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ABSTRACT

Experimental and numerical determinations of flame front curvature and orientation in
premixed turbulent flames are presented. The experinaental data is obtained from planar,
cross sectional images of stagnation point flames at high Damktihler number. A direct
numerical simulation of a constant energy flow is combined with a zero-thickness,
constant density flame model to provide the numerical results. The computational
domain is a 323 cube with periodic boundm3, conditions. The two-dimensional curvature
distributions of the experiments and numerical simulations compare well at similar q'/S L
values with means close to zero and marked negative skewness. At higher turbulence
levels the simulations show that the distributions become symmetric about zero. These
features are also found in the three dimensional distributions of curvature. The

simulations support assumptions which make it possible to determine the mean direction
cosines from the experimental data. This leads to a reduction of 12% in the estimated
flame surface area density in the middle of the flame brush.

INTRODUCTION

At high Damkrhler and Reynolds numbers the flame brush of a premixed

turbulent flame can be treated 1 as a region of reactants and products separated by strained

laminar flamelets2, 3. Under these conditions the mean turbulent reaction rate is

determined by the flame surface geometry and local burning rate. In Bray's description3

the mean reaction rate at a point in the flame zone is

<w>= Pu(SL)° IoX (1)

where Pu is the reactant density and (SL)Othe unstrained laminar burning velocity. Io

describes the mean effects of the strain field and flamelet curvature on the local burning

velocity by the local flame stretch, K:

-b

= _L + hl + h2 (2)

where b = n . e . n is the strain rate in the plane of the flame and the principal

components of curvature, h l, h2 are defined below. In equation 1 I; is the meaa flamelet

surface area to volume ratio for which various modeled transport equations have been

developed4, 5. A simple expression for Z has also been proposed 6 which is based on the

spatial distribution of flame crossings along a contour of constant mean progress
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variable, <c> (c = 0 in the reactants and c = 1 in the products) and is also open to direct

experimental investigation:

<c>(1-<c>)
' Z = g <o> L (3)

where <o> is a mean direction cosine of the flame normal relative to the <c> contours, L

is the scalar integral length scale along the contour and g a constant of order unity.

The use of a thin laser sheet to produce tomographic sections of flame zonesT,8 is

a fruitful means of obtaining experimental data in the laminar flamelet regime. With this

technique it is possible to obtain, in a variety of configurations, quantitative estimates of

scalar length scales, L8, <o> 9 and the flame surface area by fractal analysis 10.

In this paper experimental and numerical measurements of local flame front

curvature and mean orientation (direction cosine) are presented. The experimental

results are obtained from laser sheet images of stagnation-point premixed turbulent

flames. These planar cuts provide only an estimate of h or _ and so the suitability of the

present data to test and validate models such as that outlined above is unclear 11. The

direct experimental determination of either of these quantities in three dimensions

presents serious practical difficulties. By comparison, however, with three dimensional

direct numerical simulations of premixed turbulent flames it will be shown that useful

information can be derived from the experinaental data.

Numerical Model:

The investigation of flame propagation in a statistically steady state is possible by

the direct numerical simulation of a constant energy turbulent flow. Constant energy is

achieved by a large-scale forcing scheme so that the turbulent kinetic energy is fixed at

u'2 + v'2+ w'2 = 3; the average rms velocity, q', is therefore unity. The computational

domain is a periodic cube with an edge length of L and mesh spacing of L/32 giving a

total of 323 grid points. The measured Taylor length scale is ~ 0.13L which is of the

same order as the largest possible size of L/2 which arises from the periodic boundary

conditions. The Taylor Reynolds number is ~ 60 and the kinematic viscosity is 0.002 in

units where L = 1 and q' = 1.

A zero-thickness, constant-density premixed flame model described in Kerstein et

al. 12 has been used in these simulations. A continuous scalar G is convected by the flow
,J

and flame propagation is accomplished by Huygens' mechanism,



0G

_--_+ u.V G = SL IVGI (4)

wheretheflamespeedSL isa functionofstrainandcurvatureandu istheturbulentflow
0

field. The flame speed is SL = (SL)o exp(-LMI_) where LM = L/40 is a Markstein length

representing the effects of the local flame stretch, _:, on the local burning velocity. An ,w

exponential form for tile burning velocity is used so that large stretch can only reduce the
flame speed to zero and an upper bound is imposed so that -LMK <_ 1.39 i.e.

