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Abstract
A relatively high level of stratification (qualitatively: lack of homogeneity) is one of the main advantages of partially pre-
mixed combustion over the homogeneous charge compression ignition concept. Stratification can smooth the heat
release rate and improve the controllability of combustion. In order to compare stratification levels of different partially
premixed combustion strategies or other combustion concepts, an objective and meaningful definition of ‘‘stratification
level’’ is required. Such a definition is currently lacking; qualitative/quantitative definitions in the literature cannot prop-
erly distinguish various levels of stratification. The main purpose of this study is to objectively define combustion stratifi-
cation (not to be confused with fuel stratification) based on high-speed OH* chemiluminescence imaging, which is
assumed to provide spatial information regarding heat release. Stratification essentially being equivalent to spatial struc-
ture, we base our definition on two-dimensional Fourier transforms of photographs of OH* chemiluminescence. A
light-duty optical diesel engine has been used to perform the OH* bandpass imaging on. Four experimental points are
evaluated, with injection timings in the homogeneous regime as well as in the stratified partially premixed combustion
regime. Two-dimensional Fourier transforms translate these chemiluminescence images into a range of spatial frequen-
cies. The frequency information is used to define combustion stratification, using a novel normalization procedure. The
results indicate that this new definition, based on Fourier analysis of OH* bandpass images, overcomes the drawbacks of
previous definitions used in the literature and is a promising method to compare the level of combustion stratification
between different experiments.
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Introduction

Partially premixed combustion (PPC), a relatively new
combustion mode of compression ignition (CI) engines,
relies on an optimal ignition delay to achieve a partially
premixed charge.1–6 PPC is a promising combustion
concept, which reduces both nitrogen oxides (NOx) and
soot emissions while providing a high combustion effi-
ciency. The low NOx emissions are resulting from the
low combustion temperature. The low soot emission is
a result of increased premixing (compared to conven-
tional CI engines).2–6 Control of premixing is necessary
to implement PPC combustion strategies particularly in
transient mode and to improve the emission formation

over the full load range.5–7 The amount of premixing
can be controlled in various ways, for instance by tun-
ing the injection timing.
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Combustion stratification as a result of mixture stra-
tification and/or thermal stratification can qualitatively
be considered as the lack of combustion homogeneity.
For the PPC combustion concept, stratification is one
of the main parameters affecting the combustion effi-
ciency, and it improves the controllability of combus-
tion in comparison with fully homogeneous (HCCI)
combustion.6,8 For this reason, various studies have
tried to define a metric for combustion stratification
and correlate it with engine performance.9–11 However,
there is no objectively quantifiable definition for ‘‘stra-
tification level’’ thus far.

OH* chemiluminescence imaging is an optical com-
bustion diagnostic based on recording photons emitted
by naturally excited OH* radicals when they return to
the ground state. In practice, these so-called OH*
bandpass images are recorded by an intensified charge-
coupled device (CCD) or complementary metal-oxide
semiconductor (CMOS) camera through a spectral fil-
ter that nominally transmits light only in the wave-
length interval that is characteristic for OH*
luminescence, say 305–315nm. OH* chemilumines-
cence imaging offers line-of-sight information across
the volume imaged, and its time-dependent intensity is
known as an indicator for the temporal behavior of
heat release rate.12–15 This feature is commonly used in
the literature. Zegers et al.14 investigated the position
and size of PPC combustion clouds by analyzing OH*
chemiluminescence images in a heavy-duty optical
engine. A clear correlation between ignition delay and
flame location was observed. Tanov et al.13 analyzed
the combustion stratification of different injection stra-
tegies in a light-duty optical engine. The degree of stra-
tification was determined as the ratio between the
magnitude of intensity variations over the mean inten-
sity of OH* bandpass images. Their results showed that
the combustion following triple injection is more
homogeneous compared to single or double injection.
However, optical distortion by the piston bowl limited
their study to only angular stratification analysis of
PPC combustion in a narrow annular band inside the
piston bowl. In a previous study,11 OH* bandpass ima-
ging of PPC combustion was performed using a flat
optical piston without any distortion. Therefore, the
combustion stratification analysis used by Tanov et
al.13 could be improved and expanded to both angular
and radial stratification over a wide field of view
(FOV). The results of this previous study confirmed
that the combustion stratification indeed is an impor-
tant parameter, affecting the combustion efficiency and
phasing. However, the results of the stratification defi-
nition used there (see ‘‘Angular, radial and vertical stra-
tification’’ section below for more detail) were
significantly affected by noise, and it was hard to com-
pare the stratification level of different PPC points
objectively. Recently, the angular stratification method
was applied by Vallinayagam et al.16 to study the com-
bustion stratification for Naphtha ranging from CI
combustion to PPC. Their results showed a strong

