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mendation, or favoring by the United Statcs Government or any agency thereof. The views
and opinions of authors exprersed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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SANDIA COOPERATIVE GROUP ON THE
AEROTHERMOCHEMISTRY OF TURBULENT COMBUSTION

S, €. Johnston
Sandia National Laboratories SAND--85-8213
Livermore, California
DEBS 007493

ABSTRACT

A turbulent reacting flow working group has been established through the
Department of Energy/Office of Basic Energy Sciences, The purpose of this
group is toestablish and maintain a strong interaction and active dialogue
between workers currently involved in modeling turbulent reacting flows and
those involved inrelated experiments. One objective of thiscollaboration
is to develop an increased understanding of the fundamental interaction
between the chemical and fluid dynamical processes oceuring in chemically~
reacting flows and to utilize this understanding to improve predictive
capabilities for turbulent combustion.

Regular members, who repreaent academia, private industry, and national
laboratories, and guests participate in the meetings, Several guests are
invited to each meeting to provide an influx of different ideas and
opinions to the discussions.

This document is a summary of the discussion that took place during the
fourth meeting, which was held at General Electric Corporate Research and

Development Center on October 8-9, 1984,
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AGENDA

Fourth Meeting of the Sandia Cooperative Group on
the Aerothermochenistry of Turbulent Combustion

October 8-9, 1984

General Electric Corporate Research and Development

Schenectady, New York

Monday, October 8

9:00 a.m.

11:15

Noon

1:30 p.m.

5:00

6:30

Welcome: lLipstein

1. Intermittency and Conditional Modelling
(Correa)

Speakers:
Libby
Pope

Peters

2. Turbulence-Chemistry Interactions
(Pitz)

Speaker:
Mungal
Lunch - Dining Room 6
Turbulence-Chemistry Interactions (cont'd.}
Gouldin
Dibble
Drake
Touchton

Adjourn

Dinner {(Altamount Manor)
Meet in Ramada Inn lobby at 6:00 p.m.
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Tuesday, October 9

8:30 a.m.

11:00 p.m.

Noon

1300

2:30

3.

u-

5.

Flame Stability/Blowoff
(Drake)

Speakers:
Broadwell
Bilger
Peters

Open Forum

Lunch and Business Discussion
(Dining Room 6)

Open Forum {cont'd.)

Laboratory Tour



INTERMITTENCY. CONDITIONAL SAMPLING ~1 o TURBULENT COMBUSTION

Paul &. Libby
Department of Applied Mechanics and Engineering fcisnces

Intermittenc» arises in those turbulent shear flows invgl-
ving an external stream or ambient, the situation in many cases
of turbulert combustion. and leads to a distinct structure to the
time history of the fluid mechanical variables at a fixed spatial
lozation, a structure overiooked in the early descriptions of
such flows and ianored in most current predictive methods. The
most cbvious manifestation of intermittency occurs when the tur-
bulent fluid is tagged with a scalar such as temperature. in thrs
case the signals from a thermometer or other sensor tndicate a
comztant temperature when in the external medium and the usuxl
randomness when inside the turbulent fluid. In an idealized zense
the probabi 11ty density function of the scalar involves a defi-
nite valtue a certain fraction of the time and a continucus ¢ise-
triouticon the remainder of the time., Such signals can therefore
be used to condition the cutput from one or more anemoameters co
that the statistical behaviour within the two fluids can be
teparately determined. This technigue has been developed and
extended during the pacst fifteern veare and is now widely uced in
experimenta)l turbulence. élthouaoh relatively seldom used. there
existe a theoretical ccunterpart of thie technique leading to
predictione of the t+teatures of intermittent turtulence,

