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I. INTRODUCTION

The original objective of this work was to employ laser velocimetry (LV), laser
induced Rayleigh scattering (RS) and pressure probe techniques to measure velocity, gas
density profiles and pressure in premixed turbulent flames for determining the influence of
combustion and density fluctuations on turbulence. The purpose was to study the
generation of turbulence and the enhancement of turbulent transport in the reaction zone of
turbulent flames in order to improve our understanding of these processes and to improve
turbulent combustion models. A primary focus of the experiments was to measure terms
appearing in the turbulence energy balance equation. Two terms were of particular interest
-- the term representing work by the turbulent shear stresses against the mean flow and the
term giving turbulence generation by the mean pressure gradient.

The experiments were to be carried out on a laboratory v-flame burner which had
been studied previously at Cornell {1,2]. The burner supports flames held by rods in grid
turbulence. With this burner, low turbulence Reynolds numbers are obtained [3], and
reaction is confined to thin sheets for the conditions studied [2]. The burner is described in
more detail below.

As the research progressed there were changes in the objectives as a result of new
findings both at Cornell and elsewhere, new capabilities, and of new ideas.

During the period of funding the following research was accomplished, funded
solely or partially by ARO: 1) development of models for premixed turbulent flames based
on a fractal description of reaction sheets, 2) extension of fractal based modeling concepts
to jet mixing and turbulent jet diffusion flames, 3) measurement of passage times in
premixed turbulent flames using Rayleigh scattering with results compared to the model
proposed by Bray, Libby & Moss {4], 4) conditional LV velocity measurements in v-
flames, and 5) preliminary studies of the fractal character of v-flames. Much of this work
has been reported previously in journal articles [3,5] or Comell University reports [6,7].
In this report our research findings will be summarized and discussed. Emphasis will be
placed on results not previously reported. It should be noted that work on conditional
velocity measurements continues and the student working on the project expects to
complete his degree work by August 1987. Modeling work also continues and a
manuscript for journal submittal is in draft stage.
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II. MODEL DEVELOPMENT

Models for predicting the turbulent buming velocity and the mean fuel consumption
rate per unit volume of premixed, turbulent flames have been proposed. Fractal ideas have
been applicd to the modeling of jet mixing and of jet flame length. This work is
summarized in this section.

IL.1 Model for Turbulent Burning Velocity

For a range of turbulence conditions including conditions of practical interest,
reaction in premixed turbulent flames occurs in thin reaction sheets referred to as flamelets.
For modest levels of turbulence the structure of these sheets approaches that of steady
laminar flames. For this condition Damkohler has suggested that

b=ty 5 ®

where u, and uy are the turbulent and laminar burning velocities, A is the flamelet surface
area for laminar flow, and Ay is the ensemble average flamelet area in turbulent flow.
Thus, in this model the sole effect of turbulence is to generate flamelet surface area.
Damkohler's model can be extended to higher levels of turbulence by allowing for
’;;%rturbations of the flamelet structure by the turbulence, i.e., allowing for flamelet stretch.
en

U, = <u > K;’ Q)

where <u; > is the mean, stretched-flamelet burning velocity.

Early attempts to use Damkohler's model suggestion were not successful. A major
reason for this lack of success appears to be the failure of area ratio estimates to account for
the multiple length scale wrinkling of flamelet surfaces by turbulence [5]. Rough surfaces
with multiple, self-similar scales of wrinkling can be characterized with the mathematics of
fractals [8]. In our research we have used this characterization to estimate the area ratio in
(1) and (2).

Consider an isotropic, homogeneous fractal surface filling a volume L3 in space.
One aspect of the surface's fractal character is that if one measures the surface area, A, in

L3 with a measurement scale € which is commensurate with the scales of surface wrinkling
he finds for varying € that

3

AL} ~1e/L Pl )

See also Fig. 1 and (5, 8]. D is the fractal dimension and is defined by (3). Fractal
character is reflected in the power law dependency of A versus €.

Mandeibrot {9] has suggested that constant property surfaces in isotropic,
homogeneous turbulence are fractal. This hypothesis is supported by experiment [10,11]




and by analysis of cloud dispersion [12]. These surfaces are expected to exhibit fractal
character for a limited range of measurement scales corresponding to the range of scales of
wrinkling. The experimental results of [11] indicate that the limits to fractal behavior are
associated with an inner cutoff, which is the Kolmogorov (1) scale of turbulence, and an
outer cutoff, which is the integral (/) scale. This finding suggests that the inertial subrange
turbulence eddies are the agents of self-similar fractal wrinkling. A simple model of how
an eddy could wrinkle a surface is also suggestive of this conclusion. An eddy of length
scale / , and velocity scale u, causes a sinusoidal like wrinkle of wavelength / ; and

. amplitude u,®At, where At is the eddy iife time. Typical scaling gives At~/ / u, and the
aspect ratio of the wrinkles is seen to be one, independent of the wrinkle amplitude and
wavelength, ie., the wrinkling is similar at all scales.

In our research [5] it is assumed that flamelet surfaces can be represented as fractal
surfaces and the assumption is used to estimate the area ratio in (2). Itis assumed that there
are inner (g;) and outer (g,) cutoffs to the fractal behavior for flamelets and that the
ensemble average of measured flamelet area will vary with measurement scale as shown in
Fig. 1b. Further it is argued that A;, the area at the inner cutoff, is the ensemble average
flamelet area in L3, while A, the area at the outer cutoff, would be the flamelet area in the

o absence of turbulence. Thus
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One sees that in this model the area ratio is given in terms of three parameters - two length
scales and the fractal dimension.

To complete the burning velocity model expressions for these length scales, a value
for D and an expression for <u > are required. In [5] it is argued that

P -
P

€ =1/, and (5)

R g =1 (1-(1-A V4R 34) exp(-A MR V4 u' / <ug > ). (6)

A, is an empirical constant obtained from data on noncombusting turbulent flow. u'is the
, root mean square of velocity fluctuations; and R, is the turbulence Reynolds number (R, =

X u'l /v ). Also presented in [5] is an expression for <uy > based on an analytical expression
for flamelet stretch effects developed by Law [S]. For brevity this expression is not

repeated here. From the above expressions and an expression for the ration /I good for
grid turbulence one finds

;L‘.’; u, = <up > {[1-(1-A V4R 34) exp(-(A/R)V4 u'/ <u > )]A 4R 34)}D-2. (T)

In (5] model predictions for burning velocity are compared to data obtained at
Leeds University [13, 14]. A value for D of 2.37 is used based on the results of [10-12).
The comparison shows good agreement for a wide range of R, (1,000 - 40,000) and of
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u'/ug (u/ug < 40) for various fuels.

IL2. Chemical Closure Model

In a complementary research program a model for premixed turbulent flames has
been developed based upon conditional statistics and a second order transport closure
model developed by Professor Lumley of Comell and his students. Model equations for
conditional second order statistics are proposed and solved. Conditioning is on being
either in reactants or products and the model approach assumes combustion to occur in
flamelets. A paper describing this model will appear soon [15].

We have extended this modeling effort as part of our ARO supported research by
proposing a chemical closure model based on the assumption of fractal flamelets. This
work was started at Cambridge University (during the visit of F C G) and is a joint effort
with Professor K N C Bray of Cambridge and Dr. J-Y Chen of Sandia National
Laboratories, Livermore. A closure model has been proposed for the mean fuel
consumption rate, and it has been evaluated in numerical and analytical calculations.

The proposed closure model expression can be written as
<> = Cppo<AYyup >¢ (1 fM)D2U g} <c> (1-<c>), ®
with f given by

f = [1-(1-A V4R 34) exp(-A,4R Y4y’ <uy >)].

Cr is a model constant; p,, is the reactant gas density; AYis the change in fuel mass
fraction across the flamelet; ! g is the local flame brush thickness; and c is the reaction
progress variable which is defined as the ratio of the fuel mass fraction less the initial fuel

mass fraction and AY;. The f subscript on the angle bracket denotes a conditional average
with conditioning on the flamelet.

Details of the model development and the analyses are presented in Appendix A.
Here we present a summary of the findings. The model is used in simplified analyses of
normal and oblique flames.

For a normal flame, we assume high Reynolds number, one-dimensional flow in

the mean, and constant AYy, <u; >, N,f and /. Integration of the equation for <c> across
the flame brush gives

u, / <ug> = (I f/m)b-2

(which is identical to our burning velocity model prediction) provided that
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-0

Cr = lc /I <c> (1-<c>) dx, 9

which is reasonable. Thus the closure model for normal flames is consistent with the
burning velocity model.

The above analysis can be extended to the oblique flame case provided several
additional assumption are made. The assumptions to be made include constant density, |
parabolic flow ( the flame brush lies almost parallel to the flow direction ), and flow t
similarity. A major point of interest in this analysis is to see if a turbulent burning velocity
could be defined for the oblique flame case. A definable burning velocity is obtained with

u,/ <u > = (I fm)P-2 provided (9) is valid and either the flames brush thickness is constant
or grows linearly with distance in the flow direction.

Numerical calculations using the transport closure of [15] were performed for
oblique flames with constant density in decaying grid turbulence. Calculated unconditional

normal stresses and other turbulence properties compared well with the grid turbulence data
of [16] which is for nonreacting flow.

Flame results were obtained for a range of conditions with a single value for C; Cr
= 4.0. Calculated burmning velocities compare favorably with values obtained from the
burning velocity model as would be expected from the results of the normal and oblique
flames analyses discussed above. However flame brush thickness did not grow linearly :
and there were slight but noticeable variances between the burning velocity calculated and |
that obtained from the u, model. These differences are attributed to a departure from ’
similarity in the flows obtained by numerical calculations. In turn the departure from
similanty is attributed to turbulence decay.

As part of the numerical calculations we obtained results using the new chemical
closure model with a two-equation, gradient transport model in the equation for <c>; A k-€

model was used with k and € obtained from the second order model results. The
differences between the two transport models are striking. The gradient model under
predicts the turbulent fluxes, and consequently the flame brush thickness is also under
predicted. On the other hand the burning velocities predicted using the new chemical
closure model and either of the two transport models are quite similar.

Overall we are very pleased with the model results. The representation of flamelet
surface geometry by fractals appears to be a very promising approach which we intend to
continue to pursue.

II1.3 Modeling of Jets and Jet Flames

The flamelet concept may also be applied to nonpremixed flames [17]. In this case
reaction still is assumed to occur in thin sheet like regions which are centered on the
stoichiometric mixture fraction surface, Z = Z,. ( Z is the mass weighted mixture fraction. )
We have developed modeling ideas applicable to jet mixing and reacting jets based on the
assumption that constant mixture fraction surfaces can be represented as fractal surfaces. A
paper applying these ideas to jet mixing has been submitted for journal publication [18],
Appendix B. This work is now summarized.

i ’i“‘:"”.f*t"ib V.



An axisymmetric jet is modeled, and the jet structure is viewed as a set of constant
concentration surfaces. Stationary turbulence and uniform density are assumed, and a
balance equation for the ensemble mean flux of jet fluid across a Z constant surface is
developed which states that this flux must equal the mean flow supplying the jet. Terms in
this balance equation are modeled 1) by assuming that the geometry of constant
concentration surfaces can be represented by fractal surfaces and 2) by estimating the mean
jet fluid mass flux per unit area of a constant concentration surface in terms of the
Kolmogorov velocity. To complete the analysis similarity in the jet structure is assumed.

Consider a slice of the jet defined by x to x + dx, where x is axial distance. The
average Z surface area in this slice is modeled as

dAz = 2rr_z, (A V4R A4)D-2 dx, (10)

r.z, is the local radius of the <Z> contour with <Z> = Z; the area of the <Z> constant
surface is identified as A,. The average flux of jet fluid per unit area of a Z constant

surface is modeled as C4pZv with v being the Kolmogorov velocity, p the density, and Cy
a model constant. The average flux of jet fluid across a Z surface between x and x + dx is

obtained by multiplying (10) by CypZv. The resulting expression is integrated over x
using a standard similarity form forr_z,. The resultis

L/d = C Cy4 R,B/@-WID-2) + [12-31(d-w)) Z,, (11)

L is the axial distance at which <Z> on the jet axis falls to Zy, and d is the initial jet

diameter. C is an empirical constant [18], and p is the intermittency exponent-- 0.25 <pu <
0.5. The form of (11) is that expected from similarity provided there is no Reynolds
number dependency which in turn requires

(K +2)

D=2+ 3 .

(12)

Thus the jet mixing analysis gives an expression for the fractal dimension. The expression
is identical to the one obtained by others [12, 19] from an analysis of cloud dispersion in
homogeneous, isotropic turbulence. For the expected range of | values, (12) gives 2.33 <
D < 2.42 which is consistent with experiment and the value used in our bumning velocity
model. All of these results support the idea of a universal expression for D valid for high
Reynolds number.

Some preliminary work has been performed to extend our fractal modeling ideas to
the reacting jet case. Variable density effects have been added in an approximation, and an
expression for the length of jet flames has been developed. The flame length expression
with D satisfying (12) is

Lyd = CUZ)J o0y (13)

Z, is the stoichiometric jet fluid mixture fraction, while p; and py are the initial jet fluid
density and an average flame gas density, respectively. JI'his work has been presented and
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a report is available [19].

As in the case of premixed flames our initial application of fractal concepts to
modeling of jet mixing and combustion has proved useful and encouraging. Further work

b with fractals on nonpremixed flames is planned and will be supported by ARO in a new
e program of research [20].
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III. EXPERIMENTAL RESEARCH

Our experimental research may be divided into three distinct tasks: measurement of
passage times in turbulent v-flames, conditional velocity measurements in v-flames and
preliminary studies of the fractal character of flamelets in low Reynolds number turbulent
premixed flames. The results of each of these efforts are reported separately.

III.1 Passage time measurements

Bray, Libby and Moss (BLM) have proposed a model for premixed turbulent
flames which makes use of the probability distribution function (pdf) of passage times --
the time duration between the passage of a flamelet at a point in the turbulent flame brush.
In their work BLM distinguish between times in reactants and times in products. In their
initial work [4] the pdf was assumed to take the form

1 4, .
P(t) = :EF exp( - :ti:), i=rorp. (14)
r and p refer to reactant and products respectively, while <t;> is the local mean passage
time.

This form is not satisfactory at small t; since it does not approach zero as t;
approaches zero. Recently Bray and Libby (BL) have proposed another form for P(t;)
[21], the gamma two distribution.

oy 46 2t
(t)=—exp(- -<T>—), i=r,p. (15)
<ti> 1

This distribution approaches zero at small t; as expected.

