Selected Papers from
the First International Symposium
on Turbulent Shear Flows

Editors:
F Durst B.E.Launder FW.Schmidt
J.H.Whitelaw

Springer-Verlag Berlin Heidelberg New York



> s ~ L~
v/ / ~&?

Turbulent ‘Shear Flows I '715"

Selected Papers from the First International Symposium
on Turbulent Shear Flows, The Pennsylvania State University,
University Park, Pennsylvania, USA, April 18-20, 1977

Editors: .

EDurst B.E.Launder EW.Schmidt/ i\

J.H. Whitelaw & “&F *
% X

With 256 Figures

ll

E7966268

Springer-Verlag Berlin Heidelberg New York 1979



Franz Durst

Sonderforschungsbereich 80 der Universitit Karlsruhe, Kaiserstrasse 12,
D-7500 Karlsruhe 1, Fed.Rep. of Germany

Brian E.Launder
Department of Mechanical Engineering, University of California,
Davis, CA95616, USA

Frank W. Schmidt

Mechanical Engineering Department, The Pennsylvania State University,
University Park, PA 16802, USA

James H. Whitelaw

Department of Mechanical Engineering, Imperial College of Science and Technology,
Exhibition Road, London SW7 2BX, England

ISBN 3-540-09041-X Springer-Verlag Berlin Heidelberg New York
ISBN 0-387-09041-X Springer-Verlag New York Heidelberg Berlin

Library of Congress Cataloging in Publication Data. International Symposium on Turbulent Shear Flows, 1st,
Pennsylvania State University, 1977. Turbulent shear flows L Bibliography:p. Includes index. 1. Turbulence—
Congresses. 2. Shear flow-Congresses. 3. Turbulent boundary layer-Congresses. 3. Turbulent boundary layer—
Congresses. 4. Reynolds stress—Congresses. L. Durst, F. II. Title. TA357.159 1977 532.0527 78-31329

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is concerned,
specifically those of translation, repriniting, re-use of illustrations, broadcasting, reproduction by photocopying
machine or similar means, and storage in data banks. Under § 54 of the German Copyright Law where copies are
made for other than private use, a fee is payable to the publisher, the amount of the fee to be determined by
agreement with the publisher.

© by Springer-Verlag Berlin Heidelberg 1979
Printed in Germany

The use of registered names, trademarks etc. in this publication does notimply, evenin the absence of a specific
statement, that such names are exempt from the relevant protective laws and regulations and therefore free
for general use.

Composed by Elsner & Behrens GmbH, Oftersheim
Offset printing and bookbinding: Konrad Triltsch, Graphischer Betrieb, Wiirzburg
2153/3130-543210






Preface

The present book contains papers that have been selected from contributions to the First
International Symposium on Turbulent Shear Flows which was held from the 18th to 20th
April 1977 at The Pennsylvania State University, University Park, Pennsylvania, USA. Attend-
ees from close to 20 countries presented over 100 contributions at this meeting in which
many aspects of the current activities in turbulence research were covered. Five topics received
particular attention at the Symposium:

Free Flows

Wall Flows

Recirculating Flows

Developments in Reynolds Stress Closures
New Directions in Modeling

This is also reflected in the five chapters of this book with contributions from research
workers from different countries. Each chapter covers the most valuable contributions of the
conference to the particular chapter topic. Of course, there were many additional good con-
tributions to each subject at the meeting but the limitation imposed on the length of this
volume required that a selection be made.

The realization of the First International Sy mposium on Turbulent Shear Flows was pos-
sible by the general support of:

U. S. Army Research Office
U. S. Navy Research Office
Continuing Education Center of The Pennsylvania State University

The conference organization was carried out by the organizing committee consisting of:

F. Durst, Universitit Karlsruhe, Karlsruhe, Fed. Rep. of Germany

V. W. Goldschmidt, Purdue University, West Lafayette, Ind., USA

B. E. Launder, University of California, Davis, Calif., USA

F. W. Schmidt, Pennsylvania State University, University Park, Penna., USA
J. H. Whitelaw, Imperial College, London, U. K.

in cooperation with the

American Society of Mechanical Engineers

The work of the organizing committe was supported in many respects by the scientific
advisory committee which consisted of:

L. H. Back, Jet Propulsion Laboratory, Pasadena, Calif., USA
H. A. Becker, Queen’s University, Kingston, Ont., Canada
P. Bradshaw, Imperial College, London, U. K.



