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Abstract the combustion-process that has to be investi-

The present paper deals with the invegated and can be used for highly transient pro-
tigation of various combustion processes b§$€SSes.
means of highly sophisticated optical measurd-he concerned combustion-phenomenon is the
ment methods. Many optical techniques ar@cceleration of an initially slow flame by single
capable of describing phenomena in thermdbstacles of different blockage ratios for lean
fluid-dynamics, but only a limited numberhydrogen-in-air or methane-in-air mixtures.
of process variables are obtained by each &F case of a ignition after a possible failure of
these techniques. In order to develop arn@ny gas infrastructure atindustrial or civil cites,
to validate computer codes simulating comthe pressure load due to fast propagating flames
bustion phenomena, only the combination ofan endanger the integrity of the building. Al-
several measurement techniques on compatgough the global characteristics of the preced-
ble experiments leads to a satisfactory daifg flame-acceleration has been investigated by
base containing the most important procesgrious authors, the data basis obtained by lo-
variables. The application of the high-spee@ally highly resolved measurement-methods de-
Schlieren-technique, the Laser-Induced Preditermining process variables like density, tem-
sociation Fluorescence, and the Laser-Doppleperature, velocity, and species concentration is
Velocimetry on comparable transient combusstill very poor. This must be attributed to the
tion processes in several test-facilities is showict that the required resolution in time and
within this paper. Emphasis is put on the despace can not easily be achieved. Nevertheless,
termination of length-scales due to their importhis data-basis is very important for the valida-

tance regarding turbulent combustion. tion of computer codes, simulating these acci-
dents.
1 Introduction To understand the influence of the local geome-

Optical methods are used in combustion rdl'y, the experiments for this study are performed
search since many years because of their ouf. three explosion tubes of different scale and
standing characteristics. Since they work norf€0metry:

intrusive and inertialess they do not influence 1. A closed tube with a length of round

Cross section, @ 66m

Author(s): A. Eder, B. Edlinger, M. Jordan, F.

Mayinger 2. an annular combustion chamber, length
ILehrstuhl A fiir Thermodynamik, Technische Univer- 6m. round cross section. @ 8om
sitat Miinchen, 85747 Garching, Germany ’ ’

Both test-facilities are equipped with at least
one optical accessible window section to inves-
tigate the combustion process.
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Fig. 1 High-Speed Schlieren-Cinematography, showing the flame acceleration by a central orifice
during a combustion-process of a hydrogen-in-air flame (1st and 3rd row) and a methane-in-air
flame (2nd and 4th row) in a closed tube, time between two picturas|7]

2 Applied Measurement Methods could be seen at the earliest half an hour after

In the present study, tt&chlieren-technique the experiment had been performed.

is used to get a global understanding of thE/sing modern high speed video-cameras, it is
combustion-phenomenon to be investigate@ossible to record sequences with repetition
By means ofLaser-Induced Predissociation-rates of some 10.000 images/sec and to store
Fluorescenceit is possible, to visualise the several thousand images into the internal mem-
flame-position with a very high spatial resoluory of the system. The result of an experiment
tion. LDV-measurementaake it possible to de- ¢an be seen in form of a video film immediately
termine the momentary stage of flow quantita@fter its recording. Storing images in the com-
tively as well as statistical turbulence quantitieguter for further processing works mainly auto-
to get a total understanding of the entire comatically and is done within a few seconds per
bustion process. image. Another big advantage of this new high-
speed video technique is the fact that the inter-
nal image memory of the system can be over-
written continuously. By setting a trigger sig-

The classical SchIleren-cmematograph)ﬁal, the camera stops recording and, e.g. the last

which was first described by Toepler in 1864y Husand images, recorded before the trigger

is used to record the global flame propagatiognignal (in our case provided by a light-barrier)

process b_y means of visualising deqsity gra‘dliccured, are kept in the memory. This is a very
ents. Until now, drum cameras - using phOtoﬁelpfultool to investigate e.g. selfigniting com-

g_raphic film material - were used to pro_duc_%ustion processes, since the ignition time can
high speed photographs. One of the main d|§1- t always be predicted precisely.
advantages of this method was the handling y doing this, the combination of a well

the photographic material. Due to the film Olebld but sophisticated optical measurement-

veloping process, the results of an experiment

2.1 Schlieren-cinematography
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technique with latest recording devices allow2.2 Laser Induced Predissociation-
a very good insight into the dynamic processes  Fluorescence, LIPF

of flame acceleration. The image-sequences The Laser-Induced Predissociation-Fluo-
shown in Fig.1 give a good impression of thg@escence is a very accurate measurement
capability of the applied set-up. For the commethod in order to visualise the flame location
bustion process through a central orifice with &jith a very high spatial resolution.