We have made Rayleigh scattering measurements to determine P(t;) and test the
hypotheses of BLM and of BL. In premixed flames Rayleigh scattering is proportional to
the gas density, and where flamelets are present, the temporal signal from Rayleigh
scattering will be, apart from noise, a random series of changes from high to low and back
again. The changes in signal level correspond to a flamelet passage event and therefore
passage time data can be obtained from Rayleigh scattering time series records stored on
computer.

Passage time measurements were performed on low Reynolds number v-flames. A
schematic of the burner used is shown in Figure 1. An unconfined v-flame is stabilized in
grid turbulence on a rod (1.5mm dia.) mounted across the exit of a cylindrical burner
(50mm dia.). Turbulence is generated by woven-wire screens mounted 30mm below the
rod. Fuel (commercial grade methane) and air are mixed in a plenum chamber and flow
into the burner. For details see [2, 3].

Rayleigh scattering is induced by a 1 watt argon-ion laser operating in the green.
Scattered photons are detected by a photomultiplier and the signal is stored on computer.
The spatial resolution of the measurements is approximately 0.1mm and the temporal

resolution is 200ps. Minimum resolution is set by signal-to-noise considerations [3].

Scattering measurements were performed for three different flame conditions and at
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several different spatial locations in each flame. The initial results for the three flames,
which are reported in [3], are in rough agreement with the hypothesis of BLM at least for
large t;. There are discrepancies in the comparisons at small t; where the gamma two
distribution suggested by BL is expected to give a better result. Comparison of
experimental data with a gamma two distribution does show better agreement for the lower
Reynolds number flames at smaller t,, But comparisons at larger t; and for the higher
Reynolds number flame are not as good as given by (14). Sample pdfs are shown in Fig.
2. On the basis of these data one concludes that there is room for further improvement in
the representation of P(t;).

IIL.2 Conditional Velocity Measurements

For low Reynolds number turbulence, as noted above, the flamelet structure is
expected to approach that of an unperturbed laminar flame. Assuming an unperturbed,
quasi-steady structure there is a jump in fluid velocity normal to the flamelet surface across
this surface which is equal to the laminar burning velocity times the density ratio across the
flamelet minus one. For small u' relative to ug this acceleration could be important to
turbulence generation. We undertook conditional velocity measurements in order to detect
flow acceleration across flamelets. These measurements entailed the simultaneous
measurement of flamelet position and gas velocity. Laser induced scattering techniques
were employed in these measurements. Some of the results have been read at a ASME-
JSME meeting and are available in report form [7] and Appendix C.

These measurements were made on v-flames. Gas velocity is measured with a
commercial LV system composed of an argon-ion laser, counter-type signal processor, and

associated optical components. The spatial resolution of the velocity measurements is a
few tenths of a millimeter.

Flamelet position alone a line in space is measured with a light scattering technique.
The reactant flow is seeded with an oil mist which evaporates in the flamelet and thus
marks reactants but not products. Scattering from a He-Ne laser is detected with a
photomultiplier tube which sees scattering from a one centimeter portion of the laser beam.
Thus the detected signal strength depends on the amount of reactant gas along the portion
of the laser beam viewed, i. e., the position of the flamelet along the laser beam. The He-
Ne laser beam is alined in the horizontal; see Fig. 1.

For measurements, the LV measurement volume is located at different points along
the He-Ne laser beam. Position and velocity data are recorded simultaneously on a
computer. The oil mist used for the position measurements is excellent for LV
measurements. However, since the oil evaporates in the flamelet, a second refractory
particle seed must be added to the flow for velocity measurements in the products. The
refractory seed levels are low enough so that the position measurement is not affected by
the addition of refractory scattering particles. Vertical and horizontal (perpendicular to the
vertical plane containing the stabilizer rod) velocities are measured.

The position and velocity data are analyzed to give the pdf of flamelet position along
the He-Ne laser beam and conditioned velocities. Conditioning is by being either in
products or reactants and by distance from the flamelet. We expect that conditioning by
distance will provide evidence regarding flow acceleration across flamelets.

Measurements in reactants (without refractory seed) have been performed and
results reported [7]. Measurements with refractory seed are in progress. They are the
thesis research of Paul Miles; he is expected to complete his thesis in August 1987. Results
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to date of note are summarized in the following.

The pdf of flamelet position is nearly Guassian and the its standard deviation is a
useful measure of the flame brush thickness. The standard deviation grows approximately
as a linear function of downstream distance. The derivative of the flamelet position signal
is determined and viewed as a measure of the flamelet velocity [7]. Surprisingly high
values of the derivative are observed. Power spectra of the derivative signal are compared
to spectra of the horizontal velocity (the V component). The two spectra are nearly
coincidence in the frequency range from approximately 500 to about 1500 Hz. Mean
velocities measured in reactants are consistent with those measured by others in a similar v
flame. Velocity statistics conditioned by distance from the flamelet in reactants do not
contain surprises. In particular rms levels do not vary significantly with distance -- see
Fig. 10, Appendix C.

Measurements with refractory seed are in progress. The persistence due to slow
evaporation of large oil drops through the flamelet have caused problems in these
measurements. Refractory seed concentrations are orders of magnitude below that of the
oil mist. As a consequence a small percentage of large oil drops which do not influence
the position measurement or the reactant velocity measurement, appear to bias the product
gas velocity measurements. We are currently working to resolve this problem.

III.3 Evaluation of the fractal character of flamelets

While it is not obvious how to assess surface fractal character directly, inferences
can be draw from the application of laser tomography and point, scalar measurements; see
for example [11]. Preliminary experiments on v-flames have been performed using
tomography and point scattering measurements [24, 25].

The intersection of a flamelet surface with a plane can be visualized with laser
tomography [23]. For these experiments the reactant flow is seeded with an oil mist as for
the velocity measurements. The output of a high energy, pulsed Nd:Yag laser is frequency
doubled into the green (300 mj per pulse in the green), and lenses used to form the laser
beam into a sheet of light approximately 0.5mm in thickness. The flame brush is
illuminated by the laser, and the reactant gas in the plane of illumination is made visible by
scattering of light from the oil mist. Photographs of the flame brush are taken with a 35mm
camera synchronized with the laser pulse. Because the oil evaporates in the flamelet there is
no scattering from the products, and consequently the curve defined by the boundary
between regions of scattering and of no scattering observed in the photographs --called
tomograms -- is the intersection of the plane defined by the laser and the flamelet surface.

Curves formed by the intersection of a plane with a fractal surface are fractal, and
for isotropic fractal surfaces the fractal dimension of the curve is one less than that of the
surface from which it is formed. We assume that the curve fractal dimensions which we
measure are also one less than that of the fractal flamelet. For curves, fractal dimension can
be defined in terms of measured length, L , in 2 manner analogous to that for surfaces.
Thus

L/L2~|e/L|Pe/L2 (16)

Here D is the fractal dimension of the curve; L is the scale of the surface area over which L
is measured; and € is the measurement scale.

In our studies tomograms for several different flame conditions -- see Table 1 -- are
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digitized and their fractal dimension determined by application of (16). Plots of L versus €
were made and slopes taken. A sample plot is given in Fig. 3. Since there are limits to the
length scales of wrinkling we expect a curve similar in shape to that in Fig. 1b, two
honzontal lines connected by a straight line with slope 1 - D. Furthermore for a surface
fractal dimension of 2.37 we expect a curve dimension of 1.37. In Fig.3 we see that the

shape is in general what we expect. However the maximum € is not large enough to
unambiguously show behavior above the outer cutoff. Also the fractal dimension taken
from the curve is well below the expected value. Low fractal dimensions are observed for
all the flame conditions studied, Table 1. From measured length curves, inner and outer
cutoffs are also estimated and found to be several times larger than the Kolmogorov and
integral scales respectively.

We attribute the low fractal dimension obtained in these measurements to two
factors, low turbulence Reynolds number and low u'/uy. Fractal wrinkling is most likely
caused by the inertial subrange turbulent eddies. For low Reynolds number turbulence
these eddies are not fully developed which may influence the character of surface
wrinkling. In section II.1 a simple model for surface wrinkling by turbulent eddies was

presented. For this model, the amplitude of wrinkling depends on a time scale, At, which
is the time a surface is exposed to an eddy and was taken as the eddy life time. Since a
flamelet propagates relative to the reactant mixture, exposure time may be less than an eddy
life time. An altemate exposure time is given by /, / ug. For ug > u, this latter time is the
exposure time and the amplitude of corrugation by our model is { , (uy/ug). Thus the
condition u, = ug marks a transition in behavior. The / , for u, = u, is defined as the
Gibson scale -- / g -- and by standard scaling arguments / g =/ (ug/ u')3. For our
conditions / g > /. By our simple, wrinkling model all wrinkle amplitudes scale as / 4
(uy/ug) rather than / , and it is reasonable to expect a variation in fractal behavior. By the
above argument one expects D would approach 1.37 for large R; and large u'/u,,.

The set of points formed by the intersection of a line with a fractal surface also
exhibits fractal character, and for an isotropic fractal surface the fractal dimension of the set
of points is two less than the fractal dimension of the surface. A fractal set of points is
known as a fractal dust [8]. For points along a line the fractal dimension is determined by
the variation in the measure of the set with measurement scale. Divide the line into

segments of length €. The number of segments in which there is one or more members of
the set is N. Then for a fractal set

N ~¢D. 17)
D is again the fractal dimension, and its value falls between O and 1.

Time-series, point-scattering measurements were performed to study the fractal
character of the distribution of flamelet crossing events in time. As before the reactants are
seeded with an oil mist and scattering is excited by a He-Ne laser. Scattered photons from
a small volume are detected and used to drive a logic circuit which generates a short
duration, logic pulse at each flamelet crossing event. These pulse control a computer clock
which counts the time between crossing events, and these times are stored in computer.
The spatial resolution of these measurements is a few tenths of a millimeter and the

temporal resolution is 50 psec.
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From recorded data the measure of a set of crossing events along the time axis can

be determined as a function of €. Plots of N versus € are then generated; see Fig. 4.
Fractal behavior is not obvious in the data shown in Fig. 4. These data may be represented
by several straight line segments and a physical interpretation can be given to each of the

segments. The horizontal line to the left is for the case where € is below the inner cutoff
and all members of the set are resolved. The right most line has a slope of -1 which

indicates € values above an outer cutoff. In each segment there are set members for all € in
this range, and none of the time intervals between crossing events are resolved for these

large €'s. In between these two regions of limiting behavior are two regions of fractal
behavior; one having a fractal dimension of approximately 0.1 and the other a dimension of
approximately 0.5. The tomographic results imply a fractal dimension for the dust of
approximately 0.1, and therefore we associate this segment of the curve with the fractal
wrinkling of the flamelet surface.

To understand the portion of the curve where D ~ 0.5 consider a coin toss game in
which the winner of each toss receives the coin. The coins are identical and fair. A plot of
cumulative winnings for one of the players versus trial number is a random walk, while the
distribution of zero winnings versus trial number is a fractal set with dimension 1/2 [8].
This observation suggests that the D ~ 0.5 segment may be the result of large scale flapping
of the flamelet. In other words, a smooth, flapping flamelet would give fractal behavior
with D ~ 0.5, while the fractal wrinkling of the flamelet contributes a region in our N

versus € plot with D ~ 0.1. With regard to the proposed buming velocity and chemical
closure models the fractal character and fractal dimension of the surface wrinkling are the
critical features to be tested by the experiments. Therefore we conclude tentatively that the
experiments support the concept of fractal wrinkling and for the conditions studied a fractal
dimension of approximately 2.1. We speculate, based on experiments [10, 11] and
analyses for nonreacting flows [12, 18, 19] that as u'/uy and R, increase D will approach
the limiting value given by (12).

Our investigations of fractal behavior are a preliminary, first step, and our
interpretation of results is also preliminary. More work is required, especially at higher
Reynolds number.

IV. TURBULENCE GENERATION

For the flames we have studied reaction occurs in thin sheets separating low and
high temperature regions of uniform density. From a mechanistic point of view turbulence
generation associated with density change in these flames must be associated with the
flamelet. In unconditioned moment closure models density fluctuation effects appear in
many terms which require modeling. However these terms do not explicitly account for the
fact that density fluctuations effects are found only in the flamelet. We believe that this is a
serious short coming of these models because a more detailed, mechanistic picture of
density change effects when obtained from experiment ( or other sources ) cannot be
incorporated explicitly in the model. On the otherhand such mechanistic information can be
incorporated in other model approaches such as the conditional approach developed at
Cornell [15].

Similar comments apply to the modeling of chemical species transport effects in
premixed flames dominated by flamelets. Temperature and composition are nearly uniform
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in reactants and products. Molecular ransport of heat and species occurs in the flamelet.

Unconditioned moment closures cannot reflect these facts directly while other model
approaches can.

The conditioned velocity measurements were undertaken primarily to investigate
flow acceleration across the flamelet. Unfortunately the persistence of oil droplets across

the flamelet hinders a quantitative evaluation of such acceleration. We continue to work on
this problem.

V. SUMMARY

Several tasks of research on turbulent flames have been pursued. The focus has
been on low to moderate Reynolds number premixed flames. A fractal representation of
surfaces in turbulent flows is found to be a very useful tool for modeling purposes.
Experiments support the hypothesis that flamelet surfaces can be represented by fractal
surfaces, but more experiments are need before the evidence can be considered conclusive.
Passage time pdf's are also useful in combustion modeling. Such distributions were
measured and found to be reasonably well represented by one of two proposed functional
forms for the pdf's. If a very exact representation is required neither function seems ideal.
Flame position and conditioned velocity measurements were performed. The pdf of
flamelet position is nearly guassian and the standard deviation of the distribution is a
measure of flame brush thickness. The velocity measurements reveal the flamelet to be a
source of flow acceleration. But experimental problems have hindered the gathering of
quantitative data on the magnitude of this acceleration.
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Table 1. Tomographic Fractal Anaiysis Results

CHj4 - Air flames.
8 mesh screen turbulence generator

mean axial number of curves mean fractal standard
¢ velocity (m/s) R; analyzed dimension  deviation
0.8 4.1 25 18 1.09 0.03
1.0 42 25 16 1.11 0.03
0.8 3.8 23.5 16 1.11 0.04
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i FIGURE CAPTIONS

1. Schematic of burner showing location of wire mesh turbulence generator, stabilizer

rod, and laser beam for flamelet position measurement. The inner Jjetdiameter is §
cm, and the outer, annular jet diameter is 7.6 cm. The fuel is methane.