S. Corrsin, The Johns Hopkins University, Baltimore, Md., USA
J. J. Domingos, University of Lisbon, Lisbon, Portugal
C. du P. Donaldson, Aeronautical Research Associates of Princeton, Princeton, N. J., USA
I. Gartshore, University of British Columbia, Vancouver, B. C., Canada

A. D. Gosman, Imperial College, London, U. K.

R. Giinther, Universitit Karlsruhe, Karlsruhe, Fed. Rep. of Germany

T. J. Hanratty, University of Illinois, Urbana-Champaign, Ill., USA

J. R. Herring, N. C. A. R., Boulder, Colo., USA

W. P. Jones, Imperial College, London, U. K.

P. A. Libby, University of California, La Jolla, Calif., USA

J. L. Lumley, Cornell University, Ithaca, N. Y., USA

J. Mathieu, Ecole Centrale de Lyon, Lyon, France

H. McDonald, Scientific Research Associates Inc., Glastonbury, Conn., USA

Y. Mori, Tokyo Institute of Technology, Tokyo, Japan

K. Owen, Owen International, Palo Alto, Calif., USA

W. C. Reynolds, Stanford University, Stanford, Calif., USA

W. Rodi, Universitit Karlsruhe, Karlsruhe, Fed. Rep. of Germany

A. K. Runchal, Dames & Moore, Los Angeles, Calif., USA

J. C. Rotta, DFVLR-AVA, Géttingen, Fed. Rep. of Germany

D. B. Spalding, Imperial College, London, U. K.

I. Wygnanski, Tel-Aviv University, Tel-Aviv, Israel

The editors would like to express their thanks to the numerous people who helped to
make the First International Symposium on Turbulent Shear Flows so successful. Particular
thanks are due to those authors who contributed to this book. Their close cooperation with
the editors and Springer-Verlag was very much appreciated.

Karlsruhe, October 1978 The Editors
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Free Flows






Introductory Remarks

J. H. Whitelaw

Department of Mechanics and Engineering, Imperial College of Science and Technology,
Exhibition Road, London SW7 2BX, Great Britain

The five papers of this chapter are concerned with subsonic jet and wake flows but are other-
wise different and together represent a wide spectrum of research activity. The first paper,

that of Dopazo and O’Brien, addresses the problem of intermittency and its representation
within conservation equations. The three following papers describe the application of three
different experimental techniques, namely laser-Doppler anemometry, hot-wire anemometry
and a four-wire arrangement for the measurement of velocity and temperature and their correla-
tions; two of these contributions relate to jets and one to a plane wake. The last paper presents
a method for the calculation of square jets issuing into still surroundings and makes use of a
two-equation turbulence model and steady, three-dimensional, boundary-layer equations.

Rodi’s [1] recent review of experimental data of uniform-density, free turbulent boundary
layers provides a useful background of information against which to examine the two papers
concerned with jets, and Launder’s [2] contribution to the modeling of passive scalars is rele-
vant to the heated-wake measurements of Fabris. In addition, the present remarks and their
relationship to the two calculation-type papers are made with the paper of Launder and
Morse [3] in mind. This is particularly relevant since a major purpose of the Symposium from
which the present papers stem, was to aid an appraisal and improvement of available methods
for calculating turbulent shear flows. It also provides an important reference state from which
to judge improvements since 3] provides evidence of present inability to represent mean flow
features of a round jet, a plane jet and a mixing layer by the same turbulence model.

Examination of the magnitude of the discrepancies between calculation and measurement
of simple plane and round jet properties provides a salutory starting point for this overview of
free turbulent flows. Table 2 of [3] indicates discrepancies of 12% and 55% in the calculated
values of growth rate, and the blame is attributed to the modeling of the pressure-strain pro-
cess and to the source terms in the dissipation equation. As a consequence, Rodi’s [1] plea
for measurements to test specific modeling assumptions is especially appropriate although,
in view of the capabilities of presently available measurements techniques, very difficulty to
satisfy.

The measurements of Reed, Spiegel, and Hartland were obtained in the fully developed
region of an axisymmetric free jet and provide detailed correlation data which can be related
to length scales and, therefore, to dissipation. The working fluid was water and with laser-
Doppler anemometry allowed precise measurements with frequency response limited by the
dimensions of the control volume but satisfactory for all except the smallest turbulent scales.
The correlation measurements are not presented in the form of length scale distributions but,
even if they were, the link between measurements and the length scale appearing in the dissi-
pation term of the turbulence energy equation of a two-equation model cannot be explicitly
defined. Similarly, in the Reynolds stress model of [3], where a relationship between the
measurements and dissipation is desirable, this can only be provided if local isotropy is as-



sumed and, once again, the consequent length scale is ill defined. These comments indicate a
difficulty in fulfilling Rodi’s request for direct tests of assumptions. The value of the measure-
ments remains and lies mainly in their contribution to increased physical understanding of free
turbulent jet flows.

