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ABSTRACT

Simultaneous OH- and formaldehyde LIF measurements
have been performed in an HCCI engine using two laser
sources working on 283 and 355 nm, respectively. Two
ICCD camera systems, equipped with long-pass filters,
were used to collect the LIF signals. The simultaneous
images of OH and formaldehyde were compared with
heat-release calculated from the pressure-trace
matching the cycle for the LIF measurements.

The measurements were performed on a 0.5 | single-
cylinder optical engine equipped with port-fuel injection
system. A blend of iso-octane and n-heptane was used
as fuel and the compression ratio was set to 12:1. The
width of the laser sheet was 40 mm and hence covered
approximately half of the cylinder bore.

At some 20 CAD BTDC low temperature reactions is
present and formaldehyde is formed. The formaldehyde
signal is then rather constant until the main heat-release
starts just before TDC, where the signal decreases
rapidly to low values. From some 15 CAD to 5 CAD
BTDC the formaldehyde is uniformly distributed in the
imaged area. As formaldehyde decreases, OH increases
and follows the main rate of heat release curve, though
with a slight lag in phase. Thereafter OH is formed in the
areas from which the formaldehyde has disappeared
and the OH signal is present to some 20 CAD ATDC.

INTRODUCTION

When running an engine in HCCI-mode
(HCCl=Homogeneous Charge Compression Ignition) the
fuel and air are allowed to mix in the intake port, or in the
cylinder for Dl-engines, in order to create a

homogeneous charge. The charge is then compressed
until auto-ignition occurs. A characteristic feature with
HCCI that distinguish it from more conventional
combustions modes, i.e. Otto or Diesel, is that ignition
occurs simultaneously at multiple sites [1]. This results in
a combustion that occurs through distributed reactions
throughout the bulk volume. As the whole bulk burns
almost simultaneously, the overall combustion rate is
very high. Consequently, highly diluted mixtures have to
be used in order to limit the rate of heat release.

The major advantage with HCCI compared to the diesel
concept is low NOX emissions in combination with
significantly less soot formation [2]. In conventional
diesel engines, a reduction of NOx most often results in
an increase of soot volume fraction and vice versa. An
advantage for the HCCI, when compared to an SI
engine, is a higher efficiency at part load. In addition, the
cycle-to-cycle variations in Indicated Mean Effective
Pressure (IMEP) are very small for HCCI combustion [3].
A major challenge associated with HCCI is the difficulty
to control the timing of the ignition so to that the
combustion occurs close to TDC (TDC=Top Dead
Center). Since the ignition process relies on
spontaneous auto-ignition there are no direct means to
control the onset of combustion. However, by adjusting
remote operating parameters, like inlet air temperature,
fuel properties or exhaust gas recirculation (EGR) rate,
ignition timing can be controlled [4, 5].

The ignition and combustion processes can be studied
by visualizing the distributions of formaldehyde and OH
radicals. The formaldehyde molecule is formed as an
intermediate species when combusting hydrocarbons.
The formation occurs through low temperature oxidation
in an early phase of the ignition process. Formaldehyde



is then being consumed later in the combustion process.
Formaldehyde is also associated with the low
temperature reactions that occur when certain mixtures
of hydrocarbon fuels and air are close to the explosion
limit. Hence, formaldehyde is an indicator of the first
stage of ignition and a marker for zones with low
temperature  reactions.  Planar laser induced
fluorescence from formaldehyde has been used earlier
for visualization of self-ignition centres in Sl-engines [6],
for studying the ignition of Diesel sprays [7] and for
characterization of the Controlled Auto Ignition (CAl)
combustion concept [8].

The OH radical is an important intermediate that is
formed during combustion. OH is formed in flame
regions with high temperature and there is a strong
coupling between maximum temperature and maximum
OH concentration. For cases where conventional flame
fronts exist, the OH radical is often used as a marker of
both flame fronts and of burnt regions. Because of the
combustion temperature in an HCCI engine being lower
than in an Otto engine, the OH concentration in an HCCI
engine is significantly lower compared to what is found in
an Otto engine. However, OH can still be used as a
marker of regions where HCCl combustion is ongoing
[9].

In this work the ignition and combustion phases for a
HCCI engine are investigated with laser-induced
fluorescence, LIF, on both formaldehyde and OH
simultaneously. For this purpose two laser sources
combined with two ICCD detector systems were used.