“" B
9

Distribution of passage times in the 10 mesh, <U> = 3.8 m/s flame. Squares
denote times in products and pluses denote times in reactants at a point 5.5 cm
downstream from the wire mesh. Triangles denote times in products and X's times
in reactants at 7.0 cm. <c> = 0.46. The straight line indicates the exponential pdf
- form while the curved line is the gamma 2 distribution. See Ref. 3 for details.

A
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2.

3. Typical length plot for fractal analysis of tomograms [24].

4. Typical plot for fractal dust analysis of the time series measurements of flamelet
crossing events [25].
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APPENDIX A

CHEMICAL CLOSURE MODEL FOR
FRACTAL FLAMELETS

F. C. Gouldin
Cornell University
Ithaca, N. Y. 14850

{ K. N. C. Bray
; Cambridge University
Cambridge, England

J.-Y. Chen

Sandia National Laboratories
Livermore, CA 94550

Abstract

RN . A

_ A chemical closure model for premixed turbulent flames is proposed and tested by
analysis and numerical computation for flames with vanishingly small density change. The
model is based on the assumption that reaction zones can be modeled as thin sheets --

flamelets -- and that the geometry of these sheets can be represented by fractal surfaces.
. The model expression for mean fuel consumption rate is

<wp> = Cpp, <AY g > (I f/ M)P-2 g1 <c>(1-<c>),
with f given by

f= [l - (1 - A(”4R,‘3’4)cxp(-Atl"R,'1/4u'/<uL>r)],
and
; L1 = AR, 34,
: where D is the fractdl dimension of the flamelet surface and is the new parameter introduced
by the fractal geometry assumption.

This model is tested in simplified analyses of normal and oblique flames with good
results. The oblique flame analysis provides new insight into the definition of the turbulent
bumning velocity. Numerical computations are performed with a conditioned second order
closure scheme, and the chemical closure model performance is found to be good.
N Computed results with a gradient transport model for species diffusion show that turbulent

fluxes are significantly under predicted in comparison with the second order closure
results.
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I. Introduction

In [1] a model for turbulent burning velocity is proposed based on the assumption
that chemical reaction and heat release rates can be modeled as occurring in thin sheets --
flamelets -- and that the geometry of these sheets can be represented as fractal. It is argued
that flamelet surfaces are extremely rough with multiple scales of wrinkling and that
mathematical relationships true for fractal surfaces can be used to advantage in
characterizing flamelet surface area.

Fractal surfaces are rough and a significant feature of this roughness is the regular

variation of measured surface area with measurement scale [1,2,3]. For an isotropic fractal

surface in a volume L3,
A/L3~g2D/L3 1

A is the measured area, and € is the measurement scale. D is the fractal dimension of the

surface and is bounded such that 2 €D < 3. Fractal surfaces are extremely wrinkled, and
according to Mandelbrot [3] they appear to be space filling. The larger D the more space
filling a fractal surface will appear.

For flamelets as for constant property surfaces in turbulent flow, there is a limit to

the range of length scales over which fractal behavior is observed. The variation of A with

. € will not follow (1) for € outside the fractal range, and for surfaces with a limited range of
fractal behavior Gouldin [1] hypothesizes a simple behavior for A versus €, which is

depicted in Fig. 1. At this point two new parameters enter the fractal description, the inner

and outer cutoffs -- €; and €, [3]. Flamelet surface area is finite and thus A must approach

N alimit, A, as € — 0. For large € and anchored flames such as a bunsen flame, we expect
1)
. )
» that on large measurement scales the surface will appear smooth and A — A, as € — .
“
»
‘l.
L]
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This limiting behavior at both large and small € is represented by horizontal line segments
with €; and €, defined such that A/ L3 ~ €,2D /L3 and A; /L3 ~g2D/L3.

Mean flamelet surface area is estimated in [1] using the results displayed in Fig. 1.
Here we use similar reasoning to that in [1] to obtain a model for the local mean rate of fuel
consumption. Then normal and oblique flames are analyzed with the proposed rate model
under the assumption that density change is negligible, and a burning velocity expression is
obtained which is identical to that of [1]. A numerical analysis of anchored flames in grid
turbulence is performed with the new closure model and with a conditioned, second order
transport model developed by Chen, Lumley and Gouldin [4]. The calculation results are
realistic and consistent with those of [1]. Finally, flame calculation results with a gradient
transport model for turbulent species flux are compared to results from the second order
model. The gradient model predictions are not in agreement with those of the second order

model.
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II. Chemical Closure Model

The proposed rate expression for fuel consumption is of the form

<wp> = Crp, <AYup >¢ (€;/€9)% D1 1 <c>(1-<eo) M g, 2)
where Cp is a model "constant”, uj is the local laminar burning velocity of the flamelet and
AYyq is the change in fuel mass fraction across the flamelet. The notation < >¢represents an
average over the flamelet surface, /g is the local, turbulent flame brush thickness, while /
will be defined below. Finally, p, is the cold gas density, and <c> is the mean degree of
reaction where ¢ = (Y¢- Y{9)/AYand YO is the initial fuel mass fraction. This expression
is justified using the following arguments.

Consider a cubic volume centered in space on a point x with side / ; which is small
enough that the ensemble mean conditions inside the volume can be assumed to be uniform
with a mean degree of reaction <c>. Assume that the flamelet geometry can be represented
by a fractal surface of fractal dimension D, inner cutoff €;, and outer cutoff €,. Here, g, is
representative of the larger scales of wrinkling of the flamelet surface and for the flamelet
surface to be distributed on average in a uniform manner over / ;3 we require that [ . 2 &,
Let P be the probability that a flamelet is present in the volume / ;3.

According to Mandelbrot [1,3] a constant property surface ( e.g., a constant
temperature surface) in homogenous, isotropic turbulence is fractal. In a cube of volume
L3, the mean surface area per unit volume of a fractal surface measured at a length scale €
is

A/L3 = Cle/LIPe2/L3.
C is a constant termed by Mandelbrot the lacunarity [2]. As noted, Gouldin [1] has argued
that if there is a characteristic minimum length scale of wrinkling, which is defined as the

inner cutoff, the actual mean surface area per unit volume is finite and can be written a
A/L3 = C |g;/L |'Dg;2/L3.
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Mandelbrot considered homogeneous, isotropic turbulence. Then L3 is a volume
embedded in turbulent fluid and the surface is dispersed throughout this volume in a
ey statistically uniform manner. Flamelets are not expected to fill space in the same manner as

e Mandelbrot's constant property surfaces. To adapt Mandelbrot's fractal surface concepts

to the present problem it is assumed that, when there is flamelet present in / 3, it fills / 3

;tf;:! in the same manner as a constant property surface in isotropic, homogeneous turbulence
;‘";u
e ) fills L3. Thus the average flamelet surface area in / ;3 can be expressed as
1 !6‘. .§
[}
A A, =C eyl . |'Pe?P,, (3)
‘.“é where P, as noted, is the probability of finding a flamelet in the volume / 3.
RS
»:e:gi For modeling we propose that the mean rate of fuel consumption can be written as a
BRN

product of A; and the mean rate of fuel consumption per unit flamelet area --p,<AYup>¢.

e Flamelet surface wrinkling and other effects of turbulence will perturb the flamelet structure
™M

e . .

;.’::;z and therefore alter fuel consumption rates. p,AYu represents the local instantaneous

consumption rate in terms of the reactant density, the change in fuel mass fraction across

e the flamelet and the laminar burning velocity. This expression may be interpreted as a
‘t‘g‘i
.;c;’:: definition for the laminar burning velocity. It is implicit in our modeling approach that

good estimates of p,<AY i >¢ can be obtained and our focus is on the modeling of A.. A

.,:}',;‘.'-’ fuller discussion of possible modeling for p,<AY;uy >¢is given in [1].
:,:":'.i With our expression for mean fuel consumption per unit area, the mean
Y consumption rate in ! & is just po<AYgup >(A. and
“E':;‘ _ <wp> ~ Po<AYpup>1 €20l PP,

et with P, €; and /  yet to be determined.

A

Dal There is experimental evidence for v-flames (5] that the probability density function
-:;E describing flamelet location on a line which is normal to the flame brush is Gaussian. If
o
se;s: flamelet motion is the result of many random impulses the central limit theorem also
g suggests that this probability wiil be Gaussian. For thin flamelets a reasonable
:.«.;;E'. approximation (5] to the value of the Gaussian function at a point x is given by
i:§’~,

:,:.
e
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Ab
Ca<c(x)>(1-<c(x)>) where C, is a normalization constant. For clarity the functional

dependency of <c> on position, X, is shown explicitly. The probability of finding the

flamelet along a segment of the normal which is ! is just C; <c>(1-<c>) /. The

x integrated probability over the flame brush thickness, / ¢, should be one and therefore C,, ~

l g. For P, it follows that
P, ~ <c>(l-<c>)l Jl g . 4)
The inner cutoff is a measure of the smallest scales of wrinkling. For unit Schmidt
number we expect that the smallest possible scale of wrinkling due to turbulent velocity
fluctuations is related to the Kolmogorov microscale. Gouldin [1] has hypothesized that

! for flamelets the inner cutoff is equal to or greater than the Kolmogorov scale and that it

depends on the ratio u'/<up >r. He suggests an expression for g;[1] -
¢ g =n/f=n/1-(1 - AfV4AR34)exp(-A V4R V4u'/<up 5)], (5)
where 11 is the Kolmogorov microscale, R; the turbulent Reynolds number and u' is the
root mean square of velocity fluctuations. T represents the minimum possible scale of

B surface wrinkling, while f accounts for smoothing at the smallest scales of wrinkling due to

flamelet propagation relative to the reactant flow. While this relationship for f is speculative

and future research may well lead to an alternate expression for €;, the above form is
adopted here.
: The arguments in {1] suggest that / . should be a multiple of /, the turbulence

integral scale, if not equal to {. Implicit in the arguments leading to (3) is the assumption

that when present the wrinkled flamelet surface is assumed to fill /.3 as Mandelbrot's

> A -
e

fractal, constant property surface fills L3. In order for this to be true we expect [, =/,

i where [ is taken as the outer cutoff (/ = €,). Our argument here is based on the assumption

that, while the flamelet can extend over large distances in two directions, its extent in the

A

third direction is limited. At any instant flamelet sheets can be bounded by two smooth

R X,

surfaces with a local separation distance which is proportional to the outer cutoff which in

_( turn is assumed to be [ . If flamelet wrinkling is such that flamelets double back on

( (it
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o themselves many times the separation distance of these two bounding surfaces would be
larger and /. could be larger than the outer cutoff. We assume that such doubling back on
large scaies is not important. Doubling back on scales up to the order of the outer cutoff is
expected and accounted for by the fractal description of flamelets

At this point a digression on the length scales introduced in this work may be
,;i-g helpful. m and [ are traditional turbulence length scales and are widely used for

' characterizing turbulence. €; and g, are scales introduced with the fractal description of

rough surfaces, and they are related by hypothesis (which is supported by experiment) to

:‘;:;..; the turbulence length scales, N and /. [ is introduced for purposes of exposition.
"::"{z A major difficulty in adapting Mandelbrot's results {3] for surfaces in turbulent
v?f""i flow to the present problem arises becacuse Mandelbrot assumes isotropic surface
;i distributions while our flamelet distributions are highly anisotropic. To overcome this
E‘ problem we focus attention on a small volume, / 3. When the flamelet is in this volume its
;ﬁ? distribution in the volume is nearly isotropic, and an ensemble of such occurrences should
:‘:': have an even more isotropic distribution. Clearly, for the arguments leading to Eq. (4) to
::::E hold / . must be larger than the scales of surface wrinkling or the surface contained in / 3
g will not be representative of all scales of wrinkling. At the same time / . cannot be too large
p or the isotropic character will be lost. Thus [, =1 = €, appears to be the obvious choice.
'; . This choice for / _ implies that [ g > ! which may surprise some people. Instantaneously
B the flamelet is not wﬁnkled sufficiently to occupy a volume comparable to the entire
i;‘E: turbulent flame brush. Instead it occupies at any instant a smaller volume, and it occupies |
E:':i:é the entire flame brush only in an average sense. ]
R
:n;‘:; An alternative line of argument can be developed which leads to the same closure
2:::35 expression as above. In this case ! /Il ¢ is set equal to a constant. Thus the probability of
::‘.’:“ the flamelet being in /.3 for a given <c> but different /g is fixed. /. varies with /g and the
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flamelet does not fill /3. Following arguments similar to those of [1] one concludes that
the conditional mean flamelet area in ! 3 is given as

A; = (e/€)P2A,
where €; = n/f, &y = [, and A, is defined in Fig. 1. (Conditioning is on the presence of the
flamelet in the volume defined by / 3. ) Furthermore Ay~/ .2 so that

A~ fm)P-2 2and

Al 3~ fm)P2i 1
which leads to the same result for <w¢> as above when the probability P, is incorporated.
In this case P, ~ <c>(1-<¢c>) | /.

The new step in this argument relative to the reasoning of [1] is the scaling A, ~ /2.

A, the area measured for € 2 €,, is the mean area that the flamelet would have while in / ;3

if the flamelet was viewed at large € and appeared smooth, i. e., without wrinkles. In this

case the the flamelet would be planar and its areain / ;3 scales as / ;2.

In summary , the final expression for <w¢> is
<Wp> = Cppo <AY gy >¢ (I £/ M)P-2 gl <c>(1-<c>). 2"
f is given by
f={1-(1-A;VR3exp(-A V4R V4u' <uy >0)).

Also note that for homogeneous, isotropic turbulence ! /1 = A 4R [1].

III. Analyses of Normal and Oblique Flames

Normal and oblique flames are analyzed using the proposed rate model as presented
in (9). Results for the burning velocity are compared to the burning velocity model of [1].

For a normal flame assuming high Reynolds number, one-dimensional flow in the

mean and AY; constant (for convenience), one can develop an equation for <c>:

poud<c>/dx +
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d/dx (<p><c'u> + <c><p'u> + <Us<c'p> + <p'c'u>) (6)
= <Wp>/AYy.
u, is the mean reactant flow velocity approaching the flame brush or time mean reaction
zone and is the turbulent burning velocity. Primes denote fluctuations in ¢ and p, while U
. and u are the instantaneous and fluctuating velocities respectively. If this equation is

integrated from -ee to +eo with <¢> = 0 at x = - oo and <c> = 1 at +oo, one obtains
PLU, = j <0 >/AY, dx,

and substituting for <wp>

PY, =P, ICR<UL>f (lcf/n)D2<c>(1-<c>) l;,l dx.