blockage ratio BR of 95%, a flame propagation Combustion-radicals are an intermediate
with an initial mixture of 12 Vol.% hydrogen in - Tirtors
air is compared to a 9.5 Vol.% methane in air_ =" T T

mixture. An example of a video-film made of

these images can be seeninvideo 1. The optical f
setup of the Schlieren measurement-technique X%z |

is explained in the header of this video [9].

laser control

shutter control

laser light sheet
J  with flame front

14

burner casing

Fig. 2 Optical setup for laser induced fluores-
cence

R

product of the fuel-air reaction. In the case
of hydrogen-combustion, OH-radicals, and for
methane combustion ,Eiy-radicals in com-

Due to the high resolution in time, the en_bina_1t_ion with OH-radicals indicate the_ exact
tire ignition process behind the obstacle can b%osmon_ of the flame-front. By ch005|_ng an

examined. Only with this device it is possibleapp_rOprIate Ia_ser-waveleng_th, these radicals are
to measure e.g. the time-difference between t é(c'ted to a higher electronic energy state. '_I'_he
obstacle is reached by the flame in the "first luorescence can be observed by the transition

chamber and the occurrence of the ignition i om an excited electronic state to a lower state.
n optical setup for LIPF-measurements is

the "second” chamber. This period of time i i Fio.2. The radical ited withi
one of the central parameters for the intensit own in Fig.2. 1he radicais are excited within
lightsheet with a thickness of less thamrth

of the combustion behind the obstacle. . : : .
The disadvantages of these systems is the rééé-ord?r to visualise thin layers of the flame.
olution of the video system, which is very y using an excimer Iaser_rl_mnm_g W'th. KrF
small compared to the resolution of a classic s laser medium and emlttln_g I_|ght with a
photography. Disadvantages of the Schliere vavelength of 248m the excitation of the

radi 25+ \/ — 2 _
technique itself are the fact that only inte- H-radicals byA®2",V = 3 « XTI,V = 0

gral images through the whole depth of th@Ppears. A wavelength selecting optics allows
combustion-chamber can be recorded and dt%tune the laser for the P1(8) excitation of the

to the visualisation of density-gradients, the H-radical. The pulse duration of the laser

flame itself can not be distinguished from the> 1ms, the lifetime of the OH-radicals in the

: - 5
hot exhaust gas. exutt;d s?rt]e ;?nges between—19 antfj 100
In order to avoid this, a further opti- sec [5]. € Tluorescence appears frequency-

i 25+ \/ — 2 _
cal measurement-technique, the Laser-lnducég'fteld (A\thz %\;9; goz)nx ré’\:h_ i)d.t".it al
Predissociation-Fluorescence is applied to th\f'%ave ength of < I rc? RO | ' ah ! |o?[a .
same combustion processes. uorescence signals an ayleigh scattering
are tuned out by means of appropriate filters.

Due to the performance of the excimer laser,
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9.5% CHg

OH-concentration

Fig. 3 Comparison of the OH-distribution of a 12 Vol.%#+h air and 9.5 Vol.% Clz-in air, taken
with LIPF

allowing a repetition rate of the LIPF system of
only up to 80Hz, the whole combustion process Py poln
can not be recorded. Nevertheless, the flamejii " Invisible Area
propagation can be reconstructed by evaluating
several single shots taken at different flame
positions.

The emitted fluorescence signal of the excited
radicals can be observed by an intensified
CCD camera. The obtained images contain
information about the shape of the flame and
the local radical concentration.

For practical use, the experiment has to be #g. 4 OH-radical distribution through
clean as possible due to the relative low fluogyy  orifice (blockage-ratio 97%) of a 12

rescence signals. As with all light scatteringp|.0 hydrogen-in-air flame (red highest
processes, the test chamber should be free @H-concentration)
reflection. Due to the fact that ordinary glass
is not transparent for UV-light, the windows of
the test-facilities have to be made out of quartz
glass. The areas of enhanced chemical reaction can be
A comparison of different flame-shapes in amlearly determined and located about three to
explosion tube is shown exemplary in Fig.3four orifice diameters behind the dividing wall.
Although both flames have approximately th&he example shown in Fig.4 leads to the as-
same laminar burning velocity of about 0.4 m/ssumption that the macro-scale eddies of the ex-
the shape of the flames differ significantlypansion flow of the flame -outlined by arrows-
due to the various diffusivities of the initial have an important influence on the surface of
gas-mixture. The information about the locathe flame. For a detailed understanding of the
distribution of the reaction zone in case of aombustion-process it is necessary, to addition-
hydrogen or methane flame is a very useful inally investigate the turbulence-structure of the
formation, needed for the numerical modellingexpansion flow and to determine characteristic
of the combustion process. length scales. This is performed by means of
Laser-Doppler-Velocimetry measurements.