EXPERIMENTAL
ENGINE SETUP

The work presented was performed on a 0.5 | single-
cylinder optical HCCI engine, the specifications of which
are summarized in table 1. The engine was equipped
with port-fuel injection system, which generates a
principally homogeneous charge, and a blend of 50%
iso-octane and 50% n-heptane was used as fuel. The

Type: Four-valve diesel engine

Engine speed: 1200 rpm

Displacement (one cylinder): | 0.5

Bore: 81 mm
Stroke: 93 mm
Compression ratio: 12:1

Fuel: 50% isooctane

50% n-heptane

Table 1. Specifications of the test engine.

compression ratio was set to 12:1 and the engine was
run with a lambda between 2.9 and 3.3. A wide-band
lambda sensor, ETAS LA3, was used to measure the
air/fuel-ratio. To maintain 50% heat released at 5 — 6
CAD ATDC the inlet air temperature had to be constantly
changed. The engine was started at an inlet air
temperature of 120°C and during the measurement it
had to be constantly decreased and the temperature at
the end of the measurement was between 80°C and
90°C. Horizontal optical access to the upper part of the
cylinder liner was obtained through a full quartz ring with
a height of 25 mm. An elongated piston and a 45-degree
mirror provided for optical access from below through a
piston window with a diameter of 58 mm.

OPTICAL SETUP

Simultaneous OH- and formaldehyde-LIF measurements
were performed in the HCCI engine using two laser
sources fired with a time separation of 1 s in order not
to disturb each other. For the OH-LIF a frequency
doubled Nd:YAG was used to pump a dye laser with
Rhodamin 590. The dye laser output was further
frequency doubled using a single BBO crystal and the
resulting pulse energy was approximately 30 mJ near
283 nm. OH was excited using the Q1(8) transition in the
v’=0,v'=1 band of the A2 +-X2 + system. For the
formaldehyde-LIF the third harmonic (355 nm) of a
Nd:YAG was used with a pulse energy of approximately
75 mJ. The technique for formaldehyde LIF is described
elsewhere [10]. The laser beams from the two laser

Figure 1. Schematic overview of the experimental setup. Left: Laser and detector alignment through the engine. Right: Position of the imaged

area relative to the combustion chamber.




sources were lined on top of each other and thereafter
shaped, with the same optics, into a horizontal laser
sheet with a width of 40 mm. The sheet was focused
with an =300 mm cylindrical lens into the combustion
chamber, 3 mm below the roof. The laser sheets were
lined in order to cover half the cylinder, see figure 1. Two
ICCD-camera systems (Princeton Instruments PI-MAX),
equipped with UV-lenses (Nikon, f =105 mm, f#=2.5)
were used to collect the OH- and formaldehyde-LIF
signals and a high-reflective mirror centered at 308 nm
and with a transmittance of approximate 70% at 355 nm
was used as beam splitter to separate the two LIF
signals from each other. LIF from OH was detected in
the (1,1) and (0,0) bands near 309 nm using two 283-nm
long-pass filters and one UG11 filter in front of the
detector. LIF from formaldehyde was detected using two
GG395 Shott-filters.

SPECTRAL INVESTIGATION

The formaldehyde signal was recorded spectrally in
order to confirm that the signal detected by the
formaldehyde-detector was obtained from formaldehyde.
This investigation was performed by replacing the ICCD-
system collecting the formaldehyde-LIF with a
spectrograph. The obtained spectrum, shown in figure 2,
shows the LIF signal from formaldehyde and is similar to
emission spectra of formaldehyde obtained in a heated
cell. The spectrum has a broad structure compared with
similar spectra obtained at lower temperatures. To some
extent, this can be explained by a broadening of the
bands since more vibronic and ro-vibronic levels would
be populated at higher temperatures [11]. The peak
shown at 532nm in figure 2 originates from the
frequency-doubled component used for generating the
laser radiation at 355 nm.
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Figure 2. Spectrally resolved formaldehyde signal from the HCCI-
cycle.

RESULTS

For every measured crank-angle position background
images, from the corresponding motored case, were
collected. These background images were subtracted
from the measured LIF images and the remaining noise
level were set to zero in the images. By this, only
information about the LIF signal intensity was remaining
in the OH- and formaldehyde-images. For clarity the
intensity images shown in the paper are flattened in
order to see the spatial structures in the images more
easily. This procedure is shown in figure 3 where the
intensity images (to the left in figure 3) are flattened to
one single color before the OH- and formaldehyde
images are combined to one single image (to the right in
figure 3).