It is implicit in the formulation presented in the previous section that most of the spatial
variation in <> is due to <c>(1-<c>), i.e., it is in the probability of finding a flamelet in
13 at x.

Assume that <uy >, N, f and /  are uniform in space and dependent on conditions in

the reactants. Also note that the fractal modeling in [1] gives u/<up>¢ = (/ fm)P-2. It

follows that

£ T
P2 o ¢, (P! _[ <c>(1-<c>) dx @)
n o no

For this relationship to be valid /. = [, as suggested in the previous section, and

Ce= e/ J <c>(1-<c>) dx. 8)

Clearly,

t (R 00000
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J-<c>(1-<c>) dx

-0

is a measure of the turbulent flame brush thickness. Thus

IF/ J‘ <c>(1-<c>) dx

is a constant for a given geometry and initial conditions. The application of the present
model to the normal flame geometry is thus seen to be self-consistent with previous work

(1].

The above analysis for normal flames can be extended to oblique flames without
great difficulty and it is interesting to see if the notion of a turbulent burning velocity may
be applied to oblique flames.

As above, assume constant density and, hence, straight streamlines. We are
interested in cases where the flame brush thickness increases in the streamwise direction as
is observed experimentally, and we assume a priori that the mean flame brush structure
follows similarity at least locally. We assume that <c> constant surfaces can be
approximated locally by plane surfaces and, to first order, that the flame brush thickness
grows linearly with distance along the flame brush. Finally we assume slow growth in
flame thickness and parabolic flow.

The geometry to be studied is shown in Fig 2. Note that by definition the { axis
lies along <c> = 0.5, and 7 is perpendicular to {, while the x and y axes lie along and

perpendicular to the approach flow, respectively.

A control volume analysis is pursued and the net mean flux of products out of the
control volume is set equal to the mean rate of production in the volume. For a rectangular

volume of unit depth the rate of product formation can be written as

g U T 8Ty RSt 0y
o ladinityh
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P= f j p<w>dn dg,

Cinp

. Mg and np define the edges of the flame brush, and p is the ratio of the amount of product
mass formed per unit mass of fuel reacted. By referring to the above model for <ws> one
niotes that, if <c> satisfies similarity, that is, <c> is a function only of n / (§ + L) where &,
is a suitably chosen constant, and €,/; is constant, the integral of <w¢> over 1 is a constant

and production can be written as
P= 8pr,
where

MR

Im = I<(of> dn
Np

which is constant, ie., independent of {.

For the product fluxes into and out of the control volume only convection is
considered for faces 1 and 2, and turbulent fluxes across the other two faces are zero since
conditions are uniform in the vicinity of both faces. Thus only convective fluxes need be
estimated and no turbulence modeling is needed at this point. The neglect of turbulent

fluxes of product across 1 and 2 implies a boundary layer approxamation, ie., parabolic

flow and small d/ ¢/d€. Product flux into the control volume is

. s A ROy - - -~ LRy, -
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M, =p<U> cosB [/ (1) I+ tan(8 +8p) 0], where similarity

has been used and
MR

IC=J<c>dn/IF.
Mp
The angles 0 and 6p are defined in Fig. 2 and / g(1) denotes the flame brush thickness at 1.
For the flux out one obtains
Mgy = p<U> cosB [ g(2) I, + tan 0 3].
The second term in this expression is the flux across the control volume face which is
totally in products.
Equating the difference of M,,,; and M;, to production one obtains
3 pl, = cosB p<Us> [ (I p(2) - I g(1)) L + (tan® - tan(® + Bp)) & .
For unit Schmidt number and <w¢> an even function of 1, by symmetry 6 - 0 =
0 + 0p = AB. Then
pl, = sin® p<U> [ 1 + (2L, - 1) tanAB / tan ], 9)
where we have made use of the relationship (! g(2) - / (1)) = 2 6 tanA6. Without chemical
reaction, symmetry requires that 8 = 0 and I, = 1/2. Here we look for a solution which
gives a meaningful definition for the turbulent burning velocity. One can obtain such a
result in two ways: assuming either I, = 1/2 or A8 = 0. In either case the same expression
for u, is obtained.
pu, = sin@ pu = pl,, (10)
Thus a meaningful burning velocity, defined as the component of the mean approach flow
velocity perpendicular to { is obtained and is the integral of the mean product production
rate across the flame brush.
The control volume width, 8, does not appear in the final expression for u, as

would be expected. However, implicit in the analysis is the assumption that similarity is

valid for a control volume with finite 8.
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: Using the closure model presented above one can evaluate I, and finds by

substitution ‘
i up = Cg <up>¢ (f1 /M)P-2 plg, (11)
¥
' where
: R
:; I = J.<c>(1-<c>) dn /.
:: “ np

From the analysis of normal flames Cg = 1/Ig , and one sees that u, as defined here for

-‘;‘ oblique flames is equal to that for normal flames and that u, is independent of { provided
P similarity holds which implies nondecaying turbulence.

The major assumption used to obtain this result is that of similarity. This

assumption plays a major role in our evaluation of M;; and M. It should be noted, on

the other hand, that the constancy of I, is inherent in the modeling of <w¢>, provided g,/€;

0 e

is constant across the flame brush, and does not require an additional assumption. The
quantity <c>(1-<c>)/l g is proportional to the probability of finding the flamelet at a point
where the mean degree of reaction is <c>, and thus the integral I is constant because the
probability of finding the flamelet somewhere across the flame brush is unity.

i The condition A@ = 0 corresponds to a constant flame brush thickness which is
contrary to observations, while with I, = 1/2 the thickness continues to increase with
increasing {. If <oy> is an even function of M, by symmetry, we expect I, which is the
mean value of <c> when averaged across the flame brush, to be approximately a half.

(N.B.: our numerical calculations give I, = 1/2.) A continually growing flame brush might

be thought to imply an increasing combustion rate because of an increase in flamelet area.

N However, as noted, our rate model scales <w¢> by /g, and I, is independent of {. This

W scaling arises via Eq. (4) according to which the probability P, of finding a flamelet in a
volume / 3 decreases as { increases. A physical interpretation of this behavior is that the 1

v flame brush thickness grows with increasing § due to the cumulative effects of the many,
)
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random upstream displacements of the flamelet surface(s) in a process which may have
some likeness to a random walk. These displacements cause the flame brush to grow but
they do not increase flamelet area and thereby combustion rate. Flamelet area is increased

by the fractal wrinkling of flamelet surfaces due to the reactant flow turbulence. This area

generation is dependent on  f/n and not the flame brush thickness.
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::: IV. Numerical Analysis

':,v' Results of calculations using the proposed rate model of Eq. (2')and the second
?: order transport model with conditional statistics of Chen, Lumley and Gouldin (4] are now

" ; presented and discussed. The transport model is based on model equations for conditioned
‘,’::::E ‘ moments, where conditioning is for being either in reactants, c=0, or in products, c=1.
,3:? The instantaneous progress variable acts as the indicator function.

, An equation for the mean progress variable, for negligible density change and high
"iﬁt Reynolds number, can be written [4] as
g
. d<c>/0t + <U>eV<e> = Veo{(<U> - <U>)<c>} - <wp>.

%&z <U>{D is the conditioned velocity in the products, and the first term on the right hand side
i:t‘:f% of the equation is the turbulent flux of products. This term would be given by -VeD,V<c>

A_‘ . if a gradient transport model were used; D, is the turbulent diffusivity. Instead we solve a
:‘:1;::3 model equation for <U>(1) as well as finding <U>, and consequently, gradient transport
o modeling is avoided.

( » These model equations ( consult [4] for more detail of the model ) are combined
:E:'i‘;: with the new rate model, and calculations are performed for an oblique flame in decaying
::EI:::E grid turbulence. The flow and flame configuration are shown schematically in Fig. 3. This
: is the same configuration as considered in [4] and comparison of the present results with
:\:é those in {4] can be made by the reader to see the influence of changing rate models. For
i\:: ) calculations the flow is assumed to be parabolic. Upstream boundary conditions and model
“ constants for the calculations are given in Table I; note that D = 2.4,

:{::{:,:'é As a test of the turbulence model for nonreacting flow, the decay of grid turbulence
;z:::&. was calculated, and the results for <u2>,/ and R; compared to the experimental data

coas ofWarhaft [6]. Comparisons are made in Fig. 4 were it can be seen that model predictions
‘ for <u2> and R; are very good.

I
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If the assumptions of the analysis of the previous section are valid one would
expect that the turbulent burning velocity defined as the component of the mean reactant

flow velocity normal to the <c> = 0.5 surface would equal that predicted by the fractal

model of [1]; see Eq. (11). In Fig. 5 calculation results for u,/ug are compared to those

predicted by the burning velocity model. For this comparison Cp is chosen to give the best

overall agreement; Cg = 4. The comparisons shown in Fig. 5 for a broad range of |
conditions are quite good both with regard to magnitude and variation of u,/uy with x/M.
We attribute the small observed variations, which are present, between burning velocity
model and calculation results to a departure from flow similarity which is assumed in the
analysis of the last section.

A lack of similarity can be seen in the variation of lateral <c> profiles with x/M, and

|
several typical profiles are shown in Fig. 6. By similarity one would expect to see / g grow \
linearly with x/M. Such behavior is not found in the numerical results. Instead / ¢ is found 1

to grow very rapidly at small x/M and then to grow much more slowly at larger x/M; see
Fig. 7, which presents / g/ x versus x / M.
In performing the calculations for this work some results were also obtained with a

gradient transport model for the <c> equation while a full second order model was retained

for the turbulent Reynold stresses. For these calculations D, = C4k?/€, where k is the
turbulence kinetic energy and ¢ is the turbulence energy dissipation rate; the constant C is
set equal to 0.09 [‘i]. We find that results for burning velocity are similar for the two
transport models, Fig. 8, but that there is a marked difference in / g, Fig. 9. From Fig.
10, it can be seen that gradient transport greatly under predicts turbulent fluxes in
comparison with the second order model.

Counter-gradient diffusion is not observed. Libby, et al. [8] have shown that the
interaction between the mean pressure gradient and density fluctuations plays a crucial role

in causing counter-gradient diffusion. Pressure gradient fluctuations may also contribute to

4 | (W0
R e
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this phenomenon. Thus it is not surprising that when combustion with negligible density
change is considered counter-gradient diffusion is not observed.
That both transport models give essentially the same burning velocity may at first be

surprising. The reason for this behavior is as tollows. From Egs. 9 and 10 we see that

with similarity pu, is given by pl, for I, = 1/2. As discussed above, with our rate model I,
is dependent only on <p,AY, up > (f! /n)P-2 and hence independent of the species transport
model. This result follows from our expression for P, and its scaling by ! g'1. Then since

both transport models give I, = 1/2, they give similar u, values.

Conditional and unconditional moments of velocity are presented in Figs. 11 and
12. It can be seen that unconditional mean velocities in the transverse (y) direction remain
close to zero. They should equal zero in the absence of density change. Conditional mean
velocities ( Fig. 11 ) for the burned and unbumed zones are of equal magnitude but
opposite sign, and their difference decreases in the flow direction as the turbulence decays.
The relative magnitude and sign of the conditional transverse velocities must undergo
significant change in the presence of combustion with heat release and density change if
counter-gradient diffusion is to be observed. Transverse turbulent normal stress profiles
are presented in Fig.12. The unconditioned stresses are nearly uniform as is required in the

absence of density change, while conditional stresses vary significantly across the flame

brush.

From the above presentation and the figures it is clear that the new rate model gives
consistent and plausible results. Predicted burning velocities are in the expected range.
However exact correspondence to the burning velocity model of Section III is not achieved.
This lack of agreement is most likely the result of the departure from flow similarity in the
numerical results which in turn we attribute to the decay of turbulence.

In the model calculations a constant density has been assumed and no counter-

gradient diffusion is observed. At present the conditional modeling approach has not been
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adapted to account for density changes across the flamelet. Work to allow for density

change is needed.
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V. Summary and Closing Comments
LA
£ . . .
00 A closure model for mean fuel consumption rate in premixed turbulent flames has
LA
e . .
? ?’.. been proposed and applied to several test problems. The model expresses the mean rate in

terms of the product of the mean fuel consumption rate per unit flamelet surface area and of
e an expression for the mean flamelet area. The latter expression is obtained under the
! assumption that flamelet surface geometry can be represented by fractal surfaces. In

addition the model uses an empirical expression from [5] for the probability of finding the

o flamelet in a volume /3.

f: R The new parameter appearing with the model is the fractal dimension. Based on the
“ results reported in [1] and related experimental [9,10] and theoretical results [11,12,13] we
:“:::o.;; recommend that D=2.37, although for the present calculations we have used a value of 2.4.
:'.3:‘: Test problem results are mutually consistant and plc usible. The rate model is easy
B to use and gives bumning velocity values which are equal to the predictions of a new
:::3;3 burning velocity model [1] which also uses fractal concepts.
Z;::% The oblique flame analysis suggests that a meaningful burning velocity can be
’ defined for oblique flames, and that u, values can be related to the traditional definition of
:" the burning velocity of normal flames. However, the oblique flame analysis rests on the
::Z.::,E assumption of similarity, and the expression for buming velocity requires a supplemental
: condition -- either A8 = 0 or I = 1/2. The numerical calculations of Section IV show that
é'.‘:: - departures from similarity can affect the burning velocity variation. In the absence of
;&E‘: 7 similarity it may be possible to develop an alternative, useful definition for the burning
N velocity. Until such a definition has been established, turbulent burning velocity data
.f-a;, should be interpreted with caution.
,Eg:; The empirical basis for the relationship P ~<c>(1-<c>) can and should be

- made more substantial. For example the passage time model of [14] suggests P~<c>(1-

ARX <c>) but not the normalization by /¢!, Furthermore in [5] the turbulence Reynolds number
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is low and multiple flamelet crossings of lines parallel to the 1 axis are rare events. It is
reasonable to expect that future work will lead to an improved expression of P..
;: Developments of the passage time analyses of Bray, Libby and Moss [14, 15] may help in
::: this respect. The possible occurrence of large scale doubling as described in Section II
needs further study. If such events are important it may be necessary to change our scaling
of /. and our expression for P.. To avoid confusion it should be noted that the neglect of
i large scale doubling back does not preclude doubling back on scales up to the order of the
| outer cutoff. Thus along lines parallel to the 1| axis multiple flamelet crossings at any
e instant will occur over a length of order of the outer cutoff. The region of these crossings
o will fluctuate in time and thus form a flame brush which is thicker than the outer cutoff.
The ratio 1}/f has been used to represent the inner cutoff. There is some question as
R to the appropriateness of this representation [1,16]. Our expression for 1/f has been taken
from [1] and the present work provides no test of its validity. Should a better
representation of €; be developed it is easily incorporated in the model.
4 The fractal character of flamelets is open to direct experimental verification by
i methods such as those described by Sreenivasan and Maneveau [9]. Information on the
fractal dimension and the cutoffs can also be obtained. Results available to date are
v preliminary [16,17], and they are for low turbulence Reynolds numbers. While they show

fractal behavior, inferred D values are low -- between 2.1 and 2.2. These low values may

be related to the low turbulence Reynolds number of the flow and to the lack of a developed

E;':* inertial subrange in the velocity fluctuation power spectrum. Thus measurements at high
oG

o )

& turbulence Reynolds numbers are required.
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\{ariation with measurement scale of measured area in a cubic volume of
side L for a surface exhibiting fractal character. a) No inner or outer
cutoffs. b) Inner and outer cutoffs to fractal behavior.