correlation between combustion stratification and
NOx/soot emissions as shown in Figure 1.

All in all, the literature study confirms that stratifi-
cation is playing a key role in controlling emissions,
ignition timing and heat release rate behavior of PPC.
Hence, an objective quantification of this parameter
helps to better understand PPC and can provide a tool
to compare different studies.

This study improves and expands the previous
work11 by side view OH* bandpass imaging and ana-
lyzing the vertical stratification as well. Furthermore,
this article proposes an advanced stratification metric
based on the spatial frequency domain and signal
energy (defined as the sum of the square of spatial fre-
quency magnitudes based on Parseval’s theorem) of
OH* chemiluminescence images. The new method can
distinguish stratification levels where the old methods
fail.

Experimental setup

Optical engine

A Volvo D5 light-duty direct injection (DI) diesel
engine is used in this study to do measurements. The
engine is modified for optical access using a Bowditch17

design. One of five engine cylinders is equipped with a
cylindrical quartz liner with a height of 25mm, while
other cylinders are inactive. The other cylinders are
deactivated by disconnecting the cylinder head from
the engine block and connecting it only to the optical
cylinder based on a piston and cylinder extender. The
quartz liner allows for wide optical access through the
combustion chamber from the side (full engine bore
diameter). A flat optical quartz piston is used to image
the OH* chemiluminescence from below. This flat pis-
ton geometry decreases the amount of premixing with
respect to the geometry of a piston bowl. Furthermore,
fuel is more likely to end up in the crevice volume using
the flat piston geometry.18 However, the advantage of
a flat piston over a re-entrant bowl is that the imaging

Figure 1. NOX emission and soot concentration as a function
of combustion stratification (combined Figures 15(b) and 17(b)
of the study of Vallinayagam et al.16).
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is hardly affected by optical distortion. Distortion cor-
rection for the re-entrant piston bowl geometry is chal-
lenging for chemiluminescence imaging, since spatial
position inside the cylinder along the line-of-sight of
the camera is undefined.

Engine specifications and operating conditions are
presented in Table 1. Note that 0 �CA marks firing top
dead center (TDC) throughout this study. The com-
pression ratio of the engine is decreased to 12.6 to pro-
tect the optical parts against high pressure. Moreover, a
high compression ratio is not essential to study funda-
mentals of PPC. The engine is operated at 1200 r/min
using a dynamometer. We use skip fire mode (once
every 10 engine cycles) to reduce the risk of liner failure
due to thermal and mechanical loads. Exhaust gas recir-
culation (EGR) is simulated by diluting the intake air
with nitrogen. Intake pressure and all other engine
parameters are kept constant (Table 1). For each mea-
surement point, 30 fire cycles are recorded.

The in-cylinder pressure is measured every 0.20 �CA.
The heat release analysis of the pressure trace is per-
formed based on a single-zone thermodynamic model,
including the Woschni’s heat loss model and a crevice
volume model.19,20 A fifth-order Hann window func-
tion is applied to suppress noise on the pressure trace
and heat release rate.

Operating conditions

To investigate the effect of stratification, the CA50 is
held constant at +8 �CA (by tuning the intake

temperature) for four different single-injection timings
(different ignition delays). These timings are detailed in
Table 2; the amount of injected fuel is approximately
16mg/cycle for all cases. In case A, port fuel injection
is used as a reference point for the most homogeneous
mixture and combustion. Stratification of other points
can be evaluated with respect to this point. Due to the
skip fire mode, the total amount of port-injected fuel
does not end up in the fire cycle. Hence, for this case,
the amount of delivered fuel to the combustion cham-
ber is tuned based on the accumulated heat release.

