Approximately 10 KB of time-averaged data are stored in one text file.

10. Contact person: David Driver
NASA Ames Research Center
Moffett Field, CA 94035

REFERENCES
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Flow. AIAAJ. 23, 163.
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