(SL/(SL)°)max = 4. With respect to any value of the scalar, G, the unburnt fluid is located

at smaller values of G. In this constant density flame simulation, every computational

grid point conMbutes statistical information about the flame surface geometry which is

described by the unit normal vector n = -V G/IV GI and the two principal curvatures of

the surface h1 = 1/R 1 and h2 = 1/R2. At each grid point the first and second spatial

derivatives of G are calculated and the elements of the curvature tensor are formed

O2G 1 1 0G 0G 02G

hij=-  xi0xjd + 2; 0xj0xk (5)

where d = IV GI. This tensor has two real eigenvalues hl, h2 and one eigenvalue equal to

zero (positive curvature is convex to the reactants).

EXPERIMENTAL DETAILS

A tomographic study was performed on methane/air and ethylene/air stagnation-

point, premixed turbulent flames where the Damk6hler number derived from the integral

time scale of the reactant stream, the chemical reaction time based on the kinematic

viscosity of the reactants and the laminar burning velocity is large (--80) indicating that

the flames are in the wrinkled laminar flame regime 1. Scalar properties, such as

temperature or density, can be determined by the measurement of the intensity of light

scattered from micron sized oil droplets which are seeded in the reactant _tream and

evaporate at the flame front. The oil droplets are illuminated by a laser sheet and

photographed in the direction normal to the sheet.

An axisymmetric flow of premixed fuel and air at an exit velocity of 5m/s is

provided by a 50mm diameter nozzle. A co-flowing air stream at the same velocity

shields the inner flow from interaction with the room air. The reactant flow turbulence

(7%), generated by a perforated plate placed 50mm upstream of the burner nozzle, has an

integral length scale of 3mm and the turbulent Reynolds number based on these values is
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70. A stagnation plate is positioned 100mm downstream of the nozzle exit. The burner

configuration has been described in detail elsewhere 8. The flow geometry chosen for

this study has significant advantages in that the tomographic cross sections through the

• stagnation line provide a good statistical representation of the scalar field due to the

axisymmetry of the system.

' The light source is a copper vapor laser which delivers 5mJ pulses with a 20-

30nsecs pulse width at a repetition rates of 4kHz and hence it is possible to resolve the

instantanec, us flame shape. The 38mm diameter laser beam is transformed by cylindrical

lenses to a sheet 0.6mm thick by 50mm high with a field of view of 60mm. The reactant

flow is seeded with silicone oil droplets (-lgrn in diameter) which evaporate at the

flame front (~500K). The laser sheet is recorded by a high speed 16mm Fastax camera

which provides the trigger pulse for the laser.

The film is digitized to give 512 by 512 pixel images with 256 gray scales Of light

intensity resulting in horizontal and vertical resolutions of 0.155 and O.121mm/pixel,

respectively. In a digitized image the flame boundary is clearly delineated as the

interface between the light (cold reactants with seed particles) and dark (hot products

without particles) regions of the image. Flame boundaries defined by an intensity

threshold, are generated by an edge finding algorithm which produces a continuous flame

edge. The threshold is determined by inspection of the histogram of pixel intensity: the

results are not sensitive to the precise value of the threshold.

RESULTS AND DISCUSSION

Flame Front Curvature:

The experimental data consists of a set of two hundred flame front boundaries

for each case, s:::eTable I, which are derived from the tomographic record in the manner

descf%d above. Care was taken to ensure that they represented a good statistical sample

by widely spacing the film frames which were analyzed. The flame boundaries were

smoothed to remove digitization noise 13 and, for a window of 35mm around the

stagnation line the local curvature along the boundary was obtained at each point by the

least mean square fit of a circle. The curvature distribution, derived form forty images,

was not very sensitive to the number of points in the fit and nine points, centered on the

point to be fitted, were used in all cases. This procedure results in a minimum resolvable
curvature of ±5 nam"l.

' The probability distributions (pdf) of curvature normalized by the standard

deviation of the distribution for all the cases are shown in figure 1. In Table I the mean

' ""Pl'I r I_I ' " lIP, IpPrl m, , .,_ 'rl ' vPllIl r, imr, , ,



and standard deviations of the experimental results have units of mm "1 and for N1 and

N2 the units are the Taylor microscale. The areas under all the pdfs are normalized to

unity. The mean curvatures are close to zero but all the distributions are negatively

Skewed, This may be explained by the importance of Huygens propagation of the flame
front under the moderate turbulence conditions (q'/S L ~ 0.6 at the cold boundary of the

flame) when cusps are formed as regions of negative curvature are consumed faster than

the outward-propagating convex portions of the flame front. If the flame response to

curvature is linear 14 and, as found here, <h> = 0 then Io in equation 1 can be modeled 15

solely from a knowledge of the distribution of the strain rates and a 'library' of strained
laminar flame calculations.