OH* bandpass imaging

OH* bandpass images are recorded at 1 �CA intervals
using a high-speed intensified camera. The flat optical
piston used in this study provides a diameter of 60-mm
optical access out of the diameter of 81-mm engine
bore. The combustion is detected from below, by aim-
ing the camera at the 45� mirror and from the side by
aiming the camera directly at the quartz liner
(Figure 2). Bottom and side view imaging are not per-
formed simultaneously. However, the same operating
conditions are used for both of them.

Specifications of the detection setup are presented in
Table 3. The light is recorded through a combination of
a 315-nm bandpass filter with 20.4-nm full width at half
maximum (FWHM) and a 300-nm bandpass filter with
87.5-nm FWHM, to reject light with wavelength below
300nm or above 330nm. Transmissibility and optical
density of the optical filters as well as their combination
are depicted in Figure 3. These filters are chosen to
record OH* chemiluminescence wavelengths, which has
peak emission around 310nm, but it must be kept in
mind that their transmission beyond the selected range
is still finite.

Combustion stratification analysis

Time-resolved OH* chemiluminescence imaging pro-
vides spatial and temporal information on the heat
release rate during the combustion.11–15 Our spectro-
scopy study for similar operating conditions shows that
OH* bandpass imaging is highly affected by broadband
chemiluminescence of relatively large molecules, like
HCO*, CH2O* and CO2*, especially for HCCI
points.21 However, it is observed that broadband che-
miluminescence can be used as a measure for the heat

Table 1. Engine specifications and operating conditions.

Displacement 480 cc/cylinder
Bore 81 mm
Stroke 93.2 mm
Connecting rod length 147 mm
Compression ratio 12.6:1
Squish height 7.077 mm
Number of valves 4
Inlet valve close 2140 �CA
Swirl ratio 1.8
Fuel PRF70
Injector type Solenoid
Number of injector holes 7
Injector included angle 140�
Injector hole diameter 140 mm
Intake pressure 1.2 bar (absolute)
Cylinder wall temperature 363 K
Coolant temperature 348 K

Table 2. Single injection timings.

Case Injection
type

Injection
timing (�CA)

Injection
pressure (bar)

Injection
duration (ms)

CA50 (�CA) Intake
temperature (K)

O2 (%) IMEP
(net) (bar)

A Port –340 4 3.3 8 348 18.2 3.6
B Direct –100 600 0.74 8 348 18.3 4.2
C Direct –25 600 0.725 8 368 18.4 4.3
D Direct –15 600 0.72 8 398 18.4 4.6

IMEP: indicated mean effective pressure.

The total injected fuel is approximately 16 mg/cycle for all cases.
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release rate as well. This implies that an OH* bandpass
filter can still result in meaningful luminescence images,
since the temporal behavior of the signal will be pro-
portional to that of the heat release rate anyway.21

The goal of the image processing is to quantify the
level of combustion stratification based on OH* band-
pass images. In this section, two methods are described
to quantify the stratification; the first method is based
on previous work11,13 and the second is a newly pro-
posed method based on the spatial frequency content
of the chemiluminescence images.

Angular, radial and vertical stratification. As mentioned in
section ‘‘Introduction,’’ an attempt to quantify the com-
bustion stratification has been made previously.11,13 In

this section, the angular, radial and vertical stratifica-
tion analysis is based on those studies. Before data are
analyzed, a background correction is carried out. The
mean of 10 frames before the start of combustion is
used as a background to be subtracted from all frames
in a cycle.

Imaging from beneath is analyzed in a polar coordi-
nate system because of rotational symmetry of the
spray configuration. For computational convenience,
the recorded images (with a nominal center of symme-
try at the nozzle position) are transformed into a
Cartesian image with polar coordinates along the axes,
based on linear interpolation (we will refer to this as a
direct space image; see Figure 4).