Because special scalar wvarijiables plary essential reoles in
the most soundly baced theoriesgs for turbulent combustion. both
noncremixed and oremixed, 1t iz not surprising that im recent
veare conditiaonal sampling hac been applied to experiments invoi-
virng such combustion and toc theoretical descriptions thereof.
Improvements in both ocur pergpective of the aercthermochemistry
involved and in the modeling of vwarious processes arising in the
theory have rezulted from consideration of the variabies within
two separate, identifiable gases. The most cbvious example of
such mprovements relatez to the Brav—-Moss—-Libby model for the
aercthermoachemistry of premixed turbulent combustion., Anpltication
of the theorvy which resuits from applicaticon of conditional
averaging to reactante and producte has exposed new processes of
countergradient diffusion., nongradient diffusion and turbulent
production within premixzeg turbulent flames. In additicon the
theory ies found by experimentalicsts to provide a useful framework
for the presentation and interpretation of the results of their
measurements in such flames. Recent work on this model relates to
extensions to a two-point, two-time qeneraiization which incorpo-
rates information on the tenaoth and time scales of the scalar
tield and to nonicenthalpic flows which can arise in a wariety of
circumstancee, e.8.. in the case of a lean premixed flame discha-
rging into air,

11
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Sandia Cooperative Group on the
Aerothermochemistry of Turbulent Combustion
CONDITIONAL MODELIYHG IN TURBULENT SHEAR FLOWS
S. B. Pope

The phenomenon of intermittency in shear flows has been known for over
forty years, but only in the last ten years have modellers paid it attention.
Since the turbulent fluid is highly rotational while the nonturbulent fluid is
irrotational, the fluid behavior can be expected to be significantly different
in these two states. Experiments confirm this expectation. It can also be
expected that a model that explicitly accounts for the different behavior of
turbulent and nonturbulent fluid can be more accurate than one that makes no
such distinction,

A modeled joint probability density function (pdf) equation has been
solved to calculate the one-point statistical properties of a self-similar
plane jetl. The equation solved is for the joint pdf of the three velocity
components U(x,t) and a conserved passive scalar ¢(x,%)s With 6 being Lhe
nondimensional, cross-stream variable, the joint pdf is £(V,¥;8), where
v=v,,V,,V3, and ¢ are the independent variables corresponding to U and ¢. The
conserved scalar ¢(x,t) is zero in the irrotational ambient fluid and is
positive within the turbulent jet, Thus the condition {¢(x,t>y*} (where the
threshold y* is a small positive numbers) can be used to distinguish between
turbulent and nonturbulent, irrotational fliuid. 1In the joint pdf equation,
conditional modeling is used: that is, different models are used depending

upon whether the fluid 1s locally turbulent or nonturbulent.



The modeling of the interactions between turbulent and nonturbulent fluid
centers on the rate of entrainment g, the rate of momentum exchange Eb and the
rates of energy transfer éT and EN' According to the models, momentum 13
transferred at a rate proportional to the turbuleant frequency w and
proportional to the velocity difference (é:g). Similarly, the rate of energy
transfer is proportional to w(quI-uiui). (In bot% cases, the direction of
the transfer is such as to decrease the difference in momentum and energy.)

The calculated intermittency factor and unconditional mean velocity and
Reynolds stresses agree well with the three available sets of experimental
data. The calculated conditional mean velocity is in egreement with Gutmark
and Wygnanski‘32 measurements, but the agreement with the conditional Reynolds
stresses does not uppear to bhe so good., The calculated ratio of nonturbulent

to turbulent velocity fluctuations is in the range of values measured in shear

flows.
l. 5.B. Pope "Calculations of a plane turbulent jet”, AIAAJ 22, 896 (1984).

2. Gutmark, E. and Wygnanski, I., "The Planar Turbulent Jet", Journal of

Fluid Mechanics, Vol. 73, 1976, pp. 465-495.
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The microstructure approach to conserved scalar pdf models

N. Peters
Institut fir Allgemeine Mechanik
RWTH Aachen, Germany

Abstract

A parametric expression for the conserved scalar probability
density function (pdf) is derived on the basis of a physical
interpretation of the turbulent signal. The scalar signal is
split into thrwe parts: a fully turbulent part, a superlayer
part, and a outer flow part. Each part is represented by a
different form of the pdf. The composite pdf which is obtained
by adding these parts together has four parameters in addition
to the intermittency ifactor. It can be integrated so that al-
gebraic relations between these parameters and the first four
moments are obtained. Application of the formulation to LaRue's
and Libby's measurements in the plane turbulent wake indicates
the existence of transitions that are interpreted as internal
superlayers far inside the turbulent flow. An interesting re-
sult of these measurements is that the mean of the turbulent
part of the signal remains constant. This is related to the

occurence of large structures.