Schematic diagram of flame brush showing coordinate systems.

Sketch of flow configuration assumed for calculation.

Comparisons of model predictions for (a) <uu>/<U2> and (b) R, with
Warhaft data [6].

Comparisons of burning velocities obtained with new rate model and
predictions from model of Reference 1: a) varying R; (by varying v), b)
varying unstrained laminar burning velocities, u, = 2u; u, u/2 and u = 1

cnvs, and c) varying initial turbulence integral scale, /, = 7.27mm (note v is
adjusted to give constant R)).

<c> profiles at three locations for standard conditions. X/M = 50,100 and
200.

Flame brush thickness for different R; see Fig. 5a for burning velocity
results.

Burning velocity predictions from second-order model and from gradient
transport model, standard conditions. Burning velocity model predictions
are also shown.

Flame brush thickness predictions for second-order model and gradient
transport model, standard conditions.

Turbulent fluxes for standard conditions a) fr~m conditional statistics and
b) from gradient transport.

Second order model predictions of transverse mean velocity, both

conditioned and unconditioned. Note that <vC'> = <c>(1-<c>) (<V>(1-
<V>©), x/M =50.0.

Second order model predictions of transverse turbulent normal stresses,
both conditioned and unconditioned. x’M = 50.0.
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TABLE1

Standard Inlet Conditions:

Model Constants:

* r denotes standard reference value.

<u>=7m/s
u/<U> = 0.07
=49 cm/s

I =7.27 mm*

U =1 cr/s (laminar flame speed)*
v = 1.85x10-5 m%s
R;= 229

Cr=40

D=24

A=0.37 [1]
Cq4=0.09 [7]

For other constants see [4]
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Fig. 1. Variation with measurement scale of measured area in a cubic volume of side L.
for a surface exhibiting fractal character. a) No inner or outer cutoff. b) Inner
and outer cutoffs to fractal behavior.
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Fig. 2. Schematic diagram of flame brush showing coordinate systems.
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P AL

ot <U> <c>=0

Flamelet

<U> <C>=1

Fig. 3. Sketch of flow configuration for calculations.
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.. An Interpretation of Jet Mixing Using Fractals |
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:{t F. C. Gouldin
:,,. ' Mechanical and Aerospace Engineering |
K Cornell University %
N Ithaca, New York 14853 i
oy ABSTRACT i
N
,;f:f An analysis of axisymmetric jet mixing is reported in which the jet structure is !
N modeled as a set of constant concentration surfaces. Stationary turbulence is assumed, and |
a balance equation for the ensemble mean flux of jet fluid across constant jet fluid 1
concentration surfaces is developed. Terms in the equation are modeled 1) by assuming
e that the geometry of constant concentration surfaces can be representerd by fractal surfaces 1
W and 2) by estimating the mean jet fluid mass flux per unit area of a constant concentration
N surface as the Kolmogorov velocity. Flow similarity is assumed. It is found that for 1
T"«;’ Reynolds number independence the fractal dimension is given by |
3 1
LA i
+2
, - D=2+p'6 .
L]
N In addition an expression for the centerline variation of mean jet fliud mass fraction is
th obtained; the expression is of similarity form as expected.
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Introduction
;1 In [1] Mandelbrot proposes that constant scalar property surfaces in homogeneous,
:;: isotropic turbulence are fractal surfaces and suggests two values for the fractal dimension
! depending on the spatial variance of the scalar field. D =2 1/2 for Gauss-Burger
E; turbulence and 2 2/3 for Gauss-Kolmogorov turbulence. Lovejoy for clouds [2] and
:E Sreenivasan and Maneveau [3] for shear flows obtain data suggesting fractal dimensions
" between approximately 2.32 and 2.4 for constant property surfaces. These values are
*it noticeably lower than the two suggested by Mandelbrot. Hentschel and Procaccia [4] and
,:'E more recently Kingdon and Ball [S] present analyses of cloud dispersion in homogeneous,
gy isotopic turbulence. In these analyses molecular transport is ignored, high turbulence
;‘“ Reynolds number is assumed and the dispersion of one species into another is modeled by
§ considering the quantity Q(/, t | /',0), which is the probability that a pair of diffusing
g particles of fluid separated by /' at t = O will be a vector distance [ apartatt. Qintumis
; related to the structure function S(/ ,t) at a point r for a scalar 6:
3 Sy = %J' dr <|8(r+ 1, 1) - 8(r, 0>
0 For small |I| =/, S(I, t) scales as a power of /, and the exponent gives the fractal
:'3 dimension.
: Both Hentschel and Procaccia and Kingdon and Ball develop models for Q and
R suggest a form for S(I ,t) as { — 0.
:::: lim; o S(/)~1(B
:' with B constant. Both arguments contain heuristic elements. There is a fundamental .
" difference between the two sets of authors in their modeling of Q and in their expressions
%0 for lim; o S(/ ). Yet their final expressions for D are the same:
;
;
K
"
“ o i Ly
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M+ 2
D=2+
6

5. _"
a,':‘,
’.: { is the intermittency exponent.
)3"’?

. In this paper a semi-empirical, physically oriented model of mixing in jet flows is
e . . .
el developed which assumnes the instantaneous jet structure can be represented by an ensemble 1
REXS
"0.1 . . . .
:Z:i%’,' of fractal, constant property surfaces. The model gives an expression for mean jet fluid
«'i( «

) concentration on the jet centerline which contains the jet Reynolds number raised to a
::‘;:‘ power. For there to be no Reynolds number dependency as required for similarity, it is
- .

.t;;:' necessary for the exponent to equal zero. As a result, one finds D = 2 + ((2+u)/6) as
4
' obtained both by Hentschel and Procaccia and by Kingdon and Ball. This expression for D
ALY . . . . ee . . o . .
a is the major finding to be reported. While it is identical to that of others it is obtained by
tr e Y
EX : : .

{‘;',‘ very different reasoning and for a different flow, a free shear flow.

vi‘l‘J

4 )

o Jet Mixing Model

MO

Vot

-of

o

L . . . . '

For analysis the following major assumptions are made. The flow is an

:'.'{" axisymmetric jet into a stagnant fluid with uniform and constant density. The turbulence is
|'g‘

:::;E: assumed to be stationary and jet Reynolds number is large such that the flow is Reynolds
\';"'

"’ number independent. The distributions of mean composition and mean velocity follow
::;?Qé similarity. It is further assumed that surfaces of constant jet fluid mass fraction may be
c‘:;l

+,

:;}‘ represented by fractal surfaces for the purpose of estimating the ensemble mean area of
L3

a:l‘q

such surfaces.

Aods

i

’,‘ With similarity the mean jet structure is given by the following expressions [6].

A <U> = ug {(r/r ). (M

)fa:l

*

‘alﬁ

. 00 ! 4
:‘s " R A
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U; fug = Cy %/d. @)
<Z> = Zo g(l'/r[/z). (3)
1/ Zg = C, x/d. 4)

The quantities in the above equations are defined as follows: x is axial distance; r is radial

distance. U is the axial velocity, U; its momentum flux weighted average at the jet origin
(x=0), and u, its mean value on the jet axis. Z is the jet fluid mass fraction and Zg its mean
value on the axis. d is the initial jet diameter, and r), is the jet half radius C, and C, are
empirical constants. Finally < > denotes ensemble mean. (4) gives the centerline decay of
the mean jet fluid mass fraction. The modeling presented here will lead to an expression

similar to (4) with a term R (D), where R, is a turbulence Reynolds number based on the

integral scale, /, and the root mean square of velocity fluctuations. For similarity h(D) = 0

and an expression for D is obtained.

From experiment it is found that f and g can be expressed to reasonable accuracy by

exp(-(ar/t;)?), (5)
where a is an empirical constant.

The instantaneous jet structure can be viewed as a set of constant Z surfaces and it
is hypothesized that these surfaces exhibit fractal character over a range of length scales
associated with the scales of the turbulent velocity fluctuations, namely n ( the Kolmogorov
scale ) to /. In this work a fractal description is assumed to obtain an expression for mean
surface area. The success of the resultant model supports the fractal hypothesis and a

certain expression for D but does not prove the fractal hypothesis.
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For a surface, S, enclosing a volume, V, an integral equation for jet fluid

conservation may be written as

Eijd‘t=J‘§p—Z-dt+J‘qub'ds=-j[pZ((|'qb)+jZ]‘ ds.
ad v o S s

This is a general equation for a surface moving with an arbitrary local velocity, q,. q is the
fluid velocity, and jg is the diffusive flux of jet fluid. Let the surface be defined by a

constant value for Z, and take the ensemble average of this equation. For stationary

turbulence the mean of the left hand side must be zero, and one obtains

<pr (q-q,)*ds> +<J'jz- ds> =0 (6)
s s

For jet flow the surface integrals may be written as the sum of two types of terms - a flux

of fluid from the jet and a surface integral.

M, = m(@2)’ pV, = <[(0Z @ - ay) + gl + ds > ™
S

V, is the initial volume flux weighted average jet velocity. The areas S in (6) and (7) differ
by the initial cross-sectional area of the jet. It is assumed that Z constant surfaces are
attached to the lip of the jet and that these surfaces are simply connected. The first
assumption is valid, and if the second assumption is relaxed it seems reasonable to argue
that the average result, (7), is not affected. The right hand side of (7)

is now evaluated approximately.

Be ) . Ok MR B0 AR s Rl o WA I AP W o ""’V ¢ -P“ y.*“"l‘l‘{ “1‘10‘
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Consider the segment of Z constant surface between x and x+dx. We approximate
the contribution from the surface in this region to the right hand side of (7) by a mean flux
times a mean surface area. (7) is then estimated by integrating these contributions over x.

The mean surface area is estimated with the help of the fractal hypothesis.

e -

As noted above we assume fractal behavior of Z surfaces for a range of

-

length scales between an inner cutoff (€;) and an outer cutoff (€,). Measurements of area at

L

scales outside the range of fractal behavior are assumed to give one of two constant values

=

Ll e B

corresponding to large or small measurement scale. In [7], it is argued that A, the area of a

fractal surface measured at scales below the inner cutoff, is the actual ensemble mean

- surface area of a constant property surface, i.e., Az = A;. Also from [7] one may write for

, the ratio of the two surface areas measured beyond the cutoffs

AilA, = (€,/€)P2 = (I m)D-2, (8)

where [ and N are used as the outer and inner cutoffs. The choice of 1 as the inner cutoff
implies a unit Schmidt number. For homogeneous, isotopic turbulence ! /n = A,!/4 R, 3/4

' [7] with A, a constant, and substitution gives

Aj/A, = (Atlm R, 314 yD-2 | 9)

A, is the surface area measured for € > /. By assumption A, for a Z surface is
" equated to the area of the <Z> constant surface for which <Z> equals Z. Sketches of the
0 intersections of a <Z> constant surface and of realizations of a Z constant surface with a

plane containing the jet axis are depicted in Fig. 1. Note in Fig. 1, L is defined as the axial

- AET Tty 000
: N 300 S ONOSI0]

Y ‘4’
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B7
location where the <Z> constant surface crosses the x axis. EqQ. 9 is now applied to obtain
an expression for dAz, the mean Z surface area between x and x+dx.

The area of the <Z> surface in the region x to x+dx is

dA<Z> = 27tl'<z>dx,
and therefore if dAz/ dA 7> = Ay/Ag, one obtains
dAz = 21r 7 (AV4 R, ¥4)D-2dx (10)

as the ensemble average of the Z surface area in the region x, x + dx. r .z, is the radial

location of the <Z> surface at x.

The arguments leading through (8) to (10) may be made graphically. For a surface

exhibiting fractal behavior between length scales €; to €,, the measured surface area is
assumed to vary with measurement scale as shown in Fig. 2. Fractal behavior is given by
the power law dependency of A upon €. For e—=0, A must approach a constant value, the
true value, if the surface has a minimum scale of wrinkling as assumed. For a Z surface

molecular diffusion is expected to limit the minimum scale of wrinkling. This limiting

behavior at small €, is represented by the horizontal line in Fig. 2 at A = A;. We define g;
by A/L, ~ (€/L)?-D/L and assume on physical grounds that & = n. (N.B.: since the ratio
Aj/A, is required, the constant of proportionality is unimportant in this application. )

The behavior of A versus € depicted in Fig. 2 for large € i;nplics that the surface
appears smooth and planar at large length scale. The area of this planar surface is A,, and
the outer cutoff is defined by A /L3 ~ (¢ /L)>P/L. We assume that€, = /. For this planar
assumption to be valid it is expected that €, must be much less than the radius of curvature
of the < Z > surface. This limiting behavior for large € is reasonable for shear flows but

may not be reasonable for homogeneous, isotopic turbulence.
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Physically it is expected that the Z surface will spend most of its time in the viCinity
of the < Z > surface. Hence A, is identified with the latter surface.

Finally, it is assumed that (10) refers to the average surface area between x and
x+dx. The actual surface area should very from realization to realization, and the surface
for each such realization is expected to exhibit fractal character. Thus the identification of
(10) with mean values is nontrivial and open to question. A similar assumption is made in

[7] with success. A fuller justification of the assumption is left to future work.

The flux of jet fluid across a Z surface is the result of convection (q - q) and
diffusion (jz). To estimate the mean of these two fluxes we write uy = D/ny, where 14 is
an effective length scale defined by the above expression, and the total mean mass flux
across the surface per unit area is pZuy. (N.B.: D here is the diffusion coefficient. There
should be no confusion with the fractal dimension since the latter appears as an exponent.)