The far-wake experiments of Fabris also relate to a simple flow configuration and increase
our physical understanding of turbulent flow, this time with emphasis directed to turbulent
heat flux rather than to momentum flux. The working fluid was air and a new four-wire probe
allowed a detailed investigation of conventional and conditioned averages of velocity, tempera-
ture, and their correlations. The measurements can be related directly to equations for the
mean square of the temperature fluctuations and for turbulent heat flux. The conditioned
averages indicate values of second- and third-order correlations within heated fluid which arise
intermittently due to the turbulent motion and which can be directly linked to the intermit-
tency discussion of Dopazo and O’Brien. The results make it very clear that even though an
effective viscosity/effective “Prandtl” number approach can provide an approximate represen-
tation of the time-averaged properties, it is inappropriate to the conditionally sampled results.
This very important conclusion implies that the simple effective Prandtl number approach,
currently used for heat transfer and combustion calculations, for example Hutchinson, Khalil
and Whitelaw [4], cannot be expected to result in more than an approximation for turbulent
flows with temperature gradients. However, since the solution of time-averaged equations it-
self implies that any solution will be an approximate representation of the flow problem, the
practical purpose is to ensure that the turbulent heat-flux approximation is as precise and eco-
nomical of computer time as required.

Dopazo and O’Brien are particularly concerned with the intermittency of free turbulent
flows and, recognizing the difference between conventional and conditional averages such as
those of Fabris, developed equations to represent the conditionally averaged properties. The
approach is promising although it is more likely to provide guidance for the modeling of more
conventional equations than to form a basis for a generally applicable calculation procedure of
its own. This probability is emphasized by the limited influence of intermittency in free flows
and its much lesser relevance to confined flows. Conditional averages are useful in flows with-
out free-flow-type intermittency, and the use of conditionally averaged equations is likely to
have a wider application than that of the flow configuration of Fabris. It remains to be seen
whether this conditioned approach may be overtaken by the subgrid scale modeling of Chap. 5,
which can more directly represent identifiable structures.

A different form of identifiable structure exists in the jet flow of Bremhorst and Harch
and has relevance to dispersion and noise problems. In this case, an axisymmetric free jet was
pulsed at frequencies of 10 and 25 Hz with an upstream valve and hot-wire anemometry used
to determine the resulting axial velocity and its moments. The mean velocity characteristics, in
nondimensional form, were similar to those for the unpulsed flow but with increased entrain-
ment due to the translation of the virtual origin. The rms of velocity fluctuations was increased
by the imposed fluctuations, and the increased magnitude was sustained to 18 diameters, the
furthest downstream measurement station. The turbulent fluctuations appear to be influenced
by the imposed fluctuations only in the upstream region, but it is clear that an approach simi-
lar to that of Dopazo and O’Brien or the solution of time-dependent equations with subgrid
scale modeling would be necessary to represent the flow. The measurements of spectra indicate
the presence of a wide range of higher harmonics of the imposed-fluctuation frequency and
suggest the additional possibility of a turbulence model involving wave number space.

McGuirk and Rodi describe calculated results obtained from the solution of three-dimen-
sional, boundary-layer-type equations with a two-equation model modified empirically to
represent round and plane jets. The modification involves one of the “constants” of the dissi-
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pation equation and replaces it by a linear function of a retardation parameter. This functional
relationship has not been tested in any direct sense but is justified by calculations of round
and plane jets, with the modification accepted as part of the model. These calculations result
in values of mean velocity parameters in reasonable accord with measurement. The resulting
calculations of three-dimensional jet flows, i.e., jets issuing from rectangular orifices, are shown
to represent corresponding measurements with precision which is adequate for most engi-
neering applications. Detailed examination of the results indicate discrepancies which, in part,
stem from the initial conditions. Profiles of initial values of all dependent variables are re-
quired and can have a considerable influence on the downstream flow. For example, and
particularly relevant to the calculations of McGuirk and Rodi, the initial transverse velocity
components are unknown and can have a relatively large effect.

It should be clear from the above remarks that Rodi’s request for experimental data is
being met, at least in part. Direct testing of assumptions inherent in presently formulated dissi-
pation equations and the modeling of pressure correlations are beyond the capability of avail-
able instrumentation. The application of hot-wire and laser-Doppler anemometry is, however,
resulting in a wider and increasingly more precise range of data against which models embodied
in solution procedures can be tested. The relatively larger influence of small geometry varia-
tions and transverse velocity components, in some flows, will represent a likely limitation of
calculation procedures with any model assumption. It should also be remembered that averaged
models lead to approximate representations of a flow and that those of the form used by
McGuirk and Rodi require considerable modification to represent flows with intermittency or
imposed pulsations. In the medium term, it is likely that the time-average models will provide
the basis for engineering-type calculations. In the longer term conditionally sampled equations
or, more likely, the solution of time-dependent equations with subgrid scale modeling will
probably be used.

