- Topiesin | »-

Applied Physics
Turbulent
Reacting Flows

Editors: PA. Libby and F A. Williams

PA.Libby and FA. Williams Fqndamental Aspects

A.M.Mellor and C.R.Ferguson Practical Problems
in Turbulent Reacting Flows

R.W.Bilger Turbulent Flows with Nonpremixed
Reactants

K.N.C. Bray Turbulent Flows with Premixed
Reactants

E.E.O'Brien The Probability Density Function (pdf)
Approach to Reacting Turbulent Flows

P A.Libby and FA. Williams Perspective and
Research Topics : '

Springer-Verlag
Berlin Heidelberg New York




802223
. ¥

y L/

Turbulent
Reacting Flows

Edited by P.A.Libby and F. A. Williams

With Contributions by

R.W.Bilger K.N.C.Bray E.E.O’Brien
C.R.Ferguson P.A.Libby A.M.Mellor
F.A.Williams

; s ~ A g e %,
With 38 Figures /‘;\), ‘{'}a g“ F ﬁfﬂu
4 8 ¢ @ s R
A '.’,'3“‘13, 34 S g\
\’ ’ H 0% .z" }
p THEE
KR
T R
E8052223

Springer-Verlag Berlin Heidelberg New York 1980



Professor Paul A. Libby, PhD
Professor Forman A. Williams, PhD

Department of Applied Mechanics and Engineering Sciences, University of California,
La Jolla, CA 92093, USA

ISBN 3-540-10192-6 Springer-Verlag Berlin Heidelberg New York
ISBN 0-387-10192-6 Springer-Verlag New York Heidelberg Berlin

Library of Congress Cataloging in Publication Data. Main entry under title: Turbulent reacting flows. (Topics
in applied physics; 44). Bibliography: p. Includes index. 1. Turbulence. 2. Combustion. 3. Thermochemistry.
I. Bilger, R. W. II. Libby, Paul A. III. Williams, Forman Arthur, 1934 - 1V. Series. QA913.T87 532'.517
80-18381

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is concerned,
specifically those of translation, reprinting, reuse 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 1980
Printed in Germany
The use of registered names, trademarks, etc. in this publication does not imply, even in the absence of a specific

statement, that such names are exempt from the relevant protective laws and regulations and therefore free for
general use.

Monophoto typesetting, offset printing and bookbinding: Briihlsche Universititsdruckerei, Giessen
2153/3130-543210



Topics in Applied Physics Volume 44




Topics in Applied Physics Founded by Helmut K. V. Lotsch

10

11
12
13

14

16

17

18

19

20

2
22

—_

23

24
25

26

Dye Lasers 2nd Ed. Editor: F. P. Schifer

Laser Spectroscopy of Atoms

and Molecules. Editor: H. Walther
Numerical and Asymptotic Techniques
in Electromagnetics Editor: R. Mittra

Interactions on Metal Surfaces
Editor: R. Gomer

Méssbauer Spectroscopy Editor: U. Gonser

Picture Processing and Digital Filtering
2nd Edition. Editor: T. S. Huang

Integrated Optics 2nd Ed. Editor: T. Tamir

Light Scattering in Solids
Editor: M. Cardona

Laser Speckle and Related Phenomena
Editor: J. C. Dainty

Transient Electromagnetic Fields
Editor: L. B. Felsen

Digital Picture Analysis Editor: A. Rosenfeld
Turbulence 2nd Ed. Editor: P. Bradshaw

High-Resolution Laser Spectroscopy
Editor: K. Shimoda ==

27 Photoemission in Solids II. Case Studies
Editors: L. Ley and M. Cardona
Hydrogen in Metals 1. Basic Properties
Editors: G. Alefeld and J. Volkl
Hydrogen in Metals 11
Application-Oriented Properties
Editors: G. Alefeld and J. V6lkl
Excimer Lasers Editor: Ch. K. Rhodes