.Table [

Flame Front Curvature

......... , ,i ,,

.......case fuel I _' I <h> h' skewness kurtosis I q'/SL: z.,.,,., 'r ........ ,, , ":, 1, ,_, , ,,

Sl methane 1.0 0.0048 0.61 -1.19 8.2 0.68........

S9 ethylene 1.0 -0.0048 , 0.76 -!.10 8.5 0.56

S10 ethylene 0.85 -0.0026 0..62 -1.88 9,84 0.62

S!! .......ethylene .0.75 1+0.0025 0.54 -1.71 10.3 0.64
N1 - - 0.0051 1.39 -1.31 8.00 0.50

..........

N13D - - 0.0029 1.81 -1.19 5.85 0.50.......

N2 - - -0.0156 3.38 0.15 13.00 4.00...............

N23D - - 0.0010 3,19 -0.14 7.35 4,00

The experimental results are also compared in figure 1, to curvature distributions

obtained from the numerical simulations where the curvatures are evaluated on planes

parallel to the propagation direction. The numerical simulation N1 (solid line) compares

well with the experimental results which are at a similar q'/SL value. A marked change in

the distribution occurs, however, when q'/S L is increased. In the case N2, where q'/S+ =

4, a symmetric distribution (dashed line) of curvature is observed because turbulent fluid

motion dominates flame propagation in determining flame shape.

The numerical curvature distribution in two dimensions (2D) is compared to that

in three dimensions (3D) in Figure 2. The 3D curvature at a point on the surface, h3D, is

defined as the sum of the principal curvatures: h3D = h I + h2. The 2 ar"t 3D curvatures

are calculated at each grid point, sorted by the 2D curvature and then binned to give

J,
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equal numbers of samples in each bin. The mean 2D and 3D curvatures in each bin are

presented in figure 2, the dashed line has a slope of unity. Except at Cuwatures far from

zero where the statistical uncertainty is high the curvature distributions are similar

" indicating that the experimental results are areasonably good estimate of the curvature of

the surface. Furthermore, the shape of the pdfs of 2D curvature are comparable to those
• of h3D, figure 3 and table I, having simil_a' means and skewness factors. It is of interest

that the distributions of principal curvature obtained by Rutland et.al. 16 ft'ore direct

numerical simulations with a 1283 computational domain, one-step chemistry and
decaying turbulence, are symmetrical about zero and also independent of q'/SL. Analysis

of the same database 17 in terms of h3D, however, revealed similar distributions to those

found here.

The local flame geometry can be further elucidated by considering the shape
factor, Sh, which is the ratio of the principal curvatures: the smaller curvature (in

magnitude) being divided by the larger to yield a result bounded by -.kl: Sh = hl/h 2. A

spherical shape has equal curvatures, a zero value is that of a cylinder (one curvature is

zero), and a saddle point has curvatures of equal magnitude but opposite sign. Pope et

al 18 have calculated and displayed the curvature ratio of material elements in this

manner. Figure 4 presents the distribution of flame curvature shape for N1 and N2. The

flame results agree with the behavior of material points in having a vanishing probability

for spherical shapes and a most probable shape to be that of a cylinder. The shape factor

also does not change significantly with q'/SL althc,lgh the distribution of h3D is varies

markedly with q'/SL . The cylindrical behavior is a result of the intense vorticity being

tube-like (see the cover of Physics Today, January 1990). As a flame approaches such a

structure, it becomes wrapped around the vortex, and so the flame surface is more often

cylindrical than spherical in shape. A saddle shape will be created by those vortex tubes

which are bent. A stretching vortex has a large strain rate in an annular region outside

the vortex core thus flame regions with large curvature will occur outside the vortical

core where the shearing strain is largest. In deciding on the use of a single parameter to
represent the curvature it may be noted that h3D will be close tu zero not only when h 1

<< h2 but also at saddle points where hland h2 are equal in magnitude but of opposite

sign.

" Direction Cosines:
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To clarify the presentation of the data for flame front orientation reference will be

made to the coordinate system shown in figure 5. The direction of mean propagation of

the flame is along the x axis and yz is a plane of <c>, The direction cosine in equation 3,
a 0, is the cosine of the angle (0) formed between the instantaneous flame front normal

(the bold line) and the yz plane. The laser sheet is represented by the xy (or equivalent

xz) plane and the direction cosine determined by experiment is therefore formed by the

projection of 0 on the xy plane (¢y). The angle between the y axis and the projection of

the flame front normal on the yz plane is o_. By simple geometrical argument it can be

shown that:

tan(0) = tan(qb)cos(a) (6)

The direction cosines, _o' were determined experimentally by superimposing

progress variable contours, obtained by averaging all the images 8, on 200 individual

flame front boundaries and calculating the angle between the contour and flame edge at

each intersection point. T.he results are presented in table II. The mean direction cosine

averaged over all the cases at <c> = 0.5 is 0.651 and the mean angle is 45 o , Chew et al.9

found in similar planar measurements in Bunsen flames that _ .--,0.5 and that it did not

vary with <c>. The present results, however, show a clear trend of <cr_> increasing with

<c>. This trend is consistent with the curvature results which show the flame fronts to be

cusped towards the burned gases.

