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Abstract. Turbulent combustion of propane/air mixtures in an internal combustion engine
simulator has been studied by 2D-LIF of OH radicals formed in the combustion process. A
laser light sheet of thickness 75 pm at 308 nm was used for excitation of OH and the
fluorescence imaged onto an image-intensified CCD-camera. From the large number of
images recorded, information on the burning behaviour of various flame structures could be
obtained. In particular, flame extinction was clearly observed for lean (4= 1.5) mixtures.

PACS: 07.60, 42.30, 82.80

Recent developments in laser diagnostic methods, in

particular in two- and three-dimensional imaging.

techniques, have allowed new insight into the course of
turbulent combustion processes as well as the possi-
bility of testing model calculations [1-3]. Both laser-
induced fluorescence (LIF) [4-16] and Raman, Ray-
leigh, and Mie scattering [17-24] have found wide
application for this purpose. The LIF method has the
advantage over Mie scattering that macroscopic par-
ticles are not added to the mixture so that the gas
composition is probed directly and no disparity be-
tween detected particles and gas flow can occur. Also,
the flame front can be imaged sharply. Imaging by LIF
for investigating concentration, temperature or veloc-
ity fields can be performed either by using transients
formed in the combustion process (e.g. OH [4-11], CH
[12]) or by doping the combustion mixture with
fluorescing molecules (e.g. NO [13], NO, [6,14], 1,
[15], CH,CHO [16]). The application of 2D-LIF has
now been demonstrated in IC engines using OH
formed during combustion of propane/air mixtures
[4-6]. In our previous work [4], the 0,0 transition of
OH(X2[1—A*Z*) at 308 nm was excited using a

narrow band, tunable XeCl-laser. The two other recent
studies [5, 6] used a dye laser, so that the 1, 0 transition
of OH(X2IT — A*>Z *) near 281 nm could be excited and
fluorescence from the 1,1 band detected. The engines
employed in these studies both had a cylindrical cross
section rather than the square one employed by us.
Both studies used LIF and Mie scattering to identify
the location and shape of the flame front although with
the two-colour representation used further details of
flame structure were not revealed. Schipperijn et al. [6]
performed experiments at two different rotation
speeds, 300 and 600 rpm, while Felton et al. [5]
recorded images for a range of stoichiometries.

We now present new results of OH-LIF-imaging
for both stoichiometric and lean mixtures, considering
also effects of different ignition and detection times.
With the present “engine”, detection pressures of up to
14.5 bar were reached. A large number of images were
recorded from which information on the burning
behaviour of various flame structures and upper limits
for the flame front thickness could be obtained. In
addition, images taken for lean propane/air mixtures
demonstrate flame extinction.
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1. Experimental

The experimental set-up for the 2D-measurements was
described in detail previously [4]. An excimer laser
light sheet (308 nm) was focussed through the quartz
side window of the combustion chamber. Fluorescence
signals from OH were collected through the top
cylinder window with a UV-lens system (Nikon
1:4.5/105 mm) and imaged onto an image-intensified
CCD-camera (Proxitronic Nanocam). The gate time
used (25 ns) was sufficient to exclude residual flame
luminescence. The camera signal was then digitalised
by a frame grabber board (Matrox MVP AT) and
evaluated by a personal computer (Zenith AT-386).

The XeCl-excimer laser (Lambda Physik EMG
150 EST) was operated in the narrow band mode
(FWHM ca. 1 cm™, tuning range 307.8-308.5 nm,
corresponding to the X?IT—A?X*, 0,0 transition of
OH). By observing the gain profile through the
oscillator grating of the laser, the actual line used for
excitation was established as being the ;3 at
308.154 nm.

The maximum pulse energy was =~ 300 mJ with a
pulse duration of 17 ns. However, the pulse energies
actually used were ~25 mlJ, corresponding to a spec-
tral intensity of 75 MW/cm? - cm ™%, so that saturation
of the OH-fluorescence was avoided, laser stray light
markedly reduced and the signal-to-noise ratio im-
proved. The initial dimension of the laser sheet was
25 mm x 10 mm; the sheet thickness of 10 mm was
reduced to 75 um using a series of three quartz
cylinder lenses and was constant to <10% within the
detection region.