Gibson [8] has considered the motion of a constant property surface in turbulent flow.

From his analysis

(@- qw) = -D(V2Z/ | VZ|)vZ/|vZ|)

in the present context, while the diffusive flux is given by
iz = - pZDVInZ,

for Fick's law diffusion. Thus the appropriate length scale for ug4 is related to
< vzlvzhvzivzly + vinz| >t

One expects intuitively that the largest contributions to Ny come from regions in the

flow where Z is varying rapidly with distance and hence both V2Z and VInZ are large.
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B9
o These regions contain the smallest turbulent eddies and thus an appropriate estimate for ny
would seem to be a quantity proportional to n| for a unit Schmidt number.
: Assuming unit Schmidt number, we replace D by v and estimate 14 by (1/Cy)n,
PR Y

: ».'. which gives uy = Cqv, where v is the Kolmogorov velocity scale and Cy is a model

. constant. Furthermore, for homogeneous, isotopic turbulence v = A, //4R,-14 u'. We
‘ will use this expression for v arguing that since the Z surface is embedded in turbulent fluid
and thus u' is conditioned on being in turbulent fluid the use of an expression for
homogeneous, isotopic turbulence is reasonable. Further we assume that u' can be
‘ expressed in terms of ug; u' = (u'/ug)ug with u'/uy being constant over the jet.

B0 Conditioned velocity measurements in jets show that u'/ug, while not constant in a jet, does
1

not vary greatly, and thus the above assumption is reasonable as a first approximation. An

i expression for uy can now be written.
N
i
ug = C4A 14 R;-14(u'fup)uy . (1) |
t::; According to the Gibson expression, q - q,, is undefined or infinite at critical
a points, i.e., at points where VZ = 0. On physical grounds one expects q - qy, at critical 2
:,‘ points to be infinite and to be large in the region of a critical point. Thus it seems |
;i':f.( reasonable to argue that surfaces will move away or through and then away from critical
o points very rapidly. Hence the contributions of such points to <q - q,> are expected to be
4: : negligible. Alternatively, one can argue that the ensemble average of the integral of (q-
:E:: : qy,)*ds over the area of a constant property surface must be finite even if q - q, at singular
. points is not. Then <q - q,,> is defined by the ratio of the ensemble average integral and
::‘:‘ the ensemble average area. The second agreement, which complements the first, is based
;:::: on the physically reasonable assumption that the average convective flux of fluid across a

constant property surface is finite.
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By combining (10) and (11), and integrating along the x-axis one obtains an

expression for M;.
L
XVIJ = pZ j CdAllm R/'IM (U'/UO)UO ZTU'<Z>(A1”4 Rl 3’4)0'2dx . (12)

0

To proceed further, relationships for r.z., and ug as functions of x are required.

These functions depend on the spreading rate of the jet, and the basis for a theoretical
development to obtain them is not contained in the fractal picture being explored. As an
alternative to such a development empirical expressions based on similarity are used for the
needed relationships. Having taken such a step one cannot claim that the resulting
expression for centerline concentration is a predictive one. The exercise does, however,
allow one to determine whether or not the fractal picture as developed gives results
consistent with experiment, thereby providing a test of the applicability of fractal concepts
to jet mixing. In addition, a value for D is obtained.

From similarity and experiment r;,/d = (1/2)L, x/d with L, a constant [6]. With

this expression and (3) and (5) one can write forr_z,:

r g, = @2)L, a Jin(x) x/d, (13)

where use has been made of the fact that Z, falls to <Z> at x = L. (2), (12) and (13) can be

combined to give

vj =(L,/C,a) C dAz(D'l)MR l(3/4(D-2) -1/4) (“"uo)Uj °

1
Z(L/d) ,/ In(1/8) dE, (14)
0

where & = x/L. To obtain (14) use has been made of the fact that R, by similarity, is

independent of x. The integral in (14) is (n/2)"2.
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U; and V; are momentum and volume average velocities and their ratio will very
with initial condition; let V;/U; = b. L is the axial distance at which the mean jet fluid mass

fraction on the centerline equals Z. Therefore (14) and (4) are identical provided

and

(1/2)12(L/C,ab)CyA (- DV4(u'tug) = C,.

The second condition is reasonable. (N.B.: C, varies with initial conditions as does b
[6].) Substitution with reasonable values [6, 9] into the above gives C4 = 0.38. The first

condition is an equation for D.

The analysis to this point has not considered the intermittency of viscous

dissipation. The effect of this intermittency is to alter the scaling of uy and of n/l.

Adjustments in the analysis are straight forward. With intermittency the dissipative length
scale I, replaces M as the inner cutoff and from Frisch, et al. [10] /4~ RA/¢-W).

(N.B.:Frisch, et al. introduce their own fractal dimension, D, such that D=3 - u. Here

the more common L is used in part to avoid confusion with D which is related to but not

equal to D;.) uy is scaled as E41”2 where E4 is "the kinetic energy per unit mass on scales”
~ 14 [10]. Again from [10] it can be shown that this scaling gives uq = w'R,!72 -3/(4-»),

Thus with intermittency the Reynolds dependency in (14) becomes

R, (3/(4-I(D - 2] R 1/2-3/(4-) |

and for Reynolds number independence
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D=2+ (u+2)6 (15)

This result is identical to that obtained by Hentschel and Procaccia (4] and by

Kingdon and Ball [5]. Our result for 4 = 0 is not equivalent to Mandelbrot's result (D = 2

2/3) for Kolmogorov turbulence [1] even though in both cases the variance scales as -
separation distance to the 2/3 power. In his development, Mandelbrot assumes a Guassian
random field ; no such assumption is made in the present development. It is noted again
that the approach taken by Hentschel and Procaccia and by Kingdon and Ball is quite
different than the present one. It is especially noteworthy that the present analysis is for a

free shear flow rather than homogeneous, isotopic turbulence.

Conclusions

A fractal picture of constant property surfaces in round jets is used with similarity
arguments and empirical data to obtain an expression for the decay of mean jet fluid mixture
fraction along the centerline of the jet which is of appropriate form and numerically correct
if a reasonable value for Cy4, the only new empirical constant in the modeling, is chosen.
The result provides support for the hypothesis that constant property surfaces in free shear
flows are fractal surfaces.

For Reynolds number independence, the R; term occurring in the surface area
expression must cancel the R, term appearing in the expression for u4 which requires that
D =2+ (it + 2)/6. This expression for D is equivalent to that obtained in {4] and (S]. The
observed range of values for p is 0.25 S u < 0.5 [4]. The corresponding range for D is
2.33 < D < 2.42, a result which compares favorably with the recent experiments of
Sreenivasan and Meneveau [3] for free shear flows and with the results of Lovejoy (2] for

clouds.
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The fractal assumption has been used to obtain an expression for mean surface area

- (10). To obtain (10) is was necessary to identify an outer cutoff area and to assume this

o area is equal to the <Z> surface area. A well defined outer cutoff area is reasonable for
:" surfaces which fill a volume that is relatively narrow in one direction as is the case for shear
Ly
. flows but is most likely not the case in general. The assumption relating the outer cutoff
(‘; : area to the <Z> surface is justified a posteriori by the success of the modeling.
::‘, Our equation for D can be obtained without identifying an expression for the outer
' cutoff area. (15) is contingent on several steps: 1) expressing dA7z in terms of Aj/A,, 2)
’*":: equating A;/A, to (€;/€,)2"D and then to R, (3/4-WID - 2] 3) scaling uy by u'R,172 -3(4-1)
l:; with u’ scaled by U;d/x, and 4) requiring Reynolds number independence. 1) and 2) form
i
N the essential features of the fractal hypothesis, while 4) is supported by extensive
'_‘i:,; experiment. Of the four steps 3) is perhaps the most questionable. As discussed above
':“‘: convective fluxes are infinite at critical points. However we do not believe these points
~ cause problems in defining average fluxes. As an alternate to the Kolmogorov scale one
:l;': could choose the Taylor microscale to represent 4. An analysis similar to the present one -
e
.':,E - without correction for intermittency -- which uses this scale gives D = 2 2/3. This result
vy
K is consistent with Mandelbrot's for Gauss-Kolmogorov turbulence [1] but is inconsistent
j‘.:: with experiment and other analyses.
“" For a range of conditions, chemical reaction in turbulent jet diffusion flames occurs
0
8 in thin sheets referred to as flamelets [1«]. These sheets are associated with constant
’; i mixture fraction surfaces, i.e., the stoichiometric mixture fraction surface, and it is felt that
f} . fractal based estimates of surface area will be very useful in modeling reacting jets.
Wy
N Preliminary work in this direction is under way [12].
‘ It is emphasized that the fractal picture assumed in this paper is open to
‘.:s experimental verification, e.g., [3]. Laser tomography and other two-dimensional imaging
‘0

and visualization techniques allow one to study the fractal character of curves formed by the
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intersection of constant property surfaces and planes of illumination. From these studies

the fractal character of the surfaces themselves can be inferred.
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Figure Captions

I. Sketch depicting the intersection of <Z> and Z constant surfaces with a plane
containing the jet axis. The curves need not be continuous. The curves associated
with Z surfaces should have D values one less than the corresponding surface.

a surface exhibiting fractal behavior: a) no inner or outer cutoff. b) inner and outer

cutoffs to fractal behavior. From Mandelbrot's line of argument [1] for -
measurement scales in the fractal range, A/L3 ~ (e/L)-Vg/L3 (7.
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Appendix C

SIMULTANEOUS MEASUREMENTS OF FLAMELET POSITION
AND GAS VELOCITY IN PREMIXED TURBULENT FLAMES

P. Miles and F. C. Gouidin

Sibley School of Mechanical and Aerospace Engineering
Cormnell University
Ithaca, New York 14853

ABSTRACT

A technique based on a variation of Laser Tomography and Laser
Dogpler Velocimetry has been developed and applied to measure simuitaneously
the flamelet position and reactant gas velocity in premixed, turbulent flames. The
reactant flow is seeded with a silicon oil mist which rapidly evaporates and burns
in the flamelet. Thus the intensity of scattered light from a laser beam decreases
by orders of magnitude across the flamelet, and flamelet position aiong a line
defined by the beam can be monitored continuously. The signal corresponding to
flamelet position is differentiated and provides information on flameiet motion.

Reported here are pdf's and moments of flamelet position and its
derivative for methane-air flames at two different equivalence ratios. These
diswibudons are found to be essentially Gaussian, and it is observed that the rms
fluctuation of flameiet position increases linearly with axial distance. [ncressing
equivalence ratio increases these rms fluctuations, but spectral analysis shows that
the spectral characteristics of flameiet motion are unaffected. Further comparison
of the spectra for flamelet motion to reactant velocity spectra indicates that the
Namelet motion is controlled by the turbulence field between frequencies of S00 to
1500 Hz.

Conditional analysis of reactant velocity is also performed, and it is
found that rms velocity fluctuations remain nearly constant as the flamelet is
approached. Higher order moments of the conditioned velocity statistics are also
reported.

NOMENCLATURE

A Mean reaction rate modeliling constant
c Mean reaction progress variable

d Instantaneous droplet diameter

do Inital droplet diameter

K Buming constant for oil droplets

] Turbulent integral length scale

n Oil mist droplet concentration

P Laser Power

P(x) Flamelet position probability

R, Turbulent Reynolds number

s Space coordinats along laser beam

s Measured phowomultiplier tube signal
U Streamwise velocity component

v Cross sweam velocity component

wy Ensemblis average volumetric chemical reaction ram

<w(x)> Mean rate of chemical reaction per unit volume

[ ] Methane-Air Equivalence ratio
] Standard deviation
14 Detector system response

I. INTRODUCTION

In premixed turbulent flames, for mixtures characterized by high
activation energies, large Damkohler number, and for moderate levels of
iurbulence, the major heat releasing chemical reactions occur in thin zones which
are organized into sheets [1,2]. At very low turbulence levels, these sheets can be
represented by unstrained wrinkled-laminar-flames, and the sheets form a more or
less contiguous surface in the flame brush. For higher leveis of turbulence, the
structure of the sheets departs from that of an unstrained laminar flame as the
effects of sheet curvature, flame stretch, and unsteady flow become important,
Even so. reaction is still distributed in sheets, and the dispersion of chemical
reaction into smail volumes of highly dispersed fluid occurs only at high
turbulence levels. These sheets of chemical reaction are referred to as flamelets
and in general the term is used to denote both the high temperature reaction zone,
as well as the adjacent convective-diffusive layer (the preheat zone).

To improve our understanding of turbulent flames and to support mode!
development, the geometry of flamelet surfaces, their motion, and the local
structure of these sheets must be studied. In this paper we report on a technique
for simultaneous measurements of flamelet position and gas velocity developed
primarily to measure gas velocities conditioned on distance from the flamelet
surface. The approach also allows one to obtain information on the statistics of
flamelet position in space and flamelet motion. These measurements, for two
different flames, are also reported and discussed.

Still photography, high-speed cinematography, shadow and Schlieren
techniques have ail been used to obtain information on flameiet surfaces. These
techniques have proven useful, but their interpretation is ambiguous primarily
befcause they are all line-of -sight techniques. Hence they provide path integrated
information.

Laser tomography and related flow visualization techniques avoid line-of-
sight probiems and are potentiaily much more useful for studying flamelet surface
characteristics than the above methods. Both still photographs and cine-films can
be made. thus ailowing flamelet dynamics to be investigated. However, it should
be noted that ail these methods are subject to the inherent limitation of visualizing
a curve generated by the intersection of the flamelet surface and a plane, rather
than the let surface iself.

In laser tomography, as applied to premixed flames, the reactant flow is
seeded with an oil mist and the Nlow is illuminated with a sheet of laser light.
Since the 0il rapidly vaporizes in the reaction zone of the flamelet, scattering from
the laser sheet is observed only from the reactants, and the Namelet is marked by
the boundary between the scattering and non-scattering regions. This boundary is
easily recorded photographically. Several investigators have used tomography
for visualization, including its originator, Boyer (3], and Borghi [4).

A varistion of laser wmognw {$] allows for the measurement of
flamelet location along a line in space, defined by the laser sheet illumination and




the image of a slit on this sheet. [n this technique, a photomultiplier tube
measures the intensity of scattered radiation from the line in space, where the slit
is placed in front of the photomuiltiplier tube, and scattered photons are collected
by a lens which in turn makes an image of the laser illumination sheet on this stit.

The integrated intensity of scauered light falling on the detector surface
deperds on the position of the flamelet along the tine, and thus the position can be
monitored by recording the photomultiplier output.