To determine the angular stratification, the intensity
is radially averaged, and the average is plotted as a
function of polar angle u. The top right of Figure 4
shows typical behavior of a PPC combustion by apply-
ing this method to an instantaneous OH* bandpass
frame. Based on that the range of u can be divided into
seven equal segments, representative of seven combus-
tion clouds (seven injector holes).

Referring to Figure 4, the angular stratification,
Stru, of each image is defined as

Stru =
1

n

Xn

i=1

Imax � Iminð Þi
Imax+ Iminð Þi

ð1Þ

where n is the number of injector holes (comparable to
an angular wave number) and Imax (Imin) is the maxi-
mum (minimum) radially averaged intensity in the
polar angle range of the ith angular segment
((i� 1)3 2p=n : i3 2p=n). Based on this definition,
the motion of the combustion clouds due to swirl
through these fixed angular segments does not affect
the final stratification result, since the range of each
angular segment is actually equal to the angular

Table 3. Specifications of the camera and optics.

Camera Lambert HiCAM 5000
(built-in intensifier)

Imaging sensor 8 bits CMOS
Resolution (bottom) 352 3 352 pixel2

Field of view (bottom) 65 3 65 mm2

Resolution (side) 256 3 512 pixel2

Field of view (side) 45 3 90 mm2

Frame rate 7200 fps
Exposure time 25 ms
Intensifier gain (bottom) 72%
Intensifier gain (side) 58%
Objective lens UV Bernhard Halle

Nachfl. 100 mm f/2

CMOS: complementary metal-oxide semiconductor.

Figure 2. Schematic of the optical engine and OH* bandpass
imaging setup.

Figure 3. Transmittance (top) and optical density (bottom) of
the optical filters used for OH* bandpass imaging.
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wavelength of combustion clouds (2p=n). The differ-
ence of the maximum and minimum radially averaged
intensities is normalized by the sum of them.11 This
way of normalization, used in equation (1), limits the
stratification level between 0 and 1 and gives the oppor-
tunity to compare different cases.

To analyze radial stratification, for each radius (r),
the intensity is averaged over all angles (u). A typical
example is illustrated in the bottom left part of
Figure 4. The radial stratification, Strr, for each indi-
vidual image is defined as

Strr =
(Imax � Imin) 0:R½ �
(Imax+ Imin) 0:R½ �

ð2Þ

where R is the radius of the FOV (0.03m in this study),
and Imax (Imin) is the maximum (minimum) angularly
averaged intensity over all possible radii.

To analyze the vertical stratification from the side
view images, the intensity is averaged over the horizontal
position and is plotted as a function of vertical position
for individual crank angle degrees (CADs) (Figure 5).
First, the area of analysis is defined based on the piston
position. Referring to Figure 5, the vertical stratification,
Strz, of each image is calculated according to

Strz =
(Imax � Imin) 0:pp½ �
(Imax+ Imin) 0:pp½ �

ð3Þ

where pp is the piston position relative to the cylinder
head, and Imax (Imin) is the maximum (minimum) hori-
zontally averaged intensity over the area of analysis.

Fourier-based stratification. The intensity-based method,
described in the previous section, is highly sensitive to
noise by considering local intensities, and its outcome
is not always informative, as will be discussed in section
‘‘Validation.’’ To overcome the deficiencies of this
method, a Fourier analysis–based stratification defini-
tion, that is explicitly considering combustion structure,
is proposed and explained in this section.

The Fourier-based method basically focuses on the
spatial frequencies (Spatial frequency is a characteristic
of a periodic structure across position in space. In a
two-dimensional (2D) image, spatial frequency is
defined by the number of cycles of alternating dark and
light bars per degree of visual angle.22) in a certain
FOV. For ease of calculation, the recorded images
(bottom view only) are again transformed into M 3 N
direct space images, as above. In these images, the hori-
zontal axis corresponds to polar angle, the vertical axis
to radius. Over this 2D spatial domain, the discrete
Fourier transform is applied based on equation (4) (see
also Figure 6)

F u, v½ �=
XM�1

m=0

XN�1

n=0

I m, n½ �:e�i2p um
M + vn

Nð Þ ð4Þ

where I[m, n] represents the intensity of pixel [m, n] in
direct space, and F[u, v] represents the contribution of

Figure 4. Typical behavior of intensity as a function of polar
angle and radius for PPC combustion. Top left: original OH*
bandpass image at a certain CAD, top right: radially averaged
intensity as a function of angle; the shaded region corresponds
to one of the seven combustion clouds, bottom left: angularly
averaged intensity as a function of radius, bottom right: image
transformed into a Cartesian image with polar coordinates along
the axes (direct space image). The graphs are derived from the
bottom right image.

