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ABSTRACT

In developing predictive combustion models
there is an urgent need for single cycle analysis
of engine combustion. This is the only way to
study in detail important issues e.g. the nature
of cyclic variations in flow fields, mixing, flame
propagation, heat transfer to walls etc.. Unfortu-
nately the available diagnostic tools still work
mostly pointwise and need many cycles for complet-
ing a consistent field measurement.

To overcome this drawback in conventional av-
eraging and pointwise measuring techniques a crank
angle resolved laser diagnostic has been developed
for studying shape, structure and speed of engine
flames along with a novel flame contour analysis
for evaluating simultaneously time and length
scales of flame wrinkling in individual engine cy-
cles.

The single cycle diagnostic is based on
movies of Mie scattered radiation from smoke par-
ticles taken in the fired chamber of an optically
accessible engine (compression ratio: 10:1) allow-
ing unobstructed access to all phases of the com-
bustion process. To this end the radiation from a
copper vapour laser (40 W, 3-20 kHz) is shaped
into a thin (0.15 mm) 80 mm wide light sheet cov-
ering the full combustion process from BDC to TDC.
Up to 60 images of the propagating flame (ignition
to end of combustion) are taken at 3 crank angle
intervals by a rotating mirror camera and are
evaluated individually by a specially developed
PC-based image processor.

Image evaluation provides a full quantitative
description of all essential flame properties in-
cluding time -and length scales of flame wrinkling
which are derived by auto- and cross correlations
procedures. In addition essential parameters en-
tering the BML-flamelet model are calculated.

In the paper the optically accessible re-
search engine, the laser diagnostic setup and the
image processing algorithms are presented in de-
tail. Extensive data are given having been mea-
sured in a propane fueled engine for flames being
close to extinction for engine speeds of 550, 1000
and 1500 rpm.

EXPERIMENTAL SETUP
In order to provide unobstructed optical ac-

cess throughout the full 720 degrees of crank an-
gle (DCA) of an engine cycle a fully transparent

square piston engine has been built at Daimler
Benz. The 4 side walls are made from optically
ground quartz plates being firmely screwed to-
gether by 4 self-centering conical corner pieces
and head and bottom plates, resp., made from mild
steel. The quartz joints are made leakproof by a
thin layer of soft plastic glue being temperature
resistant up to 200 °C (Fig.1). The net blow-by is
of the same order as in an oil lubricated produc-
tion engine.

The square piston is built on top of an
extension rod being bolted onto the piston of the
single cylinder base engine (Hatz HE-673). The
square piston is guided in the quartz section by a
Turcon (Graphite/Teflon) plate and sealed by a
precision-made single-piece seal made from the
same material. This contruction allows unlubri-
cated operation of the transparent chamber for
hours in the unfired mode and for bursts of 250
fired cycles at 10 minutes intervals. The life-
time of the seal allows operation of the engine
for over a week. The compression ratio is 10:1 in
the present case but may easily be changed by se-
lecting different rod lengths and piston plates to
simulate different engine designs (Fig.1).
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In order to avoid obscuration of 1 side window by
the pushing rods of the valve train the rods were
replaced by a hydraulic circuit passing the cham-
ber at two side edges (Fig.2). The original valves
and seats were retained but mounted in the left
hand half of the head to allow insertion of an ad-
ditional top window in the right hand side. In
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this work, however, this space was used for mount-
ing thermocouples, pressure transducer and spark
plug (Fig.3).
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Fig.3 Details of the combustion chamber.

The engine was operated on propane/air mix-
tures being controlled by mass flow meters (1% ac-
curacy). A fraction of the air (<10%) was seeded
by cigarette smoke produced in a special smoke

generator which was electrically started when en-
gine conditions had stabilized (Fig.4).
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Fig.4 Cross-section of the cigarette

smoke generator.

The leanness ratio (inverse of equivalence
ratio) was determined from the mass fluxes and the
oxygen content in the exhaust of the motored en-
gine. The mixing system used is shown in Fig.5.
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Fig.5 Gas mixing and seeding system.

The general characteristics of the optically
accessible square piston engine are:

Piston area: 75x75 mm’
Piston rod: 112 mm
Stroke: 67 mm
Clearance height: 7 mm
Compression ratio: 10.2:1
Maximum speed: 2.500 1/min

Idle to full load, unfired and fired.