Boyer et al. (5] used this position measurement technique along with laser
doppler velocimeuy (LDV) to study flamelet motions and gas velocities in very
weak turbulence, They record for analysis three signals: the flamelet position
signal and its derivative, and the LDV signal from the measurement of a singie
veiocity component at a fixed point in space. The data are ansiyzed for the power
spectra of each signal in a frequency range up to 10 Hz. A singie flame condition
is strudied and only spectral data are reported and discussed. The derivative of the
flamelet position signal is Ureated as a component of the flamelet velocity. As
discussed below, this treatment of the derivative signal is subject to interpretation.

Suzuki and Mirano (6} have repocted measurements of flamelet ocientation
and speed in a plane, obtained at 2 point using a triple sensor ion probe. Their
analysis of data assumes that the flamelet may be represented by a plane which is
paraliel to the axis of their probe, and that the spatial orientation of the plane
remains constant as it crosses the probe volume. It is claimed that highly curved
flamelets, and flamelets which cross at a large angle to the probe axis have
characteristic ion current signatures which allow for these events to be recognized
and discriminated against. At best this procedure will biss the resuits. Very high
instantaneous flamelet surface speeds are reported, which raises questions about
the assumptions made in the data analysis and about Suzuki and Hirano's ability
to recognize flamelet crossing events which viofate their assumptions.

To date the above work and related references are the only reports in the
literature where quantitative measurements of flamelet position, orientation and
motion are reported. Boyer et al. (5] record data which could be used to make
conditioned velocity measurements, but no resuits of this type are reported.

In this paper we describe a technique for making flamelet position mu
velocity measurement which is similas to that of Boyer et al. [5]. The method is
applied 1o higher velocity, more turbulent flows than that of Boyer et al. and the
objectives are quite different. The laser tomographic technique is used to measure
flamelet position along a laser beam; gas velocity at 2 fixed point on the laser
beam is obtained by LDV. The flamelet position signal, its derivative, and the gas
velocity signal are recorded. These data records are then analyzed for velocity
statistics conditioned on the distance of the velocity measurement point from the
flamelet. It is expected that effects of combustion on the turbulence will be
evident in such data. The statistics of the flamefet position along the laser beam
are aiso of interest, and have implications for the nature of the flamelet motion.
For instance, the distribution will be bi-modal if large amplitude sine waves are
causing flamelet motion. Finally, ime derivatives of flameiet position are
measured and compared with gas velocity data,

1I. EXPERIMENT
A. Apparatus

1. Burner Facility. Figure 1 is a schematic of the burner exit and
coordinate system. The turbulent flame is stabilized by a 1.5 mm diameter rod
mounted across the exit plane of the S0 mm diameter cylindrical burner.
Turbulence is generated by interchangeable woven wire screens (10 mesh and 8
mesh) which are mounted in the central air-fuel jet, 3.0 cm below the exit plane.
The fuel is commercial grade methane supplied from high pressure bottles. Air.
filtered and dried, is supplied from high pressure tanks which are charged by
compressor (both gases are metered by needle valves, and flow rates are
monitored with rotameters). The burner is equipped with an annular jet whose
velocity may be matched t0 that of the inner jet in order to shieid the flame from
the-mixing layer formed with room air. Due t0 the limited air storage capabiltiy,
and a primary desire to use long av«:’in( times in order t0 more closely
approximate the higher order moments of the measured quantities, this feature
was not utilized. All measurements, however, are performed well away from the
edge of the jet, and it is felt that the effect of the mixing layer in this region is
n;gligibl:i This bumer has been used in severs! previous studies at Comell, e.g.
[7] and [8).

2. LDV System. Resctant gas velocities are measured using an LDV
apparatus consisting of an argon-ion laser (Lexel, Modsl 95), commercial optics
with a Bragg cell frequency shifter (Thermosystems, Inc., 900 series) and a
counter typs signal processor (Thermogystems, [nc., Model 1980). A dual beam,
real fringe optical configuration is employed. The piane containing the two beams
is aligned such that the major axis of the ellipsoids! measurement volume lies
paraliel to the flame stabilizer rod. Scattered light from the seed particies is
collected at 3 90® angle (rom the incident radiauon, and a 0.25 mm diameter
pinhole at the entrance to the i tube limits the major axis diameter
about 0.8 mm, while the minor axis diameners are spproximamly 0.13 mm.

Several checks on the validity of the velocity measurements were
perfarmed on both & laminas and tusbulent jet in an attempt to maximize the daa
e without significandy distorting the measured velocity probsbility density
function (pdf). or jot Messurements were mads mainly 10 verify the correct

3 olmtsugceu. In two i data sets, the measured mesn
iasaral velocity was 0.0 mvsec. but one of the data sets showed secondary peaks i
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Figure 1. Schematic of Burner and Coordinate System.

the ails of the pdf's, which were present at all data rates. This does not appear in
the streamwise velocity component pdf's, nor in ail of the lateral component
measurements, and has been attributed to intermittent ‘leaking’ of secondary
frequencies in the downmix circuit of the Bragg cell. Tests performed on
turbulent jets demonstrated that data rates of about 10 kHz were feasible without
significantly broadening or distorting streamwise component velocity pdf's.
Above 10 kHz the pdf's begin to broaden and depart significantly from a
Gaussian. Cross-stream component pdf's were qualitatively similar, again
showing little broadening until dats rates were pushed above 10 kHz, although an
occasional disconcerting shift in the measured mean velocity was observed. The
broadening of the pdf as photomultiplier tube gain and/or amplifier gain is
increased is to be expected: with increased gain, marginal particies passing
through the edges of the measurement volume are seen. In these regions the
fringes are not as parsilel and planar ss they are near the center of the
measurement volume, resuiting in an increase in the measured varisnce. The
occasional shift in measured mean velocity is more difficuit to explain: again
suspicion fails on the downmix circuit. Velocity data was taken at data rates
corresponding to 10 kHz when the measurement volume is whoily within the
reactants. The preliminary results presented in this paper are reported with the
understanding that, though qualitatively correct, more checks of cross-stream
velocity o"c;:mm. validity are required, and are being performed in the on-
going work.
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Figure 2. Schematic of Experimental and Data Acquisition System.

3. Laser Tomographic System. A skeich of the laser tomographic
sysism, as well as the reiative position of the LDV system, is shown in figure 2.
A 6 mW, He-Ng laser beam is over the center of the bumer exit, hormal 0
the vertical plane containing Mame stabilizer rod. A plano-convex lens (f
1000 m, ¢ « 30 mum) is used to reduce the 1/¢¢ diameter of the beam to about 0.5
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mm where it passes over the bumer exit. A fomon of this beam is imaged by a
symmetnic, biconvex lens (f =« 127 mm, ¢ = 50 mm) onto the entrance slit of the
photomuitiplier tube with a magnification equal to 1.0. The eatrance slit has a
vertical dimension of 0.5 mm and a length of 9.66 mm; thus, acoounting for the
angle between the axis of the collection optics and the laser beam, 1.0 cm of the
beam is imaged onto the entrance slit.

The signal out of the photomultiplier tube is amplified. low-pass filiered at
5 kHz. and differenuated. The analog differentiating circuit {9] was constructed
with 2 high slew rate op-amp and precision components. The component values
result in cut-off frequencies of 26 kHz. to which point the circuit differentiates,
and 33 kHz, after which the circuit integrates to avoid ‘ringing’ caused by high
frequency sx‘gnal components. The circuit was calibrated, and found to foliow the
theoretical, first order gain curve very closely up to about 3 kHz, where the gain
begins to rotl off graduaily. The response of the circuit to a pure sine wave at $
kHz was about 8.5% below the caiculated time derivative. Data analysis was
performed using the theoretical, linear gain curve.

Seeding of the reactants for both laser tomography and LDV
measurements 1$ accomplished using atomizing nebulizers similar 1o those used
by Cheng {10} and descnbed by Durst, Meiling and Whitelaw {11}, who state that
with careful design a mean seed particle diameter of near 1.0 micron can be
achieved. Relatively clean Doppler bursts from the LDV scattering volume
indicate that the majority of seed particles are less than about 3 microns in
diameter, though, as noted below, particles as large as 100 microns are present as
well. Dow Coming 50 centistoke silicon oil is used. The seed is introduced in
the mixing chamber in the base of the burner, where it is thoroughly mixed with
the reactants. The mixture then passes through several fine wire mesh screens,
which serve 10 dam any large scale velocity fluctuations in the flow and
disperse the seed uniformly before it passes to the exit section of the burner. The
particle number density at the exit plane of the burner is estimated to be about
1000 particles per mm?3.

All three signals: gas velocity, flamelet position and its derivative are
converted to digital format (Datel, ST-PDP Series) and stored for analysis on a
DEC PDP 11-34 computer.

B. Details of Flamelet Position Measurement

The integrated intensity of scattered light from a centimeter of the laser
beam is measured by a photomultiplier tube. As outlined above, scattered light is
observed only from the reactants, and, subject to the following conditions, the
photomultiplier tube cutput is proposed to be linearly related to the position of the
flameiet along the laser beam: (1) the seed distribution in the reactants is uniform,
(2) overail scattering is not sufficient to significantly attenuate the laser intensity,
(3) the detector sensitivity is uniform along the beam, (4) the beam has a
negligibly small diameter, and (5) the evaporation/ combustion time of the oil
droplets is small as compared to their passage time through the flamelet. These
conditions will now be discussed.

The photomultiplier output may be written as the integral of the product of
the laser beam intensity, the oil mist concentration (n), an average scauerin
€ross-secton for the mist (0), and the local detector System response (Ty), whic
in general is a function of position. The limits of integration are the volume
formed by the laser beam and the slit image on the laser beam. Since scattering in
the products is negligibly small, integration may be limited to those portions of
the measur ..aent volume containing reactants. The integral is evaluated first by
integrating over the laser beam cross-section leading to an expression in terms of
quantities averaged over the cross-section;

S - J’not‘Pds.

where S is the measured signal, s is the distance along the laser beam, and P is
the laser power. [ntegration is along portions of the beam containing reactants.
Por umtorm seed distribution 1n the reactants, nC ts constant; trom above, Ty and
P are assumed constant. Therefore S is proportional to the length of the laser
beam subtending the reactants, and if the {lamelet crosses the beam only once in
the field of view, S is proportional to the position of the flameilet along the beam.

So far, the angle of intersection between the laser beam and the flamelet
has been ignored. For a planar flamelet and a cylindrical laser beam it is easily
seen that variations in the angle of intersection do not influence the measurement
untl the beam and surface approach a parailel stae. Except for this extreme, the
measurement gives the point of intersection of the Namelet and the axis of the
laser beam. Flamelet curvature will affect this relationship and therefore it is best
t0 keep the beam diameter to a minimum, thereby minimizing curvature effects.

The position measurement system is calibrated by removing the turbulence
generating grid and holding a laminar flame, ¢ = 0.8, on the burmer. The flame is
then traversed along the laser beam, while recording the output of the
photomultiplier tube a3 a function of flame position. A least squares linear curve
fit is applied, resulting in an expression for flamelet position as a function of
photomultiplier tube output. This expression is accurate to within £ 0.3 mm, and
to within ximately £ 0.15 mm within the centrai 8 mm of the measurement
volume. Sysiem response was found to be quite linear, substantiating the
WIUMPUONS Of UNITOMM NG and constant T, (Figure J).

An estimats of droplet evaporaton/combustion time of approximacely 10-3
seconds has been reported by Boyer (1]; our analysis using the so-called "d? law*
of droplet combustion {11} confirms this repont for droplets

up 10 approximmsly
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Figure 3. Position Signal Calibration Curve.

10 pm in diameter. For a typical velocity component normal to the tlame front of
0.30 mvs, and a flameler thickness of about 1.0 mm, the residence time of the
droplet within the flameiet is about 3.3 x 10-3 seconds. Experimental data,
however, obtained from point measurements of scattered light (Spatial resolution
of about 0.15 mm) near the flamelet, indicate that some droplets persist after
passing through the flamelet. Only after a distance of about 1.5 mm from the
flamelet have they completel disapmarut This would indicate that some very
large dropiets are present in reactants, perhaps as large as 100 um in
diameter. These particles are rare, and, due 1o the calibration procedure described
above, their existence in no way biases our measurements.

An additional concemn refated to droplet evaporation time is the effect of
increased equivaience ratio, resulting in increased flame temperature, on the
nar;?le,tcposilbn measurements. Since the burning constant, K, in the d2 law, d?
= do& - KI, depends loganthmicaily on the tiame tempersture, this eftect is siight.
Ovur estimates indicate that the change in measured flamelet position due to
increased equivalence ratio (¢ = 0.8 10 ¢ = 1.0) is about 10-9mm. Finally, the
heat release due to oil droplet combustion, less the energy required to completely
vaporize the droplet, has been compared (o the heat release of the methane/air
combustion. A ratio of 1 to 200 indicates that this effect is negligible.

Spatial resolution of the position measurement is limited by noise in the
signal. Possible significant sources of noise are photon shot noise, large scale,
low frequency fluctuations in seed concentration, and marker shot noise (i.e.,
random fluctuations in seed concentration [13); the latter being by far the most
significant problem. Scautering signals from single particles are quite high, and
photon shot noise is not a problem. Two point, time correistion measurements
with the points lying on a streamline show zero comelation between signais from
pairs of points except for a very small value at a lag time comresponding to the
flow time between the points (Figure 4). Thus large scale fluctuations in seed
flow are negligible compared to other noise sources, namely marker shot noise.

For identical particles, marker shot noise would be expected to follow
Poisson statistics. Variations in particle scattering cross-section at low particle
arrival rates might cause non-Poisson behavior. However, measurements of
noise pdfs show Gaussian distributions as would be expected for Poisson
processes and large samples. Marker shot noise can be reduced by increasing the
number of particles in the measurement volume and by reducing the band width
of the detector.