Ta.bleII
Direction Cosines

.... ....I ..... ,....case <c> < <oo> < > <0>
b' .... ,,,,' .............. ' "' , ,;, - _ , ,', ,' , _ _ ",', :

Sl 0.25 0,565 0.643 52,3 44.6
................

Sl 0.50 0,631 0.696 47.3 40,2

$1 0.75 0,671 0.742 43.0 35.3
................

$9 0.25 0,623 0,703 47.5 39.3
.............

$9 0.50 0,686 0.752 42.1 34.5............... •

$9 0.75 0,728 0.786 37,7 30.8
b......... , ............

..... sao , 0,50 . 0,639 0,706 46:,5.... 39.2

$11 0.50 0.646 0.721 46.1 37.9 ".......................

Equation 6 shows that the experimental results will overestimate the true direction

cosine, o 0. If, however, _ and ot are statistically independent then, from a knowledge of

.............. v_,',_r,,,'r'll I:Fq'"" v' III hl'" " " '"'lr" "_ II"'_III""_'lp' I'_ ,, , ,, iiIP' I', ipFnI m, ' PHI I1' ii1,11II'1 '_I'IlnPlII rl II IIII ' II"nprl '



the distribution of o_, o"0 can be calculated from the experimental data, 'I'he flow is

axisymmetric around the stagnation line and this implies that rotation around the x axis in

figure 5 will not change the pdf of _ i,e. P(_y) = P(qbz) and that P(a) would therefore

' have the same probability at all values. These assumptions are investigated by an
examination of the results of the numerical simulations,

+ In the numerical simulations the analogue of the intersection point of an

instantaneous flame with the <c> = 0,5 contour is defined as when the local value of G

equals the <G> of a selected yz plane. For case N1 it was found that the pdfs P(qby)and

P(0Oz)were not identical probably due to the persistence of large structures in the

computational domain over the ratl,er limited averaging period, +-.6_/q', When, however,

P(_z) is conditioned on the value of q_ystatistical independence is observed, see inset in
figure 6. This result supports the assumptions outlined above and _0 can be calculated

from the experimental results assuming ct to have equal probability at all angles.

Values were selected randomly 8 from the experimental pdf of qband the pdf of o_

and a pdf of _0 was generated by the use of equation 6. The results are presented in

figure 6 for Sl and mean values for all cases are given in Table II. The mean direction

cosine at <c> = 0.5 has become 0.707 and the mean angle 38°. This change represents a

12% decrease in the value of Y_;that would be determined in equation 3 from <c_>.

CONCLUSIONS

In this paper a combination of experimental and numerical approaches has been

exploited to investigate aspects of flame front geometry which are important to current

models of premixed turbulent flames in the flamelet regime. Experimental data of

curv_ ure and direction cosines obtained from planar cuts through the flame zone have

been interpreted in the light of the results of three dimensional direct numerical
simulations.

2D experimental and numerical distributions of curvature compare well at similar

q'/S L values with significant negative skewness about means of zero. These features are

also found in the 3D numerical simulations which also show that, at higher q'/SL where

models tend to be most successful, this distribution becomes symmetric.

The simulations also support physically reasonable assumptions which make

possible the determination of the true mean direction cosine from the experimental pdf of
I+
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its planar value. This leads to a reduction of ,--12% in the estimated area density, Ig,

compared to the experimental results.

It is encouraging for continuing comparisons of the present type that constant

density computations are successful in simulating significant features of the geometry of

experimental flames.
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FIGURE CAPTIONS

Figure 1: Comparison of experimental and numerical distributions of two- dimensional
curvature normalized by their standard deviations.

Figure 2: Numerical three-dimensional curvature conditioned on the planar values.

Figure 3: Comparison of three dimensional curvatures at qNSL = 0.5 (solid line) and
q'/SL=4.0 (dashed line).

Figure 4: Shape factor from simulations.

Figure 5: Co-ordinate system showing flame normal and direction co,._ines.

Figure 6: Experimental probability distributions cy_(2D) and cy0 (3D). Inset of numerical

results of qbz conditioned on the value of qby.
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