The transparent engine with its pneumatically
driven square piston (Fig. 1) was designed and built by
Daimler-Benz, Stuttgart; details are given in Ref. [4].
The square cross section allowed good optical access
for the laser light sheet, even near the walls. The cross
section was 50 x 50 mm, the stroke 80 mm. The engine
was operated in single cycles consisting of intake,

Fig. 1. IC Engine simulator (Daimler Benz). The portion of the
combustion chamber detected from the CCD-camera is
10 x 20 mm. The spark plug electrodes are in the centre of the
combustion chamber in a plane 6 mm from the cylinder head
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compression, and expansion strokes. The combustion
chamber was evacuated after each cycle, to remove the
exhaust. The piston motion was simulated by an
electronically-controlled pneumatic cylinder. The
cycle duration lasted ca. 180 ms, corresponding to
500 rpm. Propane/air mixtures were admitted to the
engine from a storage tank. In this way OH radicals
were detected up to ca. 14.5 bar, with a final burning
pressure of 22 bar. However, these pressure limits are
set by the engine used, not by the LIF method itself.
The temporal variation in the ignition system was
determined to be =~ +0.5ms. Compression ratios
between 1:4.5 and 1:9 were selected.

2. Results and Discussion

For the 2D-images of OH, a false colour scheme was
used to show up areas of different OH concentration.
The background was deducted from the images and
the residue spread over 256 grey values. The offset due
to laser stray light normally took up about 50 grey
values. Thus the signal-to-noise ratio was typically in
the range 10-20. The temporal resolution is given by
the pulse duration (17 ns), which is three orders of
magnitude smaller than the scale of flame propagation
if a resolution of 75 um is desired.

Combustion in Stoichiometric
and Near-Stoichiometric Mixtures

Figure 2a shows the OH-LIF signal under laminar
burning conditions. In this case, the piston is fixed at
bottom dead centre and the engine is used simply as a
combustion chamber (cf. [11]). The resulting flame
front propagates spherically with the laminar front
velocity around the ignition electrodes until the walls
of the chamber are reached. The area of highest relative
concentration includes the actual reaction zone in
which the OH radicals are formed (mainly through the
reaction H+O,—0OH + O). However, at the relatively
low detection pressure (1.3 bar) and with the steep OH
concentration gradient between reaction zone and
unburned fuel, OH radicals diffuse into the unburned
zone, leading to a broadened region of increasing OH
concentration. Thus the position of the reaction zone is
not so sharply defined. Also, at this lower pressure, the
OH concentration decreases relatively slowly beyond
the flame front towards its equilibrium value because
of the lower rates of radical recombination reactions.
In fact, in the case of Fig. 2a, the equilibrium OH
concentration has not been reached within the section
of the image observed.

Figure 2b, recorded at =1, shows relatively little
turbulence (due to the low piston speed). In this case,
the propane/air mixture was ignited during the down-
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Fig. 2. 2D-LIF of OH Radicals. py=detection pressure. (a) Laminar flame A=1.0, p,=1.3 bar; (b} compression ratio 4.7, 1=1.0,

pa=2.7 bar; (c) compression ratio 4.7, A=1.4, p,= 5.6 bar

Fig. 3. (a) Calculated temperature profile for the conditions of Fig. 2b; (b) calculated OH concentration profile for the conditions of

Fig. 2b; (c) typical cross section from line profile of Fig. 2b

Fig. 4. Flame extinction for lean (A=1.5) propane/air mixtures. Compression ratio=9

ward motion of the piston. The detection pressure for
this image was about twice that for Fig. 2a, so that
diffusion into the unburned zone was slower, radical
recombination in the burnt region was faster and the
equilibrium OH concentration was established much
more rapidly. Thus one observes a much thinner
region of highest OH concentration, a more sharply
defined reaction zone and an roughly constant OH
concentration beyond about 5 mm from the reaction
zone. Figure 2c was recorded for A =1.4; in this case the
flame burnt more slowly relative to the flow field and
was more structured. Here, eddies are present with
circumferential speeds greater than the flame speed.
Thus these eddies can penetrate into the flame front
[3b]; see below.