Solar Energy Conversion. Solid-State
Physics Aspects. Editor: B. O. Seraphin

28

29

30
3

—

32 Image Reconstruction from Projections
Implementation and Applications
Editor: G. T. Herman

Electrets Editor: G. M. Sessler
Nonlinear Methods of Spectral Analysis
Editor: S. Haykin

Uranium Enrichment Editor: S. Villani

33
34

35

36 Amorphous Semiconductors
Editor: M. H. Brodsky

Thermally Stimulated Relaxation in Solids
Editor: P. Briunlich

37

Ecaras - ~#a38 Charge-Coupled Devices Editor: D. F. Barbe

Laser Monitoring of the Atg)osphere o
Editor: E. D. Hinkley g% Ay

Radiationless Processg?fn Molécu]es cos

and Condensed Phasds. Editor: F% K. F
Nonlinear Infrared Ge(ﬁeratlon . od
Editor: Y.-R. Shen [ 2%  ©
Electroluminescence Editor . ﬁ,j’ankove
Ultrashort Light Pulses -
Picosecond Techniques and Apphcanons
Editor: S. L. Shapiro

Optical and Infrared Detectors 2nd Ed.
Editor: R. J. Keyes

Holographic Recording Materials
Editor: H. M. Smith

Solid Electrolytes Editor: S. Geller
X-Ray Optics. Applications to Solids
Editor: H.-J. Queisser

Optical Data Processing. Applications
Editor: D. Casasent

Acoustic Surface Waves Editor: A. A.Oliner

Laser Beam Propagation in the Atmosphere
Editor: J. W. Strohbehn

Photoemission in Solids I. General Principles
Editors: M. Cardona and L. Ley

5-39?

<

Q',‘eP

éh;«conductor Devices

forOptical Communication

Editor: “H. Kressel

40 Display Devices Editor: J. I. Pankove

41 Cp’mpuér Application in Optical Research
_Editge: B. R. Frieden
42 - Two-Dimensional Digital Signal
Processing 1. Linear Filters
Editor: T. S. Huang
43 Two-Dimensional Digital Signal
Processing II. Transforms
and Median Filters. Editor: T. S. Huang
44 Turbulent Reacting Flows
Editors: P. A. Libby and F. A.Williams
45 Hydrodynamic Instabilities and the Transition
to Turbulence
Editors: H. L. Swinney and J. P. Gollub
46 Glassy Metals I
Editors: H.-J. Giintherodt and H. Beck
47 Sputtering by Particle Bombardment I
Editor: R. Behrisch
48 Optical Information Processing

Fundamentals
Editor: S. H. Lee




Preface

Fluid mechanical turbulence is one of the most challenging fields of engineering
science, rich in problems involving theory and experiment and having funda-
mental and applied significance. When chemical reactions occur in turbulent
flows as is the case in many devices involving combustion, the challenge takes
on a new dimension; the broad field of fluid mechanical turbulence is joined
with another area of fluid mechanics, aerothermochemistry, which relates
to the coupling between fluid dynamics, thermodynamics, and chemistry.
There result sublimely complex problems involving the interaction of turbulent
motions with the chemical and thermodynamic behavior associated with
combustion. It is the purpose of this volume to provide background material
that is needed to unravel the essentials of these complexities and interactions
and to summarize recent theoretical approaches that have been developed
in the field.

Turbulent reacting flows have attracted increased interest in recent years.
The requirements of increased combustion efficiency and decreased pollutant
emissions from a variety of devices, from power plants to jet engines, and the
introduction of new devices such as the gas dynamic laser have led to the
need for improved methods of prediction and calculation for turbulent flows
involving chemical reactions. This increase in interest has led to a series of
specialized meetings, workshops, publications, etc. References to the literature
resulting from this activity will appear in the various chapters which follow.
However, the field of turbulent reacting flows is in such a state of flux that it
is difficult for a research worker, familiar to some extent with the essential
background ingredients, fluid mechanics, turbulence, and aerothermo-
chemistry, to gain perspective on our understanding of turbulent combustion
and on our current capabilities to predict the structure of turbulent reacting
flows. There thus appears a need for a tutorial treatment of the field.

