LBL-27904

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

* [ APPLIED SCIENCE
| pivisioN

Presented at the Western States Section/The Combustion Institute
1989 Fall Meeting, Livermore, CA, October 23-24, 1989

A Tomographic Study of Premixed Turbulent
Stagnation Point Flames

I.G. Shepherd, R.K. Cheng, and P. Goix

October 1989

APPLIED SCIENCE
DIVISION |

F ]

—
N

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098.

).

*bp1g 1 S399M I U404
Saje|naaty
i AdD3 NYOT

1e1q1 0g
e

2 Adog
o6l

E



DISCLAIMER
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California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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ABSTRACT

The high speed tomographic technique has been used to study premixed flame propagation in stagna-
tion flow stabilized flames. Studies are performed on CH4/Air and C2H4/Air flames with equivalence
ratios ranging from 0.75 to 1.0. The gas velocity at the nozzle exit is 5 m/s, the turbulence intensity is
varied from 5% to 7% and the turbulence Reynolds number is 70. The light source is a copper vapor laser
which produces 20ns, 5 mJ pulses at a 4KHz repetition rate. Cylindrical lenses transform the 38mm circu-
lar laser beam to a sheet 50. mm high and 0.6 mm thick. A high speed Fastax camera is used to record the
tomographic images. The films are digitized and the flame front extracted from the images by a threshold-
ing technique. A fractal analysis was performed on the flame boundaries in order to characterize the flame
geometry and provide an estimate of the flame surface area. The flame area increase was found to give a
reasonable estimate of the burning rate when compared with other methods if the effects of flow tube
divergence were considered. Characteristic wrinkle sizes were found to be much larger than the length
scales of the turbulence in the reactant stream. '
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Introduction

- In most premiked laboratory .burners and practical combustion devices, the flame sheet or laminar
flamelet model provides a good physical description of the flame/flowfield interaction. The scalax; field can
then be specified by consideration of the burned and unburned states only giving rise to .a convenient
means of chemical closure. The scalar proéerties,. such .temperature or density, which: are directly related
to the reaction rate can be measured with a relatively»simpvle diagnostic technique based on detecting the

Mie scattering intensity from micron sized oil droplets which evaporate at the flame sheet (1,2).

For flames with high Damkohler numbérs which are classified are wrinkled laminar flames, the tur-
bulence burning rate, p,Sy, can be related directly to the increase in flame area A; due to the approach
turbulence in the reactant stream. The turbulent burning speed St is defined by the mass flow rate m

through a streamtube
m = p,SLAL = p,STAT ,
where A7 is the effective cross séétidn_al area of the _streamtixbe.' The ratio of thev_tui‘bulence/laminar burn-
ing rate W is
—W:___ prST AL

= —

PS5y Ar
The increase in burning rate by turbulence therefore can be deduced by estimating the flame area.

In a'previous.studvy (3) we lha'\"e demonstrated that the reaction rate can be determined from the
flame crossing frequencies measured at points slong mean ﬂowlinés thrsugh the flame brush. This method
essentially integraﬁes an estimate(i length scale of .th;e,.ﬂams wrinkles'using Taylor’s hypothesis along a
flowline. Howéver', for situations where Taylor’s hypothesis does notvé,pply, such as stagﬁnat'iovx(l‘ﬂow stabil-
ized flames, ahother‘ means of estimsting ‘the b‘ux"ning rate 'is ﬁecesssry. 'The objective of this work is to
apply the high speed tomographic téchnique to sbﬁdy pr‘erﬁiied flame bropagation in stagnatibn'ﬂow‘ st,abil-l

Coge

ized flames.