One-dimensional simulations of propane/air com-
bustion at a pressure of 2.7 bar [24] (the detection
pressure of Fig. 2b) give an adiabatic temperature of
2300 K and a maximum mole fraction in the reaction
zone of 7.5x 1072 at a temperature of 2000 K (see
Fig. 3a,b). The equilibrium OH mole fraction, reached
at a distance of ~1 cm beyond the reaction zone, is
2.76 x 1073, corresponding to 2.5 x 101° ¢cm ~ 3. Taking
a vertical section through the LIF line profile (Fig. 3¢)
shows that the spatial variation of the relative OH
distribution is in qualitative agreement with that of the
simulation. From the calculations, the ratio of the
maximum to the equilibrium OH concentration is
roughly 3:1. In the LIF image this corresponds to the
transition from the red to the dark blue regions.
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The sharp temperature gradient in the flame front
leads to a strong change in fluorescence signal in
relation to the concentration of particles present. At
1400 K, the OH concentration is about 5% of the
maximum concentration (Fig. 3b) and is taken as the
threshold for detection. At this temperature, the ro-
tational state from which the excitation takes place
(J”=3.5)is about 40% more heavily populated than at
2000 K. This leads to a small increase in fluorescence
signal at lower temperature relative to the particle
concentration and hence to a slight broadening
(£30 um) at the foot of the intensity rise in the line
profile.

The high OH number density present in these
experiments and the restriction to the very strong 0,0
transition within the tuning range of the XeCl-laser
means that self absorption has to be taken into
account. The relative population of 0.08 for the Q,3
rotational level is fairly constant at the steady tempera-
ture in the burnt gases. Thus allowing for the broaden-
ing (to about 1-2 cm™!) of the rotational lines, one
obtains about 35% self-absorption for a path length of
1.3cm and the equilibrium mole fraction of OH.
However, under the turbulent combustion conditions,
the absorbing layer is certainly not uniform over the
entire image. The thickness of the burnt gas layer
between the light sheet and the observation window is
known neither for a particular image nor for a section
thereof, since propagation varies from image to image
and within a single image. Thus the thickness of this
layer can be anything between the full distance of
1.3 cm and zero. Also, although the maximum OH
concentration is nearly a factor of three higher, this
region is extremely thin (<1 mm), so that the average
concentration in the region the light sheets traverses is
much nearer the equilibrium value. This results in a
nearly constant reduction in measured fluorescence
intensity so that the form of the profile is not signifi-
cantly affected.

Another factor which affects the LIF signal is
quenching of the excited 4227 state of OH by flame
gases (in particular H,0, CO,). It has been shown that
in the burnt gases of hydrocarbon/air flames at
atmospheric and higher pressures, the total quenching
rate is essentially constant [25]. For the flame front, it
is difficult to estimate the exact effect on the flu-
orescence intensity, as mole fractions for the flame
gases relevant to our conditions are not available.
However, as a guide, quenching rates can be estimated
using mole fractions [24] calculated for the flame gases
and quenching data given by Crosley and Garland
[26]. This gives a 25% difference in quenching rate
between 1400 K (temperature at the OH detection
threshold) and 2000 K (temperature of maximum
concentration). Between these two points, of course,
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the difference becomes progressively less. Thus the net
effect on the flame front thickness will be <20 pm.

One must also bear in mind that the angle at which
the laser light sheet crosses the flame does not neces-
sarily cross the flame front perpendicularly. If ¢
denotes the angle between flame front and light sheet,
the apparent thickness of the flame front exceeds the
true thickness by a factor of 1/sin¢. By averaging ¢
over all the spatial directions, with equal probability of
all angles, one obtains analytically the probability
distribution of the apparent thickness. This shows that
50% of the measured thicknesses deviate by less than
15% from the true value.

The flame front thickness estimated by determining
the distance from 10% of the maximum fluorescence
intensity to the maximum was <300 um. This value is
larger than the calculated value, 200 um and the
factors discussed above can all contribute to this.

For rotation speeds <1000 rpm, combustion in
Otto engines falls in the flamelet region of the Borghi
diagram [27]. This diagram shows a logarithmic plot
of the ratio of the turbulence intensity ¢ and the
laminar flame velocity vg as a function of the corre-
sponding ratio of length scales, [/lz. The flamelet
region is defined by the following conditions:

— The turbulent Reynolds number,

Re,=v" -l /v>1,

where /, is the turbulent length scale, /i is the laminar
flame thickness and v the laminar viscosity;

— the turbulent Karlovitz number (representing the
spatial stretch acting on the smallest eddy in the flame),

Ka,= /12 <1

where I is the length scale for the smallest eddy, i.e. the
Kolmogorov scale, and

— the Damkd&hler number (ratio of the characteristic
turbulence and chemical time scales)

Da,=t/tg=vel/v'lz>1.