Slow Chemlstry Effects in a Turbulent Mixing Layer

M. G. Mungal, J. E, Broadwell and C. E. Frieler

Caltech, Pasadena, CA 91125

The overall chemical rate in the hydrogen-fluorine-nitric oxide
chemical system was varied by changing the concentration of nitric oxide
while keeping the hydrogen and fluorine concentrations fixed. The
temperature field in the mixing layer responds to reduced chemical rate

by three main effects.

[t] reduction of mean temperature rise profile

[2] symmetrizing of mean temperature profile

[31 1lessening of ‘'ramp-like" features within a given large

structure

The resulta are interpreted by comparizon to chemical reactions in

liquid mixing layers.
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RAYLEICGH SCATTERING FOR DENSITY MEASUREMENTS IN PREMIXED FLAMES
ONE POINT, TIME SERIES DATA

F. C, Gouldin and R. N, Halthore
Sibley sSchool of Mechanical and Aerospace Englneering
Cornell University, Ithaca, NY 14863 '

ABSTRACT

Rayleigh scattering measurements for molecular number density in tur-
bulent, premixed CHu-air flames are discussed, and data for both
flamelet passage time distributions and power spectral density functions
are reported and compared to the recent predictions of Bray, Libby and Moss
[(5]. Measurement problems associated with variations in mixture-averaged
Rayleighscattering cross section, index of refractionfluctuations, finite
spatial and temporal resclution and with scattering from particles are
dlscussed, It 1s concluded that these effects arerelatively minor {n the
reported experiments. Correction procedures are suggested for the effects
of cross sectlon variation and of finite resolution.

Passage time and spectral data support the Bray, Libby and Moss hypothesis
for the passage time distributionfunetion, Furthermore, model predictions
for the variation across the flame brush of mean passage times for both
reactant and product eddies are in reasonable agreement with experiment
except on the edges of the flame brush, Finally, the data suggest that
these mean times scale in part with U and % in the reactant flow,



RECENT MEASUREMENTS IN TURBULENT JET FLAMES
' AT SANDIA COMBUSTION RESEARCH FACILITY

R. W. DIBBLE, V. HARTMANN !, R. W. SCHEFER
W. KOLLMANN 2, A, MASRI ®, P. LEVIN*, M. LONG*

OUTLINE

1.A Conditional Sampling of Veloctiy Probability Distributions in Mixing Flows
Resulting From LDV Seed Particle Origin.

1.B Reconstruction of Unconditional Probability Distribution of Veloctiy from
Conditional Sampling of Velocity and Scalars.

2. Two Dimensional Immaging of Ca Fluorescence as an Indicator of Flame Front
Position.

A brief abstract of each topic follows:

}.A Conditional Sampling of Veloctiy Probability Distribution in Mixing Flows
Resulting From LDV Seed Particle Origin: Laser-Doppler Velocimetry (LDV) has
achieved widespread use, particularly in combustion flows, where high tem peratures
limit the usce of conventional probes, such as hot wires and Pitot probes, The LDV
measures the velocity of individual particles, which also represent the fluid velocity
and which are, in most cases, artificially added to the flow. From an ensemble of
such individual realizations of velocity, a probability distribution of velocity P(u, v)
is generated. In mixing flows, such as that of a jet of gaseous fuel into coflowing air,
the measured probability distribution P(u,v) is sensitive to the number density of
particles in each flow. In this investigation, we establish the limits of this potential
bias by measuring the velocity distribution when only the fuel is seeded Py, ((u, v)
and then when only the air flow is seeded Ps;r(u,v). In addition to establishing
these limits, we present a data reduction strategy which will generate the unbiased
probability distribution P(u, v}).