" Experimental details

Tomographic studies were conducted on a range of Staénétion point premixed turbulent flames
(Table I). In all cases the Damkonler nunlber based on the chemical reaction .tirne and the integral time
scale of thé reactant stream are much greater than one and so appropriate for in\.restigation by Mie scatter-
ing tomograpny. Figure (1) shows.a schelnatic of the experimental netun. A uniform a.xisymmetri‘c _ﬁow of
premixed fuel/ ain mixture at 5 m/s 1s provided by a 50 fnm dinmeter nozzle with a cnﬂowing air stream at
the ‘same velocity whicvh shields the inner flow f;ro'rn int.,e,xj'action with the room air. Turbulence (7%) is gen;
erated by,aﬂperfora_ted platé p.laced 50 mm upst.reax.n of t';he ‘burner_ nozzle an& haslan integral length scale
of 3 mm; Thej tnrbnlent Reynolds number ‘based. o‘n ‘these valnes 1s 70 in .‘all cnsgs. | The bnrner
conﬁgurntion, figure(2), has been‘ described in détail elsewhere (4) The stagnation plate ;avas placed 100

mm downstream of the nozzle exit.

Table 1
Flame No. | Fuel | " ¢ ‘SL { Da P./Py §7{(mm)
S1 CH, |1 043 | 105 | 754 | 917
S9 CoH, | 1 0.76 | 350 | 7.84 11.39
S10 C.H, | 085 | 064 | 249 | 7.45 13.89
s11 Cc.H, | 075 | 051 | 141 | 6.99 10.09

The light source was a Metalaser copper vapor laser which affords significant advantages for laser
sheet imaging. It delivérs 5mJ /pulse with 20-30 nsecs pulse Width but issa'lsovcapable of repetition rates
upto 10 I{Hz. Hence it is possible, nqt only te_m.por‘ally to’resolve_the instantaneous flame shape but also to
follow the evolution of the flame with t_im_e.. By tne.use of cylindrical le_nses the 38 mm dianneter laser
bea.fn is transformed to a laser sheet 0.6 mm thick by 50 mm high. Tné reactant ﬂowl is seeded with sil-
icone oil droplets (approx‘imatelyv 1 rnicron diametef). generated by a bla.st‘ atomizer. The droplets eva-
porate at the flame front (=~ 500K)'a,n_d so the instantaneons flame surface is then marked as the interface
between light (unburnt _ga,s) and dark (bnrnt gas) regions in t‘he laser sheet, see figure 3. Point measure-
ments of. the Mié scattering signal nqve been used to derive scalar spectra, flame crossing freguencies (3)

and the probability density functions of flame passage times (5). The laser sheet is recorded at 4 KHz by a
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high speed 16 mm Fastax camera which provides a trigger pulse for the laser. Film is a convenient and.

economical means of recording and storing the large amount of data necessary.for statistical analysis.

Results and Discussion:

The film frames are projected onto a screen gnd digitized by é video camera to give 512 X 512 pixel
images with 256 gray scales of light intensity. _A typical digitized image of a stagnation flame (S1) is
shown in figure 1 where the flame bounﬂ#ry is‘cléarly visible. A'threéhold is selected and with an edge
finding algorithm the flame boundary can easily t;e _‘_extractéd from such :images. Due to the steep intensity
gradient at the interface the éxtractéd ﬂam'e'shapefwas not sensitive to the exact value of the threshold.
Furthermore, as there are large diﬁérenceé between the light levels in the light and dark zones it was possi-

ble to use the digitized images dii‘ectly without further image procéssihg to remove noise.

"The structure of the turbulent ﬁame‘r'e.gion m t‘erms of a .revavc‘tionv pr‘oéress .\'aliiable is ébtaihed by:
recénsﬁrﬁcting tﬁe ﬂame.images from the flame bouhda;ries as two stdfe pictures va'nd averagihg at least 200
sémplés. Care was' takeﬁ to ensure that the ﬁlm‘ w;as .randoml'y sampled. A typic;ﬂ ’conto;lr’ inap of f;he
turbulent flame zone (S1) is shown in figure(4). The reaction progress vériable, c,‘ has éu valﬁe 1 in-the pro-
ducts 'an& 0 in the reactants. The spacing between the contours is 0.2". The turbulent zone thickness (67)
along the stagnatiéﬁz'line was caic‘ulated i.'romv‘thes'e average images and is given in Table (I) It is clear
from figure (4) that the flame is not flat in the mean but has an indentation at the centerline. The reason

for this is unclear but it is characteristic of all the flames studied.