Laser Sheet Movies

The radiation of a 40 W copper vapour laser
is shaped into a thin (0.15 mm) 80 mm wide laser
sheet illuminating the full vertical cross-section
(BDC to TDC) of the optical engine at any instant.
This sheet may be passed at any position being im-
portant for studying mixing or combustion pro-
cesses. The Mie scattered signals from the smoke
seeded propane/air charge are recorded at right
angles using a rotating mirror framing camera. De-
tails are given in Figures 6 and 7.
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Fig.6 Optical setup for full view laser
sheet filming of engine flames.

Square Piston Engine

Except for requiring occasicnal cleaning of
tar deposits the non-abrasive submicron smoke par-
ticles allow damage-free unlubricated motion of
Turcon sealed pistons over quartz windows .

10 4 cyLiNDER PISTON
HEAD SURFACE AT
BOC
1:FRONT
PLANE
z 2CENTER
3 PLANE
&
z
o
[°4
0,04
T T T T 1]
-30 0 yn 90 -0 0 yn 90
DISTANCE

Fig.7 Measured laser sheet profiles in
the transparent chamber.



For taking a laser sheet movie the engine is
set to the desired operating conditions by moni-
toring the cylinder pressure and the IMEP first in
the motored and then in the fired mode. When the
engine has stabilized ignition is switched off and
the smoke generator is turned on by the electric
cigarette lighter delivering enough smoke for
about 10 cycles (depending on engine load).

By a central electronic control the 3rd cycle
is ignited and recorded on the camera. Since the
smoke particles are burned the flame contour is
resolved with a high contrast on 35 mm Kodak TMZ
5054 film /1/. During film exposure the normally
free running laser is synchronized to the engine
crank to produce a frame (size of negative: 17x17
mm°) every 3rd crank angle (maximum framing rate:
20 kHz). In such a way one cycle is recorded by 64
to 150 consecutive high resolution frames.

After developing the film the individual
frames are read into a PC-based image processing
system (512x512 pixels, dynamic: 8 bit, spatial

resolution: 0.15 mm/pixel) and renormalized to the
full grey level swing of 0-255. By thresholding at
90 a clear binary image of the flame is obtained
(Fig.8) from which the left and right contour are
derived by an edge detection scheme (Fig.9).

500 1/min 45 Grsd KW Lambda = 1.2 1000 1/min 45 Grad XW Lambda = 1.2

500 1/min 110 Grad XW Lasbda = 1.2 1000 1/min 110 Grad KW Lambda = 1.2

Fig.8 Laser sheet images at 45/110 DCA
and 500/1000 rpm, respectively.

From these raw data the quantities: burned
area, wrinkling factor, mean flame radius and
flame speed are calculated by well known standard
procedures. The fractal dimensions were checked
but found to be useless for quantitative purposes
due to excessive scatter being larger than corre-
sponding variations in u‘/St from 0-10.

Fig.9 Consecutive flame contours, 114-
156 DCA, 3 DCA intervals. Pro-
pane/air, Leanness ratio: 0.67,
1000 rpm, Ignition at TDC.

Quantitative flamelet data and length and
time scales of flame wrinkling are calculated from
flame contours after transformation into telegraph

401

signals. To this end a mean contour is calculated
by low-pass Fourrier filtration of the instanta-
neous flame contour. The cut-off length is chosen
equal to half the instantaneous chamber height so
that the mean contour represents the slowly vary-
ing, large structures due to mean motion only. The
intersections of  both curves define the
burned/unburned segments of the telegraph signal
(i.e. reaction progress variable ¢ =1 or =0).

From this signal all relevant data for the
BML flamelet model are calculated: interval
length, cosine value (Gy), crossing frequency,
mean reaction progress variable (%), integral
length and time scale of flame wrinkling (T, T).
Details may be found in the literature, therefore
only the essential expressions are summarized here
for convenience /2-5/:
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The integral length (Bray) scale of flame
wrinkling is derived by integration of the auto-
correlation of the telegraph function. From the
cumulative product of the maxima of cross-correla-
tions between adjacent contours the integral time
scale is calculated. So the fate of a flame in a
single cycle is fully characterized (Figs.10,11).
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Fig.10 Autocorrelations for Fig.9.

In Figs.12-19 typical results are given for a
volume quenched flame (propane/air, leanness ra-
tio: 1.5, 1000 rpm, TDC ignition, 1/3 load).
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Fig.11 Calculated integral time scales.
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Fig.15 Right contour: Wrinkling factor
and mean interval length.
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Fig.16 Left contour. Mean cosine values
and crossing frequencies.
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Fig.17 Right contour. Mean cosine values
and crossing frequencies.
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RESULTS

Effect of Engine Speed

The variation of characteristic flame data
are presented for volume quenched flames. In
Fig.20 flame propagation is shown for 3 different
but nominally identical cycles to illustrate the
variations which can occur. Flames may be quenched
very early (30 DCA) which later never recover,
whereas at late quenching (90 DCA) the flame may
start propagating again /6/.
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Fig.20 Nominally identical cycles at 1000
rpm, leanness ratio 1.5, TDC ign..