Figure 5. Typical behavior of the horizontally averaged intensity as a function of vertical position for the side view images.
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spatial frequency pixel [u, v], in which u and v represent
angular and radial frequency components, respectively.
Note that the origin (0, 0) in the direct space image is
at the top left corner, while in the Fourier space image,
it is located in the center.

In direct space, the sampling unit is 1 pixel, corre-
sponding to 2p/M (rad) (horizontal) or R/N (m) (verti-
cal), so the spatial frequencies in Fourier space are
limited to the intervals 6M/2 rad21 and 6pN/R (units
of m21), respectively. Because the sampling in direct
space is discrete, the sampling in Fourier space is dis-
crete as well, with spatial frequency units correspond-
ing to 2p/(full range), where the full range corresponds
to 2p rad (horizontal) and the bowl radius of 0.03m
(vertical), respectively. Note that the center of the fre-
quency domain represents the lowest frequency (Direct
Current value), while the edges represent the highest
frequencies.22

Not all spatial frequencies in the Fourier domain are
related to combustion stratification. Low spatial fre-
quencies correspond to large-scale variations, whereas
the high spatial frequencies are largely due to noise.
Hence, an intermediate spatial frequency range, A,
should be selected, the signal energy of which (EA)
should be used to characterize the combustion stratifi-
cation. This EA should be properly normalized by the
maximum possible signal energy. Thus, the normalized
stratification will be independent of the camera and
intensifier settings, and allows to compare the combus-
tion stratification obtained from different cameras and
imaging methods (or any image format, as a result of
numerical methods).

Whereas the informative signal energy EA is calcu-
lated from the Fourier space image, the maximum sig-
nal energy used for normalization can be calculated
from the direct space image. Parseval’s theorem can be
used to relate the signal energy, E, of an image in the
spatial and frequency domains22

E=
1

MN

XM=2

u=�M=2

XN=2

v=�N=2
F u, v½ �j j2 =

XM�1

m=0

XN�1

n=0

I m, n½ �j j2

ð5Þ

Writing

I m, n½ �= km, n 3 Imax04km, n41 ð6Þ

and using that the mean intensity of an image follows
from

Imean =
1

MN

XM�1

m=0

XN�1

n=0

I m, n½ � ð7Þ

Parseval’s equation can be rewritten as

E=
XM�1

m=0

XN�1

n=0

I m, n½ �j j2 = Imax
2
XM�1

m=0

XN�1

n=0

km, n
2

4Imax
2
XM�1

m=0

XN�1

n=0

km, n = Imax MN3 Imeanð Þ defEmax

ð8Þ

in which the inequality could be introduced because
k2m, n4km, n. Equation (8) shows that the signal energy
is always smaller than or at most equal to a particular
value, denoted as Emax. This Emax can be objectively
calculated from the direct space image and is propor-
tional to the mean intensity of this image. Note that
Imax is the maximum pixel count for all combustion
cycles and frames. The redistribution of pixel values
inherent in the Cartesian-to-Polar transformation
serves to suppress the effect of noise on Imax. The nor-
malized Fourier-based stratification, StrF, is now
defined as

StrF =
EA

Emax
ð9Þ

Finally, the range A, containing the informative spa-
tial frequency components, remains to be determined. A
is a central portion of the Fourier plane, covering the
frequencies physically relevant for stratification. In prin-
ciple, it can have arbitrary shape, as long as it excludes
the higher, noise-related frequencies. We choose it to be
circular, as in Figure 7(a) (and will show later that this is
not very critical). The relevant signal energy based on
this spatial frequency range is calculated by