In a book devoted to such a specialized field as turbulent reacting flows
appropriate background knowledge must be assumed. Thus our exposition
presumes that the reader has some knowledge of fluid mechanical turbulence
and of aerothermochemistry; in Chap. 1 we suggest a few books providing
this requisite background. With this knowledge as a foundation the present
volume is self-contained and may be used as a textbook for a graduate course
in mechanics, applied physics, or engineering or as an introduction to a new
research area for the reader. One of our goals is to set forth the variety, challenge,



VI Preface

and importance of the problems in turbulent reactant flows and thus to en-
courage research workers to enter the field.

The contents of the book are proscribed in another fashion. Many prob-
lems in turbulent combustion involve the injection of liquid or solid fuels
into oxidizing gas streams. In these situations the combustion processes are
accompanied by vaporization and/or sublimation and thus by additional
complications. Similar remarks pertain to radiative transfer in turbulent
reacting flows; in many flows involving combustion radiation from particles
arising from incomplete combustion of injected solid fuel, from condensed-
phase products of combustion, from refractory impurities contained in fuels,
or from the nucleation of carbon in portions of the flow with excess fuel can
provide significant energy transfer. With respect to both of these complications
we shall limit discussion to a presentation in Chap. 6 of current entries into
the literature on these largely untouched problems.

Throughout, our exposition emphasizes the fundamental bases and theo-
retical aspects of each topic. Experimental results and occasionally, in an
idealized sense, the means to obtain them are introduced in order to reinforce
the physical interpretation of a theoretical notion, to guide theoretical de-
velopments, e.g., in the introduction of models to close the describing equations,
and to indicate the accuracy of theoretical prediction. We note that the ap-
plication of experimental techniques to turbulent combustion is a separate
discipline outside the scope of the present volume.

Chapter 1 sets the foundations of subsequent, more specialized discussions
and reviews the general theoretical basis for the study of turbulent reacting
flows in the context of combustion. It also establishes the notation used in the
remainder of the book. Chapter 2 also has an introductory nature; it relates
to the problems of an applied and practical nature which are of technological
interest and which conceivably can be clarified and elucidated by the study
of turbulent combustion. At this juncture the reader should have gained a
sense of the complexities involved in the most general cases of turbulent
combustion and will be prepared in the best tradition of the engineering
sciences to deal with limited cases which, because of their nature, are amenable
to facilitated treatment. Accordingly, Chaps. 3 and 4 will discuss the cases of
nonpremixed and premixed reactants, respectively. Since there are practical
situations which closely correspond to these two limits, their consideration
is not of only academic interest. Throughout these chapters repeated use will
be made of the notion of probability density functions in guiding the reader’s
perception of the phenomena involved and in developing suitable models and
approximations. These functions relating to one or more fluid mechanical
variables at each spatial location can be considered to play a more funda-
mental role than is suggested by such uses. In fact if a direct attack on the prob-
lem of describing turbulent reacting flows via the probability density function
were feasible, many of the problems we discuss would be readily solvable;
this is far from true, but certain limited problems can be attacked in this
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direct fashion, and Chap. 5 describes this approach and the problems involved
in its extension.

Of necessity the flows treated in Chaps. 3-5 will be relatively idealized.
Although many useful results are obtained from analyses of these simplified
situations, there are flows of applied interest which do not lead themselves
to these indications but rather involve in a significant way some of the effects
which have been neglected. In addition, the current state of flux of the subject
of turbulent reacting flows is manifest by several novel approaches whose
thorough discussion would be inappropriate in a tutorial volume. However,
attention should be called to them because of the difficulties and limitations
associated with the more developed approaches emphasized in the various
chapters. Finally, there are topics excluded from our exposition since they
lie beyond the possible scope of this volume even though they are relevant
to the study of turbulent reacting flows. In Chap. 6 we offer comments on
aspects of turbulent reacting flows generally disregarded in Chaps. 3-5, on
novel and developing approaches to the subject and on outstanding problems.
References providing entries to the relevant literature of these topics are given
in order to stimulate further interest and the additional research required to
overcome current difficulties and limitations.