1.B Reconstruction of Unconditional Probability Distribution of Veloctiy from
Conditional Sampling of Velocity and Scalars: Our strategy relies upon the measure-
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ment of the joint probability distribution of velocity and mixture fraction P(u,v, f).
The mixture fraction, which is unity in the fuel stream and zero in the coflow air
stream, is a quantitative measure of the extent of mixing. The mixture fraction is
determined from the vibrational Raman scattering from a single laser pulse which
is triggered from the LDV event. Figure 1 is a schematic of the simultaneous
LDV-laser- Raman-scattering apparatus. Using this apparatus, we determine the
joint probability distribution P(u,v, f). Since we trigger the pulsed laser shortly
after the LDV event, we obtain a probability distribution of the mixture fraction
which is conditioned by the LDV event and, thus, by the origin of the seed par-
ticle. Comparison of the velocity and scalar probability distributions obtained from
the two experiments are clearly different. This difference is illustrated in Figure 2,
where the mean radial velocites, i. e. the first moment of the velocity probability
distribution, are compared.

Accurate determination of the true velocity probability distribution is the central
topic of our investigation. In brief, we argue that the unbiased probability dis-
tribution P(u,v) can be constructed from a linear combination of the two limiting
probability distributions Pgp(u,v) and Ppryei(u,v)

P(u,v) = VPruei(t, v) 4 (1 — Y)Pair(u, v) (1)

Both Pg;y(u,v) and Pryei{u, v) have been measured; however, o remains undeter-
mined. The factor « is determined by an analogous equation for the mixture frac-
tion:

P(f) = YPrua(f) + (1 — 7)Fair(f) (2)

The unbiased probability distribution of the mixture fraction car be determined by
operating the laser Raman scattering system independently of the LDV system.
Since all three probability distributions in Equation 2 are measured, v can be
determined and then inserted into Equation 1 to obtain the unbiased probability
distribution of veloctiy P(u,v). Comparison of various moments of the unbiased
distribution with moments of the biased distributions shows the potential for bias
when using LDV in mixing flow experiments.

2. Two Dimensional Imaging of Co Fluorescence as an Indicator of Flame
Front Position: In the course of our investigations into turbulent nonpremixed
methane flames, we encountered a strong fluorescent interference with our spon-
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taneous Raman point measurements and with our two dimensional Ramanography.
The interference is laser induced fluorescence from diatomic carbon, Cs.

We optimized this Auorescence intensity by tuning the CRF dye laser to A\ = 512 nm
which is essentially the bandhead of Co (A =516.5 nm). The resulting fluorescence
intensity is comparable to the Raman scattering intensity from nitrogen in room
air. Images of this fluorescence were readily obtained with the the Ramanography
system by simply changing an optical interference filter from a Raman wavelength
to the wavelength of most intense Stokes fluorescence (A =565 nm).

The resulting images, see Fig. 3, show a thin zone of C, on the fuel rich side
of the flame front. At a jet Reynolds numbers of less than 20,000, the image of
Cy fluorescence is always connected. At higher Reynolds numbers, the Cz zone is
often disconnected; the flame blows out at Reynolds numbers greater than 30,000.
It appears that a disconnected flame is a precursor to flame blowout; however tbis
assumes that the disconnected nature of the C, fluorescence is a consequence of local
flame extinction rather than of the existence of a flame front which has no detectable
C, fluorescence (see footnote). Our tentative impression is that C, fluorescence is a
superb marker of the flame front position; better than, for example, OH fluorescence
because the Co molecule is short lived transient that is generated and consumed in
a thin zone near the flame front whereas the OH molecule is a much longer lived
species that appears in a broad zone which spans from the fael rich side to the fuel
lean sicde of the flame front. ‘

Footnote: Our investigations after this meeting show us that C, fluorescence
is associated with the flame front untii flame extinction.

1 NATO Post-Doctoral Research Fellow, Administered by the 'Deutscher Akademischer

Auschtauschdienst’

2 Dept. of Mechanical Engineering University of California, Davis, CA 95616
3 Dept. of Mechanical Engineering, Sydney University, Sydney, Australia

4 Dept. of Mechanical Engineering Yale University, New Haven CT 06253

Work Suported by U.S. Department of Energy, Office of Basic Energy Sciences
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Figure 2. Radial profiles for a nonreacting jet at an axial location of x/D=50.
Bulk jet velocity=108 m/s; coflowing air velocity=9.2 m/s. Solid line through
squares indicates data collected with LDV seed added to the cofiowing air stream
only; dotted line through circles indicates data collected with LDV seed added to

the fuel jet stream only. (a) Radial proflles of mean radial velocity; (b) Radial
profiles of radial velocity fluctuations. o1
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