Measurements were performed in a wide time range,
starting before the onset of the low temperature region
(LTR), through all combustion and until late in the
expansion stroke. For every measured crank-angle
position 20 image-pairs were collected and the
corresponding pressure-traces were recorded. Those
temporal positions of each image acquisition were

[e}

Figure 3. Procedure for representation of OH- and formaldehyde-LIF images. To the left are intensity images of OH and formaldehyde shown.
The second column represents the flattened images. The combined OH- and formaldehyde image is shown to the right.



marked in the pressure-traces. In figure 4 a selected
series of LIF images obtained from different crank-
angles is shown to exemplify the formation and
consumption of formaldehyde and OH during the
combustion when the engine is run with a lambda of 3.0-
3.1. Rather than presenting average images, however,
single-shot images representative for each position are
presented. This is because averaging smears out the
shape of the spatial distribution of the OH- and
formaldehyde signals. In figure 5 the average rate of
heat-release for 100 individual cycles collected in
connection with the LIF images obtained at 10 CAD
ATDC is shown. Also shown in this figure are the mean
values of the total sum-up intensity for the 20 single-shot
images obtained at each measured crank-angle position.
These mean values are normalized to the maximum
value of the OH- and formaldehyde signals, respectively.
To cover the interval from the onset of low temperature
reactions until late in the expansion stroke the
measurement series had to be divided into two parts
(indicated by 1 and 2 in figure 5) in order not to overheat
the engine.

Figure 4. Single-shot images from onset of LTR combustion until
the end of the main combustion. Formaldehyde is shown in
green/light gray and OH is shown in red/dark gray.
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Figure 5. Average rate of heat-release and average OH- and
formaldehyde-signals for the measurement series shown in figure 4.

From figure4 and 5 it can be seen that a low
temperature region is present at some 20 CAD BTDC
and formaldehyde is formed. From some 15 CAD to 5
CAD BTDC the formaldehyde is uniformly distributed in
the imaged area and this uniformly distributed
formaldehyde signal remains until the main heat release
starts just before TDC. Here, the signal decreases
rapidly to low values and as formaldehyde decreases
OH increases and follows the main rate of heat-release
curve, though with a slight lag in phase. Thereafter OH is
formed in the areas from which the formaldehyde has
disappeared and the OH signal is present to some 20
CAD ATDC. OH signal do not fill the entire combustion
chamber because the signal is prompt and disappear
when the combustion is over. Everything in the
combustion chamber does not burn at the same time.
Later in the expansion stroke, around 50 CAD ATDC,
signal starts to appear again at the formaldehyde-
detector. This signal may come from formaldehyde but
this is not confirmed since no spectral investigation of
the signal was made this late in the cycle. Therefore it is
possible that this signal may come from other species
that fluoresce when excited by 355 nm laser radiation.

Figure 6 is a zoomed-in version of the graph in figure 5.
Here only the first half of the measurement series is
shown, but with the standard deviation of the
measurements that build each averaged point included.
From this it can be seen that the standard deviation is
small up to the point where the main combustion takes
place, especially for the OH formation. The standard
deviation for the undefined signal later in the cycle (not
seen in figure 6) is of the same magnitude as for
formaldehyde during the main combustion.
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Figure 6. Average OH- and formaldehyde signals with the standard
deviation of the measurement points included.

In figure 5 and 6 the LIF measurements are represented
by the average sum-up intensity of the images for each
measurement position. Another way to get an overview
of the measurement series is to represent each LIF
image-pair by the surface that is obtained by the signal
of formaldehyde and OH, respectively, as in figure 4,
and build the average surface for each measurement
position. This representation ends-up in a graph similar
to those in figure 5 and 6 with the difference that, since
the image is flattened, the LIF signal dependence of
laser power, pressure, number density, etc. is removed.
This representation is shown in figure 7 where the
average surface of the signals is normalized to the total
imaged area that can be occupied with signal.
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Figure 7. Average surface obtained with signal for OH and
formaldehyde for each measurement position

Shown trends of formaldehyde and OH in figure 7 are
similar with those shown in figure 6, including similar
standard deviations. It can be seen that formaldehyde
fills the total imaged area between the low temperature
region and the main combustion (high temperature
region, HTR) which in this region result in a constant
level with a very small standard deviation. In average
OH fills almost 30 % of the imaged area before it starts
to disappear.
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Figure 8. Percentage heat released as a function of CAD. Figure
8a (leaner) above; 8b (richer) below.

By plotting the percentage of heat released, as shown in
figure 8, it is seen that there is some spread of the data
for each CAD. For each CAD 20 images were recorded
and thus also 20 individual pressure traces. Each one is
represented by an x. Due to the rapid combustion phase
of HCCI there are some CAD-positions where the heat
released is spread over as much as 25% of the vertical
axis. During the period before TDC and the period after
20 ATDC the combustion is much more stable and
doesn’t have such a large spread, see figure 8a. Due to
rounding of the results there seem to be only two x for
the two last CAD-positions in figure 8a, but there are 20;
they are on top of each other. The LTR/pre-reactions
can be seen contributing with about 30% of the total
amount of heat released. It should be noted that a heat
release of 100% means that the combustion is finished,
but this doesn’t imply that all of the fuel that was injected
has been consumed; on the contrary there is probably a
considerable amount of unburnt fuel trapped in the
inevitable crevices that occur when using an engine with
optical components. Figure 8a shows a plot for one case
with a slightly leaner mixture, lambda = 3.3, than the
mixture used for figure 6 and 7, which was 3.0 to 3.1; 8b
is for a case with a somewhat richer mixture, about
lambda 2.9. To maintain 50% heat released at 5 — 6
CAD ATDC the inlet air temperature had to be constantly
changed.
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Figure 9. Normalized surface of formaldehyde and OH as a

function of CAD. Figure 9a (leaner) above; 9b (richer) below.