Because of the variety and complexity of the problems associated with
turbulent reacting flows, their study can involve sophisticated techniques of
applied mathematics and of experimental methods. Our approach is to em-
phasize the engineering and physical aspects of the subject, referring wherever
indicated by exposition to experimental results and experimental methods
and to problems of interest to applied mathematicians. Our hope is to provide
a perspective of, and to stimulate interest in, a challenging and important
field.

Our research on turbulent reacting flows has been supported over a period
of several years by the Office of Naval Research as part of Project SQUID
and by the Air Force Office of Scientific Research. This volume is a con-
sequence of our research interests and we therefore gratefully acknowledge
the contribution of these agencies. We also note with thanks the contributions
of Ms. Barbara Hanson in the preparation of the manuscript of the Preface
and of Chaps. 1 and 6.

La Jolla, July 1980 Paul A. Libby
Forman A. Williams
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The basic equations that describe turbulent reacting flows usually are accepted
to be the Navier-Stokes equations, suitably amplified to include chemical
reactions, species conservation, and variable-property effects. This chapter
offers an exposition of these equations. It opens with suggestions for back-
ground reading that may serve as a point of departure. After preliminary
delimitation of the types of problems covered within this volume, it continues
with a review of elements of fluid mechanical turbulence and of aerothermo-
chemistry necessary for an understanding of the phenomena. This review
includes establishment of notation ; discussions of transport properties and of
chemical kinetics ; alternative approaches to probabilistic descriptions, such as
time averaging, Favre averaging, and equations for evolution of probability-
density functionals ; specific turbulence topics of potential relevance to reacting
flows, such as intermittency and spectral decompositions; nondimensional-
izations resulting in similarity parameters that help to quantify limiting
behaviors; methods for treatment of chemical reactions in turbulent reacting
flows ; and some discussion of methods of closure. The intent in this chapter is
to set the stage for more detailed considerations that are given in subsequent
chapters.

1.1 Background Literature

A variety of books are available for obtaining the appropriate background in
fluid-mechanical turbulence. We especially recommend Bradshaw [1.1,2] and
Tennekes and Lumley [1.3] as providing a useful and practical focus. More
extensive treatments are offered by Hinze [1.4] and by Monin and Yaglom
[1.5]. Background information in aerothermochemistry and combustion may
be obtained from the books by Penner [1.6] and by Williams [1.7], for example.
More recent texts on combustion include those of Strehlow [1.8] and Glassman
[1.9].

A current review of fluid mechanical turbulence is given by Reynolds
[1.10]. Reviews on turbulent reacting flows have been prepared by Hill [1.11]
and by Libby and Williams [1.12]. Launder and Spalding [1.13] and Spalding
[1.14] provided entries into the current literature on the more application-
oriented aspects of turbulence phenomenology.
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1.2 Turbulence in Reacting Liquids and Gases

Liquids and gases constitute two limiting states of fluids which fundamentally
exhibit very different properties. Although the present volume concerns
chemical reactions in gases, the results are applicable to liquids in certain
respects. Therefore an introductory discussion of the differences between
liquids and gases seems warranted.

The most convincing justification for the use of the Navier-Stokes level of
description of flows differs for liquids and gases. Most gases of interest are
“dilute” in the kinetic-theory sense ; the duration of molecular collisions is short
compared with the time between collisions. By contrast, a molecule in a liquid
experiences collisions most of the time. For dilute gases the kinetic theory is
relatively well developed and provides the most convincing foundation from
which the Navier-Stokes description can be derived. For liquids, complexities
of dense-gas kinetic theory cause a phenomenological, continuum-mechanical
derivation of the Navier-Stokes equations to be more satisfying than kinetic-
theory derivations. Thus, the origins of the describing equations may be viewed
as differing for the two limiting states.