In Fig.4, an example of a hydrogen flame

penetrating through a central orifice is shown.

" Obstacle
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Fig. 5 Laser-Doppler-Velocimetry records and resulting data-rates of the LDV-system of a 10
Vol.% hydrogen-in-air flame penetrating through an obstacle with BR=60%, location of the
measurement volume: 50 mm behind the obstacle, middle of a round explosion-tube

2.3 Laser-Doppler-Velocimetry, LDV kinetic energyk or the turbulence intensities of
To get a detailed understanding of turbuthe flow are of special interest. But the clas-
lent flame propagation, it is indispensable tgification of turbulent flows with the quantities
examine both, the expansion flow induced bjnentioned above is not sufficient referring to
the flame itself and the turbulence in front othe interaction of turbulence and flame propa-
the flame front. Since it is not yet possi-gation. The distribution of characteristic length
ble to calculate turbulent flows in large scale§cales of the turbulent flow has an important in-
due to a lack on sufficient computer-memoryluence on the flame propagation.
and computer-performance by Direct NumeriThese quantities are to be obtained by means
cal Simulation (DNS), statistical methods hav®f a Laser-Doppler-Velocimeter system (for
to be applied. Besides the mean flow velocia detailed description of the LDV measure-
ties, statistical quantities such as the turbulefgent principle refer to the specialised literature
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([4],[12]). The LDV arrangement used for thefinite volume of the unburnt mixture that will
present studies consists of a two-colour, threde caught by the flame front within the next
beam system based on a 5 W Argon-lon Laseime step and is therefore responsible for the lo-
and a DANTEC X-Optics detecting the ax-cal burning rate. One beam of the LDV-system
ial and transverse velocity components simuls used as part of a laser light barrier, to de-
taneously. The optics is operated in backscatiect this very moment. Additionally, this inci-
ter mode in order to facilitate traversing bedent can be determined by analysing the data
tween various measurement points. To deterate of the LDV-record. The data-rate decreases
mine both, positive and negative flow velocitiestapidly due to refraction of the laser-beam by
one beam of each pair is frequency shifted bthe density-gradients of the flame, see Fig.5.
40MHz using a Bragg-cell. The raw LDV-Data are postprocessed in order
The detection of the scattered light is don&o eliminate spurious data which were caused
by two photomultipliers. The photomultipli- by noise introduced by the photomultipliers and
ers are connected via a frequency shifter tprocessing electronics. Therefore, velocity-data
a DANTEC counter system (type 55L90A).above and below a certain clipping-level and
The frequency shifter is used to shift the deeutside a data-bandwidth defined by a running
tected Doppler-signal ("burst”) to a lower fre-mean and a running standard deviation are elim-
quency domain in which the counters have theinated. Only experiments with an amount of
maximum resolution as well as to remove theliminated data less than 3% of all data-points
Doppler pedestal. The counter-system deteare used for further evaluations.

mines the flow-velocity of a particle by mea-As mentioned above, the turbulence in front of a
suring the time for a fixed number of passflame frontis a central parameter for investigat-
ings of the zero line of the Doppler-burst. Theng the connection between burning-velocities
Doppler-signals are band-width-filtered befor@and turbulence-quantities. The period of time in
being processed to ensure a high signal-to-noiséhich the flow-parameters are to be evaluated,
ratio. The velocity data of the counter-systenhas a considerable influence on the resulting
are processed by a two-channel DOSTEC LDMurbulence quantities when investigating tran-
Interface, which can be operated either in aient flows. A fixed number of data-points or
fixed sampling mode up to 100kHz for eactla fixed time interval is often used independently
channel or in coincidence-mode. The head aff the momentary stage of flow as well as the lo-
the LDV-Optics consists of a lens with a fo-cal geometry. To compare various experiments
cal distance of 31m In this case, the re- in different test-facilities, it is indispensable to
sulting diameter of the measurement volume iske both, the momentary main-velocity, the de-
90um the length is about.Zmmand the fringe- gree of turbulent fluctuations and the local ge-
spacing 4im ometry into account for the determination of the
The light scattering is provided by titanium-time-interval.

dioxide particles intermixed with silicium- An adequate time-scale is thHategral Time
dioxide particles (Aerosil) in order to avoidScalelg. It represents a characteristic measure-
agglomeration of the particles due to humidment for the longest correlated structures of a
ity of the process air. Additionally, the meanturbulent flow [11] and is determined by
seeding diameter is reduced by means of the

shear stresses in the free jet of a small nozzle To

through which the particles are blown into the Te = /RE(T)dT, (1)
test-facility. The mean diameter of the particles 5

was determined to be aboyirh|[3].