Squares represent formaldehyde and triangles represent OH.

In figure 9 the normalized surface percentage filled by
formaldehyde and OH is plotted as a function of CAD,
for the 20 cycles per CAD position. The maximum
formaldehyde surface present in each measured case
was determined and all measured surfaces were
subsequently normalized to the greatest of the maximum
formaldehyde surfaces. A large spread in signal level
can be seen for a given CAD, especially for the OH
signal.

As both the percentage heat released and PLIF signal
intensity vary for a given CAD it is interesting to plot
PLIF signal vs. percentage heat released instead. Figure
10 shows this.

Surface percentage, » = 3.3
1 :

oo = W,

09§ B T

i ljn%:El o a

©0.8 oo 47 &

% E.':‘EDD o

0.7t o o

7 7 og =

IOS' DD

o I

o 0.50 DED

% B o,

004/ 8 4P

'g mwo 0o

203; & “D“@;EJ;

ooofgHn .

Eo.z- é‘i Rt

0.1+ &

S = b
i i, 20

poe Aah Bt 3
0 10 20 30 40 50 60 70 B8O 90 100
Percentage heat released

Surface percentage, » =2.9

0 10 20 30 40 50 60 70 B0 90 100
Percentage heat released

Figure 10. Normalized surface of formaldehyde and OH as a

function of percentage heat released. Figure 10a (leaner) above;

10b (richer) below. Squares represent formaldehyde and triangles

represent OH

As seen in figure 10, where the normalized surface area
of formaldehyde and OH is plotted as a function of
percentage heat released, the formaldehyde is always
present in almost the whole viewed area during the time
from 10% to 30% heat released, which translates to
somewhat before 15 BTDC to around TDC when
comparing figure 10 with figure 9; this is were the LTR
occur. The normalization is the same as for figure 9. In
the plot, squares represent formaldehyde surface and
triangles represent OH surface. The decreasing trend of
the formaldehyde surface is clearly seen, with a larger
spread for the leaner case (figure 10a) than for the case
with a slightly richer mixture. The fluctuation of the OH-
surface is considerable, which is also seen in figure 6 by
studying the standard deviations for the case with
lambda = 3.0 — 3.1. One notable observation is that
there is no OH signal until around 60% heat released for
figure 10a, and earlier, at about 40% heat released for
figure 10b.
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In figure 11 it can clearly be seen that the intensities of
formaldehyde and OH are lowe in the case of the leaner
mixture compared with the richer mixture. The intensity
of formaldehyde was normalized to the highest
formaldehyde intensity in any of the studied cases; the
same was done for the OH-intensities.

Figure 12a and b shows the normalized formaldehyde
and OH intensities as a function of percentage heat
released. The normalization is the same as for figure 11.
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CONCLUSIONS

e The concentration and location of formaldehyde
and OH were measured in an optical engine

using two separate PLIF systems.

e The engine was operated with a 50/50 mixture

of iso-octane and n-heptane. This generated a
low released some 20 CAD before the high
temperature reactions.

At the start of the low temperature reactions
clouds of formaldehyde were detected. More
formaldehyde was detected as the LTR
progressed.

The formaldehyde filled the entire measured
region after the LTR ended.



At the start of the HTR holes in the
homogeneous formaldehyde signal were
detected. At peak heat release rate the signal
has gone down to less than 50 of its maximum.

The PLIF signal of OH is detected only in
regions were formaldehyde is absent. Under a
relatively long period OH and formaldehyde is
detected simultaneously but never in the same
location.

The PLIF signal strength of OH is lagging the
rate of heat release by roughly 8 CAD. Max OH
is detected when most of the fuel is consumed
and thus close to peak in-cylinder temperature.

Running the engine with a lean mixture makes
the OH signal appear at higher percentage heat
released compared to a rich mixture. This could
be due to the lower amount of heat released
with the leaner mixture and thus lower
temperature during the cycle.

Significant cycle to cycle variations exist during
the HTR combustion process whereas the LTR
is very stable. This gives very low cycle to cycle
variation of the formation of formaldehyde but
much more variations in the destruction at the
first phase of HTR. Both formation and
destruction of OH exhibited large cycle to cycle
variations.
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