The number of crossings per mm flame contour
depends very little (if at all) on engine speed,
but hyperbolicly on crank angle. This appears to
be due to flame elongation and early decay of
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Fig.21 Measured crossing frequencies for
3 different engine speeds.
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Fig.22 Integral length (Bray) scale for 3
different engine speeds.
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small scale stuctures due to piston motion as
shown in Fig.21.

The integral length scale of flame wrinkling
(Bray scale) appears to depend very little on en-
gine speed and hence on turbulence intensity
(Fig.22). This is consistent with findings from
other workers /7-9/ that the integral length scale
of turbulence is usually of the order of 2 to 3
mm, independent of the actual engine cylinder con-
figuration. Our experimental results is evidence
therefore, that the integral length scale of flame
wrinkling, as defined and evaluated above, is ap-
proximately equal to the integral length scale of
the non-reacting turbulence field, even under con-
ditions of engine combustion.

The integral time scales of flame wrinkling
(T) are shown in Fig.2§. Within the scatter T is
proportional to (rpm) as expected. It appears
that the flame retains large structures over the
entire cycle, and especially so for low turbulence
levels, so that much of the history of a cycle is
influenced by the shape of the flame kernel.
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Fig.23 Integral time scale of flame wrin-
kling for 3 engine speeds.
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The mean direction cosine of the normal to
the local flame front is shown in Fig.24, being =0
when the actual and mean contour are parallel and
=1 when the contours are at right angles. The in-
crease in direction cosine with crank angle im-
plies therefore, that the flame is becoming more
wrinkled during its history. This reinforces the
view that an engine flame is constantly evolving
over the entire cycle and represents a non-sta-
tionary and unique process from start to finish.
Nevertheless, a mean value, as expected, is about
0.5.
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Fig.24 Mean direction cosine values for 6
different, nominally equal cycles.
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Comparison to BML-Calculations

Test calculations have been carried out with
a modified version of the Bray-Moss-Libby flamelet
model (BML) /10/. The modifications account for:

- instationary combustion

- flame quenching due to strain and transient
flamelet heat loss arising from the rate of
pressure changes in an engine

- full chemistry by incorporation of a
strained flamelet library for propane/air
combustion at realistic engine conditions

- gradient transport model for scalar fluxes

- cylindrical geometry.

Although the modelling work is still in progress
the predictions are in good qualitative agreement
with the laser sheet data obtained so far. Correct
trends are predicted for flame propagation as
function of stoichiometry, engine speed, ignition
timing, strain rate, integral length scale, rate
of pressure change and turbulence intensity.

As an example in Fig.25 the calculated flame
development is compared with measured data. The
results are given for 2 different reaction
progress variables. The agreement is within the
scatter of the experimental data.
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Fig.25 Calculated and measured flame evo-
lution. Propane/air, leanness ra-
tio: 1.5, TDC ignition, 1/3 load.

In Fig.26 the predicted change of the inte-
gral length scale with crank angle is presented.
There is a slight overprediction for large crank
angles which is assumed to be due to the fact that
the calculation is still made in 2D. Nevertheless
there is a very good general agreement regarding
dependencies of speed, crank angle and location in
the chamber.

The results indicate that the reduction in
burning rate in the square piston engine is due
not to strain but to transient heat losses induced
by the rate of pressure change.
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Fig.26 Calculated effect of engine speed
on the integral length scale.

CONCLUSION

A laser sheet diagnostic has been presented
offering a quantitative analysis of flame propaga-
tion in single engine cycles. The diagnostic in-
corporates a fully transparent square piston en-
gine and a Mie scattering technique for taking
high resolution laser sheet movies of the full
chamber size throughout complete engine cycles.

The movies are evaluated by specially de-
veloped image processing software with regards to
all relevant flamelet data of the BML model. In
addition cycle resolved time and length scales are
evaluated being in good agreement with literature
data and predictions from a modified BML flamelet
code designed to model engine combustion.

Extensive experimental data from a single cy-
cle analysis of volume quenched engine flames at
550, 1000 and 1500 rpm are presented with special
emphasis on the BML parameters:

wrinkling factor
flame speed

cosine value
progress variable
integr. time scale

- burned area

- flame radius

- interval length

- crossing frequency
integr. length scale
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