EA =
1

MN

X

u, vð Þ2A
F u, v½ �j j2 ð10Þ

To specify the radius of spatial frequency range A,
we divide the images in concentric rings around the ori-
gin, each 1-pixel wide. The signal energy is then calcu-
lated over each ring of radius k (similar to equation
(10)), and the results are plotted as a function of k (spa-
tial frequency). This is done for different CADs of the
PPC combustion event illustrated in Figure 10 (case C).
The result is shown in Figure 7(b). Two peaks are
observed. The first peak, at k=1, corresponds to the
radial structure of the burning sprays, each filling
about one quarter of the cylinder diameter, and the sec-
ond peak, at k=7, corresponds to the angular periodi-
city of the seven sprays. On this basis, EA is evaluated
for the spatial frequency range of 14kA42n, where n

Figure 6. Transformation from the spatial domain to the
frequency domain.
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represents the number of injector holes (see section
‘‘Effect of the considered spatial frequency range’’ for
more discussion). Based on this spatial frequency
range, all critical spatial frequencies of a stratified com-
bustion are covered in the stratification definition,
while the effect of noise is minimized by eliminating
high spatial frequencies.

Validation

Two sample images, shown in Figure 8(a) and (b), are
constructed to check the functionality of the Fourier-
based method described in the previous section. Both
images are composed of the same number of black (0)
and white (1) pixels. As a result, both images have the
same mean intensity and the same root mean square
(RMS) fluctuation (the square root of mean square of
pixel intensity fluctuations relative to the mean inten-
sity). Their structure, however, is obviously very differ-
ent. Figure 8(a) is a cartoon of typical PPC behavior
(based on a seven-hole injector) like case D as shown in
Figure 8(c), while Figure 8(b) represents an essentially
homogeneous distribution, similar to typical HCCI
behavior like case A, as illustrated in Figure 8(d). Both
intensity-based stratification analysis (angular and
radial stratification) and Fourier-based stratification
analysis are implemented to extract the level of stratifi-
cation from these images. The intensity-based method
simply fails to distinguish between these two sample
cases (a and b). Since there are radially averaged and
angularly averaged intensities of 0 in both images,
angular and radial stratifications equal 1 for both
images (see equations (1) and (2)). However, Fourier-
based stratification clearly distinguishes the stratifica-
tion levels of these two sample images, showing a (1)
stratification level of 0.62 for the stratified image (2)
against a stratification level of 0.009 for the homoge-
neous image. For real OH* bandpass images of case A

and D, it can also be seen that Fourier-based stratifica-
tion can better distinguish between these two cases.
From a physical point of view, this is fully understand-
able. RMS- and contrast-based methods do not specifi-
cally look at structure, but summarize integrated
fluctuations. Fourier analysis, however, identifies spa-
tial structure on various scales. For stratification analy-
sis, which is all about structure, the latter is obviously
the method of choice.

Results and discussion

OH* bandpass imaging has been performed for both
bottom and side view. All the presented results in this

Figure 7. (a) Typical spatial frequency domain for a PPC combustion image at a given crank angle degree and (b) signal energy as a
function of radius kA of the circular area A indicated in Figure 7(a) for a sequence of crank angle degrees.

Figure 8. Sample images: (a) stratified and (b) homogeneous
distributions of pixel values of 0 and 1. OH* bandpass images:
(c) case D at CA50 and (d) case A at CA50.
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section are the mean values over 30 measurement
cycles, but error bars are omitted from intermediate
results for the sake of clarity. However, a high level of
repeatability is observed for the experimental points as
can be seen in final results (Figure 13).

Figure 9(a) shows the temporal heat release rate
behavior for different injection timings (cases A–D of
Table 2). As can be seen in this figure, the peak heat
release rate does not correlate in a unique way with the
injection timing. Case A with start of injection (SOI) at
2340 �CA can be classified as an HCCI point. Cases C

and D represent PPC points with different charge stra-
tification levels (injection timings at 225 and 215 �CA,
respectively), whereas case B with SOI at 2100 �CA
can be considered as a transition point from HCCI to
PPC.