To obtain the characteristic turbulence and flame
parameters exactly, flame contours need to be
evaluated in detail using Fourier or fractal analysis
[3b, 23, 28]. Thus for the present we have limited our
discussion to qualitative features directly observable
from our results.

Measurements in an IC engine with cylindrical
cross section [23] show that the turbulence intensity v/
is about half the average piston velocity. In a stoi-
chiometric flame, the laminar flame front velocity is
~0.5 m/s, so that for the engine speed of 500 rpm the
ratio v'/vg is near unity.

The speed of eddies of size between [, and I is only
sufficient to cause a limited amount of wrinkling in the
flame front. As the v'/vg ratio increases, smaller eddies
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will acquire sufficient velocity to penetrate the flame
front. The characteristic length scale for the smallest
eddy that can penetrate the flame front is termed the
Gibson length L [3b]. In the region of corrugated
flamelets, where interaction between turbulence and
combustion is relatively strong, the relation Lg~vg
holds. In Fig. 2¢c, the Gibson length is shorter than in
Fig. 2b, thus one can observe the effect of smaller
eddies penetrating the flame front.

Flame Extinction in Lean (4=1.5) Mixtures

To observe flame extinction, the fuel was ignited about
10 ms after the piston had reached the top dead centre
(TDC). In this case the piston moved towards the
bottom dead centre (BDC) during the combustion
phase. The piston reached BDC at T~250 ms. The
following general differences between stoichiometric
and lean mixtures were found:

Under the same conditions the flame took about
three times longer to reach the detection region at
A=1.5 compared with A=1. Also, for 1=1, the flame
burnt towards the walls with increasing detection time
whereas for 4=1.5 the propagation of the flame front
stagnated before the walls were reached.

In the reaction zone, the OH concentration is
about the same for the two stoichiometries. However,
differences were seen further away from the flame front
where the thermal OH concentration, due to the lower
temperature, was much lower in the lean than in the
stoichiometric flames, compare Fig. 4 with Fig. 2b. No
significant differences were found in the flame front
thickness for the two mixtures.

Flame extinction can clearly be seen as a disappear-
ing reaction zone in the main parts of Fig 4a; a
reaction zone can only be seen in the centre of three
inlets. This is in contrast to Fig. 2b, which was taken
with stoichiometric mixtures and siill shows a con-
tinuous reaction zone. The analysis of 150 images at
A=1.5 can be summarized as follows:

— Inlets burned generally better than outlets

— Increments (closed concave structures) burned very
well (Fig. 4b and c¢).

— A continuous bright reaction zone was observed
mainly at early detection times. At longer times the
reaction zone was absent or less pronounced and
discontinuous.

A possible interpretation of these observations is
based on the Lewis number, Le (ratio of thermal to
mass diffusion). This effect has been investigated
numerically for turbulent flow fields in premixed
flames [29], whereby contours for the excess or loss of
reaction enthalpy were calculated. The results for
Le=2show loss for the leading parts of the flame front,
but excess enthalpy for the inlets. Excess enthalpy leads

471

to a local acceleration and hence to a smoothing of the
flame front. This result corresponds to our experi-
mental observations for A=1.5 (Fig. 4). However, to
evaluate the flame extinction effects fully, systematic
flow field measurements and calculations are required
and are planned shortly.

3. Conclusions

Using LIF imaging of OH radicals, we have demon-
strated imaging of the flame front under turbulent
conditions, for stoichiometric and lean propane/air
mixtures at detection pressures up to 14.5 bar. For lean
mixtures, flame extinction was clearly observed. Quali-
tative information on flame structure has been ob-
tained. Full interpretation of the data requires further
data processing and mathematical evaluation as well
as investigations of flow fields and these are in progress.
Also underway are 2D-LIF investigations with differ-
ent excitation and detection schemes with the aim of
circumventing quenching and self-absorption. Finally,
since the individual length scales depend on the engine
speed, measurements over a wide range of speeds are
desirable.
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