Shortly before the flame passes the measure.
ment volume, the turbulence parameters are Bgl
special interest. In that period of time, th
LDV-records describe the turbulence within

ereRg (1) is the normalisecEulerian time-
rrelation coefficienbr autocorrelationfunc-
Sion of the axial fluctuating velocity component
%’; To Is the value of of the time lag for which
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Dependent on Independent of condition
condition of of formation
formation

a—E(M =small
at

u’(t)u’gt +1) )
\/u’z(t) VUR(E+T) B0

This quantity depends directly on the turbulenc o
fluctuations and indirectly on the mean flow- _
velocity due to the turbulence-frequency of the_ |* the J
flow. ! Wavenumber, &
In Fig.6, an autocorrelation function of the mr,—’ conamme sddies \  Unversal equiirium range

N
character & N

LDV-record in Fig.5 is shown. The integral- & mconst N

Inertial
subrange

time scale is determined to Be = 4msaccord- Re¥o»1

ing to Eg. 1 in this example. For this period

of time, statistical turbulence quantities, suclig. 7 Three-dimensional wave number spec-
as the turbulence intensity for every measuretum [6]

velocity-component (e.gurms), Or the turbulent

kinetic energy

RE(T) =

I

e% k%

P

|

1 Rather the distribution of eddy length-scales has
2 . .
k= é(urms+vr2ms+vvr2ms) (3) an important influence on the turbulent flame
propagation. Fig.7 shows an energy spectrum
are determined. The intensities are taken & the turbulent flow over the entire range of
possible length-scales. The area containing the
highest energy -referred to as the energy con-
taining eddies- is characterised by the integral
length scalé\. It is obtained by

— 0.8

e
/\:5/ Rij(r)dr 5)
E — with the Eulerian spatial-correlationcoeffi-
S;E Time[sec] cient
u (XU (X+T1
Rij(X7) = — 1% J,( ) - (6)
Fig. 6 Time correlation coefficient of the LDV- \/u{Z(X) \/u’jz(i+ r)

record shown in Fig.5
Rij describes the relation of the velocities of
two measurement points witk as the vector
the rms-values of the deviation from the movingo the first point, where the velocity; is
average: measured, and as the distance to the second
point, where the velocity; is measured. Thus,
for the measurement, one measurement point
4) is fixed and the other one will be displaced. In
non-isotropic flow fields, both, negative and
with n as the number of data-points within thepositive values of the correlation coefficient
time-interval Tz before the flame passes théhave to be measured, since the correlation
measurement volume. function is not symmetric. Therefore, two
The classification of turbulent flows with meanLDV-systems are needed for measuring length-
quantities of fluctuations is not sufficient toscales in non-isotropic flow-fields.
investigate the turbulence-flame interactiorfig.8 shows the turbulence intensities of the
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axial and vertical velocity component of anturbulent flow with a constant mean velocity
expansion flow of a flame front around ai in x-direction behaves as a turbulent field
central orifice with a blockage ratBRof 60% passing that point with a constant velocily

of the whole cross-section of the duct. Foin this case, the fluctuations over the time
lean mixtures like in this example (the initialare nearly identical to the momentary velocity-
condition is 10Vol.% hydrogen in air), the distribution along the mean velocity-axis at this
turbulence field can be regarded as isotroppoint ("frozen turbulence”). Taylors Hypothesis

(see Fig.8). implies:
ou 2_ 1 /ou\? ()
ox/) T\ ot
ossf o Obstacle _--* _
of T, e Due tox = ut, the integral length scale can now
2 be calculated by
@ onzf /
E. 01f A .
N=uTg )
= 0.08 |
Therefore, the integral length-scale can be de-
termined by only one velocity measurement de-
L NS S vice, taking into consideration the above men-

tioned assumptions regarding the turbulence
field. According to this procedure, the integral-

v1ef —o witte length-scale in the example of Fig.5 is deter-
f - don . mined to be /am since the mean flow-velocity
=""F [ I is Im/s and the integral-time-scale was already
E o} :/:// determined to bems(see above).
I The integral length-scale is a very important
quantity when describing a turbulent flame-
propagation. It is one of the central parame-
S T S S S ters in characterising turbulent flames by means