When the starting point is phenomenological, no avenue is open for
questioning the validity of the describing equations. In contrast, a derivation
from kinetic theory can be challenged by questioning specific assumptions, such
as molecular chaos, that are introduced during the derivation. Recently a few
investigators have raised such challenges to Navier-Stokes turbulence for dilute
gases (see, for example, [1.15]). The possibility of the existence of associated
influences on turbulent reacting flows recently has been brought out by Tsugé
and Sagara [1.16], who achieved agreement with anomalous experimental
results on hydrogen—oxygen ignition by means of an analysis that is based on
kinetic theory and that denies applicability of a Navier-Stokes level of
description to certain experiments. Although the possibilities for failure of a
Navier-Stokes description are interesting, this topic is too new and much too
incomplete to be covered within the present volume. Therefore we adopt the
classical viewpoint that, for gases as well as liquids, the basic equations
underlying the description of turbulent reacting flows are the Navier-Stokes
equations, and the probabilistic structures appropriate for such flows are to be
erected upon those equations.

Given this identical level of description, there remain significant differences
between liquids and gases experiencing chemical reactions. Aside from sub-
sidiary influences such as buoyant convection, the density is essentially
constant in a reacting liquid but changes substantially as a result of heat release
for most reactions in gases (notably for all combustion reactions). This
simplifies the dynamics of turbulent reacting flows for liquids, in that the
turbulent behavior of the velocity field is unaffected by the chemistry. In
contrast, for the turbulent reacting flows of interest in gases, the full interaction
between turbulence and chemistry occurs: The turbulence influences the
effective chemical behavior and the heat release associated with the exothermic
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chemical reactions alters the turbulence. In this respect, the problems addressed
in the present volume are more complex than those of chemical reactions in
turbulent liquids.

Offsetting this relative simplicity of liquids is a complication associated with
molecular transport properties. In gases, diffusivities of heat, chemical species,
and momentum all are of the same order of magnitude (with the possible
exception of hydrogen which diffuses an order of magnitude faster than other
species). However, in liquids the diffusivity of heat is large compared with that
of momentum, which in turn is large compared with diffusivities of species. This
introduces into the dynamics of turbulent mixing of liquids elements not found
in turbulent mixing of gases (see for example, [1.17, 18]) and correspondingly
may influence reaction dynamics in turbulent liquids. In many problems this
complexity may be relatively insignificant; often it is thought that for suf-
ficiently intense turbulence molecular transport is unimportant in comparison
with turbulent transport. However, in general, studies of effects of large
differences in molecular transport coefficients are well motivated primarily for
liquids. Such effects are excluded from the present volume.

A final way in which turbulent reacting liquids behave more simply than
turbulent reacting gases stems from the fact that reaction rates usually tend to
be relatively high in liquids. This difference ultimately rests on the continual
intermolecular collisions occurring in liquids, in comparison with the relatively
rare intermolecular encounters of gases. The rapid reaction in liquids allows
certain simplifications associated with the notion of “fast chemistry” to be
applied more widely in liquids than in gases. This and the aforementioned
constant-density property of liquids allow many of our considerations to apply
to chemical reactions in turbulent liquids. In particular, one limiting case of
reactions in gases, that involving highly dilute reactants undergoing fast
chemistry, is directly applicable to reactions in liquids when large differences in
coefficients of molecular transport are unimportant.

1.3 The Eulerian Viewpoint and Notation

Although there are specific processes, such as turbulent diffusion, in which
clarification can be achieved through use of a Lagrangian viewpoint [1.3],
complexities that arise in attempting to tie the coordinate system to fluid parcels
in turbulent flows of general types usually lead to the adoption of the Eulerian
viewpoint. Following this latter convention, we consider the behavior with time
of the various quantities characterizing the flow at a fixed spatial point. These
quantities are the components of velocity and the state variables, pressure,
density, and concentrations of chemical species. Each of these quantities is
considered to have associated with it an ensemble average or mean value, which
may vary in space and time, and a fluctuation, which always depends on space
and time and which typically varies much more rapidly than the mean.