To increase particle loadings, four stomizing nebulizers are connected in
parailel, and a large fraction of the 2ir flow passes through them. Higher particle

concentration levels are possible with condensation type seeders (which give:
smaller particles as well); this type of device shouid be explored. An increase in -

messurement volume will reduce marker shot noise with a concomitant loss in
spatial resolution. Limiting band width reduces temporal resolution as well as
noise. Taylor's hypothesis may be used to express iemporal resolution in spatial
terms. For U = ).8 m/sec and a temporal resolution of 0.1 ms (the minimum
time between successive sampies of the data channels), the equivaient spatial
resolution is 0.38 mm, which is of the same order as the nominal diameter of the
laser beam., Thus the two are consistent with each other. [n the measurements
reported, the position signal is low pass filtered &t 5§ kHz before storage. With
this filter setting, a 1.0 cm long scattering volume, snd the 0.55 mm laser beam
diameter, the measured signal-to-noise ratio is 43 at full intensity (the
messurement volume being entirely in the reactants) and 37 at haif intensity. For
& Gaussian distribution of noise, thess noise figures correspond to ipatial
uncertainties at a 95% confidence level of 0.4 mm and 203 mm for full scale
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and haif scale measurements, respectively. These numbers compare favorably
with the spatial and temporal resolutions of the measurement system, which
confirms our choice of these two quanates.
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Figure 4. Two-Point, Time Correlation of Scattering Signal.

C. Data Analysis

The three data signals—flamelet position, its derivative, and the reactant
velocity— are analyzed in several different ways: for pdfs. power spectra, and
cerrain conditioned statistics. Standard computer subroutines are used for most of
these analyses. However, some comments are in order regarding data analysis
and interpretation.

It is tempting to interpret the derivative of the position signat as the
flamelet velocity, and for those cases when the flamelet is perpendicular to the
laser beam this is a valid, unambiguous interpretation. In general. however, this
view must be scrutinized. It is quite clear that the derivative, in general, does not
give the velocity of a fixed point on the flamelet, while it does give the rate at
which the flamelet position along a line changes in time. Only velocity
components normal to the flamelet surface will cause it to move. Tangential
velocity components move fluid along the surface but do not move the surface
itself, while gradients in the normal velocity cause wrinkling and rotation of the
surface. Thus surface points where the surface lies perpendicular 10 the laser
beam move parallei 10 the beam, Otherwise, they move at an angle to the beam
and the motion of the surface along the laser beam does not correspond (o the
motion of a fixed surface point. In general, when one refers to the velocity of 2
surface, it is in regard to a fixed point on the surface. We do not measure 2
component of this velocity here. However, the derivative quantity we do measure
does given information on the flamelet motion in space and therefors is of
interest.

A major objective of this work is to detect effects of the flamelet on the
turbulence field. This may be done in part by conditioned velocity measurements.
In the past velocity measurements conditioned on being either in reactants or
products have been reported (14,15]. As is seen below, such messurements do
not fuily reveal the turbulence effects. What is needed is a conditioning of the
velocity by distance away from the instantaneous flamelet position. The
measurements here are a first step in that direction.

Using the flamelet position signal. velocity data are segregated by the
distance along the laser beam from the Nlamelet to the measurement point. For
this segregation, the distance is divided into | mm segments, i.e, 0 to | mm
away, | t0 2 mm away, etc. Once segregated, the velocity dsta are used (0
determine means, variance, skewness and kurtosis of the conditioned velocity
distributions.

II1. RESULTS AND DISCUSSION

Data was taken for methane-air flames at equivalence ratios of 0.8 and
1.0. For esch Name, measurements were performed at four different axial
focations: 3.3, 6.0, 6.3 and 7.0 cm sbove the turbulence genersting grid. Two
sats of dati Were taken st gach locstion, one ‘siow’ set st & sampling rate equal 10
twics the integral ime scaie (based on Taylor's hypothesis and messured integral
length scales) from which averages and moments are computed, and one ‘fast’ set
which is used for spectrsi analysis. Each siow data set consists of 40,960 gomu
These points, by virtue of the slow sampling rate, are independent (16] and,
sssuming s Gaussian pdf, result in convergence of the caiculated variance 10
within 0.7% of the rue measured varisnce. Skewness snd kurtosis converge ©

within 1.8 and 2.9%, respecuvely. The fast data sets consist of 102,400 points
sampied at 10 kHz, in blocks of duration 0.1 sec. As the flamelet position signat
is filtered at § kHz, this shouid result in alizss-free power spectra.

Tabile 1 shows the turbulencs properties and scaling of the approach flow
as determined by previous measurements using hot-wire snemometry (17), and is
presented here for reference.

In Table 2 are shown the first four moments of the flamelet position
signal. These clearly indicate both the effect of equivalence ratio on the
magnitude of the flamelet Nuctuations and the Gaussian nature of these
fluctuations. The increase in the rms Muctuations, which may be taken as s
measure of the turbulent flame brush thickness, as the equivalence ratio is
increased is similar t0 the resuits recently reported by Shephard et al. (18], who
have atuributed it to increased hest release in the reaction zone. The very nearly
linear increase of these fluctuations with axial distance shouid aiso be noted. The
Gaussian nature again is similar to recently reported results (18,19}, and further
substantiates the assumption of a Gaussian pdf in the model developed by
Namazian, et al. (20} to determine mean density profiles across the flame beush.
Figure S shows a representative of the measured pdfs.

Table 1
Turbulence Properties and Scaling

U=38 misec 8 mesh grid
x(cm) 55 60 65 170
u'’U (%) 3s 33 32 31
L (mm) 248 253 264 270

Re (uliv) 244 235 239 235

Table 2
Moments of Flamelet Position Signal

y (mm) rms (mm) skew kurtosis

e=08:
x=55cm 4.02 0.77 -0.08 2.82
x=60cm 440 085 -0.09 2.84
x=65cm 495 0.93 -0.12 2.80
x=70cm 549 1.00 -0.12 2.81
o= L0
xe$5cm 655 0.74 .08 3.07
x=60cm 785 095 0.10 2.83
x=65cm 8.87 1.06 0.08 2.87
x=70cm 1050 139 07 .68
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Figure 5. Flamelet Position PDF's for ¢ = 0.8.
Axial Pogitions of 5.5,6.0,6.5 and 70 cm.

It is also interesting to consider the relationship of the pdf of Mamelet
position, P(x), to the chenvical closure problem. 1f <axx)> is the mean rate of
chemical reaction per unit volume at a given X, and ay is the ensembie average
volumetric chemical reaction ram per flamelet Crossing, then

<w(x)> = @y M%) ' ()
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Figure 6. Comparison of P(x) and Ac(1-c).

Frequendly (Bray et al. (21]), <w> is modelled a3 a function of c(x), the
mean reaction progress variable: <w> a ¢(1-c). It is easily shown that for thin
flamelets,

ox) = f P(x) dx’ ®)

Using this relationship, one can compare the spatial variation of <w>
predicted by c(1-c) and that given by P(x). To do so, P(x), ¢(x) and c(1-c) can
be obtained as a function of x using the above relationships and the measured
P(x). We have made such a comparison using a normal distribution to represent
the measured P(x), primarily for convenience. The results are shown in Figure 6,
where P and Ac(1-c) are plotted against ¢. A is chosen to match Ac(1-¢) and
P(x) atc = 0.5; A = 1.596. It can be seen that Ac(1-¢) gives an extremely good
approximation of P in ¢ space, which accounts for its success in modeling mean
combustion rates. The points labeled o, 20 and 30 in the figure indicate ¢ values
associated with points 1, 2 and 3o (rms) away from the center of the flame brush
in physical space.

Table 3 shows the moments of the derivative of the Mamelet position
signal. Notable features are the rms values again increasing with both sxial
distance and equivalence ratio.

The spectra of the {lamelet position signal and the spectra of its derivative
are plotted in Figures 7 and 8. The flamelet position spectrafor ¢ = 0.8 and ¢ =
1.0 are very similar, adding further support 1o the assertion (18] that for the same
inlet turbulence conditions an increase in equivalence ratio increases only the
amplitude of the flamelet motion, while the spectral characteristics are unchanged.
Comparison of the spectra for the time derivative of flamelet position shows that
they, t00, remain quite similar as the equivalence ratio incresses. This is to be
expected since these spectra can be derived {rom the comresponding flameiet
position spectra. A comment on the shape of these spectra is in order. [t is well

Table 3
Moments of the Derivative of the
Flamelet Position Signal

rms (m/sec)  skew kuriosis

x=55cm 2.44 0.2 157
x=60cm 2.54 0.29 411
t=65cm 2.63 0.32 437
x=70cm 1.67 .37 478
te=l0

xe8fScm 2.78 -0.36 523
x=60cm J4s -0.50 5.38
xe65cm 3.51 0.17 6.17
xe70cm 4.31 -0.91 680
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known [16] that the value of 3 one-dimensional (requency spectra of some
physical process at zero frequency is proportionsi to the integral time scale of that
process. Since the flameliet position is a statistically stationary process. the
integral scale of its derivative must vanish. This is bome out by the shape of the

spectra for the derivative of flamelet position.

In Figure 9 the spectrum for the derivative of flamelet position is
compared with the one-dimensional v-component velocity specoa. The velocity
spectra is obtained by LDV measurements at 2 mean data rate of 10 kHz. and can
therefore be expected to be accurate up to frequencies of 2 or 3 kHz, & which
point the discrete nature of the counter's snalog output signal csuses distortion.
As can be seen, the spectra are nearly identical berween frequencies of about 500
to 1500 Hz. This type of comparison has also been reported by Shepherd et al.
(18], though a coincidental region between 100 and 1000 Hz was The
discrepancy can probably be explained by the different inlet turbulence
charscteristics, and it & reascnable 0 assert that within this spectral region
the flamelet movement is controlled by the turbulence field. Morsover, at low
frequencies the velocity spectra is affected by aliasing; the energy of high
frequency components whose velacity vector is not sligned with the direction of
measruement is aliasad to low fi ias. Thus, aithough the spectra diverge at

low frequencies, it is quits plausible tha: flamelet motion in this spectral region is
also wrbulence controlled.
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Figures 10a and 10b show the conditioned rms velocities, u' and v/,
plotted against distance from the instantaneous flame front, while Table 4
demonstrates how the higher order moments of velocity evolve with distance
from the flame front. The conditioned velocity statistics were computed only if
1024 or more data points were within the limits used t0 segregate the data. Note
that, in general, the turbulent intensities of both velocity components show a
slight decreasing trend as the (lamelet is approached. The two v-component
intensities at x = $.5 and 6.0 cm are the exception; this may be due to an
interaction with the wake of the flame stabilizer rod. This decreasing trend is
similar to that reported by Cheng [10), though his measurements are conditioned
only on being within the reactants or products, and suggests that reported
increases in unconditioned turbulent intensities within the flame brush are due t0
higher intensities within the products and the effects of measuring intermitently
within the products or the reactants.

IV SUMMARY AND CONCLUSIONS

Flamelet position along a line, its derivative, and reactant gas velocity
have been simultaneously measured with Laser Doppler Velocimetry and 2
variation of Laser Tomography. Reactant flow is seeded with 2 silicon oil mist
which provides LDV scautering particles. On passage through the flame front
these particles burn and evaporate; this property is exploited to provide 2 measure
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Figure 10a.  Conditioned U-component Turbulent Intensities vs.
Distancs from Flameiet ¢ = 038.

LR od -

so | ]

V-comp turbulent Intensity O z-6.5¢m
4 x-8.0cm
5.9 - O x-6.85¢m
% x-7.0¢cm
o8

b ]

Tuib intensily (%)

8- —_—— . b
3.4 r— -
:_o L s . 1

0-1mm 1-2mm 2-3mm J-4mm 4.3mm

Distance from flamelet
Conditioned V-component Turbulent Intensities vs.
Distance from Flamelet ¢ = 0.8.

Figure 10b.

of instantaneous flamelet position within a measurement volume formed by the
image of a iaser beam on the entrance slit of 2 photomultiplier tube. The flamelet
position signal is differentiated, thus providing information on the flamelet motion
in space.

The preliminary results reported here provide insight into the mechanisms
and dynamics of turbulent, V-shaped flames. In particular, it was found that the
pdf of flamelet position is substantiaily Gaussian and that the rms fluctuations
increase very nearly linearly with axial distance. Furthermore, though an increase
in equivalence ratio increases these rms fluctuations, the spectral characteristics of
flamelet motion remain unchan Spectra for the derivative of flamelet position
and the v-component velocity field are compared, and demonstrate that between
ag‘prqxin;_atﬂy 500 and 1500 Hz the flamelet motion is controlled by the turbulent
velocity fie

Statistics of the velocity field conditioned on distance from the flamelet are
also reported. These show the true effect of the flamelet on the turbulent velocity
field. Itis found that fluctuating turbulent intensities remain relatively constant as
the flamelet is approached, perhaps decreasing slightly.

Further application of this technique is in progress. In particular, flamelet
position pdfs at greater and more numerous axial locations must be measured,

Table da

Moments of Conditional Velocities, ¢ = 0.8.

U-components U =38 misec

Axial Position Distance from instantaneous flamelet position (mm)
55 cm 0-1 1.2 2-3 3.4 4.5
ms (m/sec) 0.192 0.190 0.194 0.198
skew -0.08 -0.01 -0.08 -0.04
kurt 114 .17 3.4 328
6.0 cm
rms (m/sec) 0.178 0.178 0.184 0.186
skew -0.19 -0.08 -0.04 0.07
kurt 153 1.3 321 3.29
6.5 cm
rms (m/sec) 0.174 0.170 0.176 0.181 0.176
skew -0.23 -0.19 -0.14 -0.12 -0.04
kurt 1.62 3.62 3.60 3.36 3.68
7.0 cm
rms (m/sec) 0.166 0.167 0171 0.174
skew -0.37 -0.33 -0.21 -0.16

kurt 3.88 3.88 l4s 3.58

v

.
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Table b

Moments of Conditional Velocities, ¢=x 08

Y-components Une 18 oysec

Axial Position Distance from instantaneous flamelet position (mm)
$.5 cm 0-1 1.2 2.3 3-4 1.5
rms (mvsec) 0.222 0.212 0.210 0.204
skew 0.65 0.52 0.59 0.54
kurt 5.14 422 4.61 417
6.0 cm
rms (m/sec) 0.178 0.171 0.171 0.176
skew 0.22 0.16 0.25 0.24
kurt 118 3.16 3.58 4.02
6.5 cm
rms (m/sec) 0.136 0.156 0.154 0.153 0.147
skew 0.32 0.19 0.12 0.09 0.13
kurt 344 3.0l 297 3.07 i
7.0 cm
rms (m/sec) 0.125 0.141 0.143 0.141
skew 0.32 0.20 0.16 0.08
kurt 3.40 14 ERT 333

and the effect of equivalence ratio on flamelet motion must be investigated further.
Conditional velocity statistics over a wider range of axial and lateral locations
must also be determined. and the technique should be modified o enable
conditioned velocity measurements within the products as well. In this manner
the interaction between the flamelet and the velocity field can be fuily investigated.
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