25 25
Distance from Obstacle [mm]

of a phase diagram proposed by Borghi [2]
_ ) o (see Fig.9) and Peters [10]. This appears to
Fig. 8 Turbulence intensities in front of andpg g valuable tool for the general assessment of
behind an obstacle with a blockage ratio ofompuystion processes in any turbulence regime.
60%. Round explosion-tube (@ B81), expan- The integral length scale appears directly in the
sion flow of a 10 Vol.% hydrogen-in-air flame. yefinition of theDamkéhler number Davhich
is defined by the quotient of a characteristic

time-scale of the flow and the chemical time-
For isotropic flow fields, the spatial corre-scale of the reaction,

lation function is symmetric. Therefore, Eq. 5

can be written as Da= I _ SA 10
- Tc  VUmd (10)
A :/o Rij (r)dr. (7)) with the laminar flame thickness = a/g and

_ o the laminar burning velocitg (see e.g. [8]).
When applying the Taylor Hypothesis, it is posThe Damkshler number implies, to what extent

Sible to determine the integl‘a| |ength'scale bthe gas mixture enc'osed by a |arge eddy of
means of measuring the fluctuations at one sighe dimensiom is burnt until this eddy loses
gle point.  According to Frost [6], the Tay-jts identity due to the viscosity of the flow. It
lor Hypothesis states that, i > VU2, the describes the influence of the large eddies on
fluctuations at a fixed point of a homogeneouthe reaction zone.
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u' regarding their combustion regimes. Both, the
s; integral length scale and the turbulence intensi-
1 ties are therefore the most important quantities
when investigating turbulent flow regarding the
10° local burning velocity of a flame.

10 — 3 Concluding Remarks

flamelet Advanced optical measurement methods
regime open new perspectives for the measurement of

Re,<1 transport phenomena during transient combus-
tion processes. For a better understanding of
1 10 102 10° gT these phenomena as many as possible impor-
tant parameters have to be determined with a
wrinkled flamelets corrugated flamelets very high resolution in time and space. There-

©) 9 fore, only a combination of several sophisti-
unburned gases cated optical measurement techniques applied
to the same class of experiment (regarding ge-
reaction zone

distributed reaction zones  well-stirred reactor ometry, initial conditions of the test-facility, ...)

©) @ lead to satisfactory results.
a The determination of the size of the flame sur-
face from Schlieren- and LIPF-data leads, to-
Fig. 9 Phase diagram for turbulent premixedyether with the turbulence-intensity and length-
combustion according to Borghi [2] scales obtained by evaluating LDV-records, to
an important data-basis for the improvement of
turbulent numerical combustion models.

@

I

burned gases

-

The second important parameter mentioned in

the phase diagram of Borghi is thearlovitz Acknowledgements

number Kawhich describes the influence of the It is gratefully acknowledged that the work
smallest eddies of the floviKplmogorov micro Presented in this paper has been supported by

scale eddieson the structure of the flame-the German Ministry of Education, Science,

surface: Research and Technology BMBF as well as by
Ka— T _ Q € (11) the European Commission

with the time scale of the smallest eddias Nomenclature

the viscosity of the gas-mixture and the dis- D@ Damkohler-Number

sipation ratee of the flow. The term\/g/v S Laminar Burning Velocity

as well as the size of the Kolmogorov micro Density

eddiesls = (v3/€)# can not be determined di- P Pressure
rectly by means of LDV-measurements. Abdel’* Integral length scale
Gayed et al. [1] developed the following relal\s Kolmogorov micro scale

tion between the integral-length scale and the? Karlovitz number
Kolmogorov microscale: Tc Chemical reaction time

Ts Lifetime of the Kolmogorov
14 404 V3 micro vortices
A~ 15 W (12) A Lifetime of the macro-eddies
BR Blockage Ratio, ratio between blocked
When knowing the integral length scale as well and unblocked area
as the root-mean-square value of the fluctu&} Flow velocity,U =u+ U

tions, it is possible to classify turbulent flameRRg(t)  Eulerian Time Correlation Coefficient
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Rij(X,T) Spatial Correlation Coefficient

Te Eulerian Time Correlation Coefficient

€ Dissipation Rate

Y Viscosity of the gas-mixture

0 Laminar flame thickness

Urms Root-mean-square-value of u’,
Urms = V U2
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