V As outlined above the increase in bﬁrnihg rate observea in premixed turbulent ﬂamés at high Da.vrﬁv-
kohler numbers can bebsin.lp‘ly attributed to. an increase in the flame suﬂ’ace area du.e.t,vo wrinkliné of the
surface.by the turbulekl.lyce in the reactant stream. A po;sible :Wa); of estimétivng the varea. increésé and of
characterizing the flame geometry is by performing a fractal 'analysis on .the flame boundaries. Extensive
fractal analyses of premixed turbulent flames héve been conducted (6,7) and. the fractal parameters, the
inner (¢;) and outer((eo) cutoffs and fractal d%mension (D) are found to change sig_niﬁ.cantfly with b‘down-
stream distance (7) in developing flowfields. An earlier study of the present flow field (4) has shown that

turbulent conditions in the reactant stream do not change significantly with downstream distance so a




possible ambiguity in the fractal analysis may be avoided in this study. Figure 5, a fractal plot of flame
S1, is an ensemble average of two hundred flame boundaries and is typical of all the flames studied. The
fractal parameters derived from such plots are giyeri in Table (II} where AL is the ratio of the mean flame

length at the inner and outer cutoffs.

Table 11
Flame Né., 1-D €; . € Ay
| (mm) | (mm)
S1 - | -0142 | 226 | 241 | 1.40
S9 0168 | 1.91 | 251 | 1.55
S10 0141 | 208 | 318 | 147]
sit -0.121 | 2.19 | 264 | 1.36

The inner and ;)uter cutoff scales for all cases are very similar although the laminar burning velocity,
: whichb may be expected to affect the inner cutoff, varies by a factor of 1.8. The two cutoffs are large in
-comparison with the integral length scale of the approach flow turbulence (3.0 mm) and the Kolmogorov

scale ( = 0.12 mm) respectively, indicating that it ma& be difficult to relate directly.the wrinkle scales to

turbulence scaIeS i.n thé reactant stream. |
An est,imaté of the increasé in ﬂamé areé may.‘ be obtain from AL by assu_ﬁﬁng that the wrinkle sizes

are similar in the orthogonal direction. It is alsovnecesvsary to_consider the.eﬂeét of flow tube divergence
" which can be mari(ed in these ﬁames. By comparing velocity -measurements taken away from .s.ta,gnation
line (8) it is possible to obtain a measure of the area incfea.%e due to flow tube divergence ( AA ) for two
cases (S1 and S9) Wh‘ich have a large differe_nce in this variable. Values of the total area increase (
(AL)PAA) of 3.7 and 3.5 for flames S1 and S9 respectively may Ee compared with Vthe respective burning

rates of 3.8 and 3.3 obtained by an independent method (4). This is a first estimate and further work is

necessary to substantiate this conclusion.

Conclusions
(1) A tomographic study has been perform to investigate the spatial structure of premixed turbulent

stagnation point flames.
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Flames at high Damkohler were studied and a fine oil aerosol which evaporated at approximately

500 K was used to visualize instantaneous flame front shape in a laser sheet.

A copper vapor laser light source proyided the advantages of good temporgl re;olution coupled
with repetition rates up to 10 kHz.. .

A fractal analysis was applied to the instantaneous flame boqndaries derived from digitized high
speed movies frames to quantify the area increase of the flame surface area due to wrinkling by the
turbulence in the reactant stream. The estimated flame area increase underpredicted the burning
rate when compared wiph another method but better agreement was o.btained when the effect of
flow divergence were considered.

An evaluation of the significant wrinkle sizes of the flame front indicated that the length scale of

the turbulence in the approach flow do not provide a good guide for these values.
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URE 3 Tomographic records of SI.
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