References
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Convec. 1,79 (1975)

2. Launder, B. E., “Heat and Mass Transfer by Turbulence’’, in Turbulence, ed. by P. Bradshaw, Topics in
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3. Launder, B. E., and Morse, A., “Numerical Prediction of Axisymmetric Free Shear Flows with a Second-
Order Reynolds Stress Closure”, Chapter 4, this book

4. Hutchinson, P., Khalil, E. E., and Whitelaw, J. H., ‘““The measurement and calculation of furnace-flow
properties”, J. Energy 1,212 (1977)



Intermittency in Free Turbulent Shear Flows

Cesar Dopazo

Department of Applied Science, Brookhaven National Laboratory
Upton, NY 11973, USA

Edward E. O’Brien

Department of Mechanical Engineering, State University of New York
Stony Brook, NY 11794, USA

Abstract

A formalism previously used in the context of deformable porous media and turbulent/
nonturbulent intermittent flows is restated here. The behavior of the intermittency func-
tion derivatives at the interface gives rise to surface integrals over the latter. The conditioned
equations of continuity, momentum, energy, vorticity, and conservation of a scalar are
derived for the turbulent and irrotational zones. Surface integrals with a precise physical
meaning enter the conditioned equations. They can be interpreted as entrainment of mass,
momentum, energy and scalar, and as direct interactions between the turbulent and irrota-
tional regions. Use is made of the experimental conditioned measurements for: (i) the plane
wake behind a heated flat plate, and (ii) the heated turbulent round jet; the profiles of
entrainment of mass and the combination of direct interactive force and entrainment of
momentum are calculated. These derived profiles are compared with models proposed by
previous investigators.

Nomenclature

c Molecular flux of scalar through the interface, Eq. (41)
D Orifice diameter for the jet
as Interface surface infinitesimal element

E Entrainment of mass per unit mass, Eq. (17)

F Mean force per unit mass of turbulent on irrotational zones
f1,f2,f3,F4 Self-preserving functions defined by Egs. (51)—(64)
Iy Interface crossing rate

g h? Self-preserving functions defined by Eqgs. (54) and (63)

I Intermittency function

K Entrainment of total kinetic energy, Eq. (30)

Ix) Half-width of the wake based on velocity defect

Average entrainment of momentum, Eq. (21)

Normal to the interface pointing towards the turbulent zone
Any fluid mechanical variables

Pressure

Molecular scalar flux vector

Radial coordinate for the jet

rij2  Half-radius of the jet based on velocity

S(x, #) Surface of the turbulent/nonturbulent interface
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Scalar

Maximum value of T at a section of the jet

Time

Jet exit velocity

Maximum value of the mean velocity at a section of the jet

Free stream velocity for the wake

Velocity defect at the centerplane of the wake

Velocity vector

Interface velocity

x and y (or r) velocity components

Elementary control volume

Modulus of the velocity of advance of the interface relative to a fluid element at
the same point

Mechanical work done by the turbulent fluid upon the irrotational fluid
Tangential velocity component for the jet

Position vector

Streamwise and normal coordinates

Intermittency factor

Momentum thickness of the boundary layer at the trailing edge of the plate
Kronecker delta

Similarity variable

Mean entrainment of scalar T

Viscosity of the fluid

Kinematic viscosity of the fluid

Density of the fluid

Viscous stress tensor

L %% in the kinetic energy equations

Vortic{ty component

Subscripts Special Symbols

1,0

Relative to turbulent and irrotational % Gradient operator
zone variables v? Laplacian operator
Vector component Bold symbol  Vector
Axial component of a vector = Average

Streamwise and normal components ' Fluctuating variable or function

of a vector derivative

Introduction

Since the discovery of intermittency in free turbulent shear flows by Corrsin [2] and its
exploration in subsequent studies by Townsend [10] and Corrsin and Kistler [3], the con-

cept of an intermittency function has been widely used in experimental investigations. The

intermittency function allows one to identify separately the turbulent and nonturbulent
regions coexisting in an intermittent flow. A more adequate description of velocity and

scalar fields can then be provided. The conditional sampling technique [1, 6, 12, 13] multi-

plies the random variable to be averaged by a generated signal which is unity in the tur-