In Figure 9(b), the normalized mean intensity and
the heat release rate are compared for the injection tim-
ing of 2100 �CA (case B of Table 2). The very similar
behavior of the heat release rate and the mean intensity
shows the accuracy of OH* bandpass imaging as an
indicator of heat release. However, for late injections
(PPC points), a longer tail is observed for the mean
intensity in comparison with the heat release rate, which
is probably due to soot luminosity transmitted through
the optical filters. The combination of optical filters
used in this study is relatively transmissive in the region
around 500nm (the optical density increases from
10215 to 1025 in this wavelength region; see Figure 3).

OH* bandpass images around CA50 are demon-
strated in Figure 10 for different operating conditions.
Based on eye inspection, it can be seen that port fuel
injection (case A) results in the most homogeneous
combustion; while by retarding the injection timing
toward 215 �CA after top dead center (ATDC) (case
D), the combustion stratification increases.

Angular, radial and vertical stratification

The images captured from below are used to determine
both angular and radial stratification, while side view
images are used to determine the vertical stratification.
Results of the combustion stratification for different
injection timings are demonstrated in Figure 11. As
expected, the stratification levels of PPC combustions
(SOI of 215 and 225 �CA) are higher than those of
HCCI-like combustion (SOI of 2100 �CA and port
injection), due to the shorter ignition delay which limits
the fuel–air mixing process. For the late injections,
however, the maximum angular, radial and vertical

Figure 9. (a) Rate of heat release (ROHR) for different
injection timings and (b) comparison of pressure, ROHR and
normalized mean intensity for SOI of 2100 �CA.

Figure 10. Representative bottom view OH* bandpass images around CA50 ( + 8 �CA) for different cases (A–D).
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stratifications reach values close to 1, which does not
allow to distinguish between SOI of 215 and 225 �CA.
For early injections, the maximum level of stratification
exceeds 0.4, which is relatively high, especially for the
port fuel injection case, which is supposed to result in
homogeneous combustion. Figure 10 shows that radial
lines and circles with mean intensities close to 0 (black
color) can be easily found for all cases. This means that
Imin in equations (1) and (2) tends to 0, which automati-
cally increases the stratification level toward 1, even for
HCCI case A (discussed in section ‘‘Validation’’ in rela-
tion to Figure 8(b)).

As a noteworthy fact, a relatively high level of strati-
fication is observed around 45 �CA for PPC combus-
tion strategies. This is caused by afterburning of the
fresh fuel–air mixture coming out of the crevice vol-
ume.11 This crevice fuel does not burn under the low-
temperature combustion conditions of HCCI cases.
Obviously, the crevice fuel does not significantly con-
tribute to the heat release. However, small intensity
variations in chemiluminescence images can easily
increase the intensity-based stratification level, as

discussed in the previous paragraph. When comparing
the results of the angular, radial and vertical stratifica-
tions, it is observed that the vertical approach leads to
the highest stratifications. The weak combustion close
to the relatively cold cylinder head and piston crown
brings down the minimum vertical intensity close to the
0 during a combustion event and hence yields a rela-
tively large Strz (equation (3)).

Fourier-based stratification

The results of the Fourier-based stratification analysis
for both bottom and side view imaging are illustrated in
Figure 12. It is observed that the level of stratification is
close to 0 for HCCI combustion strategies, while for
PPC combustion, the stratification level is significantly
higher. There is a good level of distinction between stra-
tification levels for SOI 215 and 225 �CA (higher stra-
tification for later injection), illustrating how, contrary
to the previous definitions, this Fourier-based definition
allows to compare stratification levels of different PPC
strategies. The weak afterburning near the cylinder
walls does not have a significant effect on the stratifica-
tion in the Fourier-based analysis, as it should, because
it does not significantly contribute to the heat release.
The level of stratification is also 0 for images in which
nothing is detected. It indicates that the method is sensi-
tive to the temporal behavior of heat release rate, while
it is not particularly sensitive to noise and insignificant
intensity variations. The reason for this improvement
offered by the Fourier-based stratification definition is

Figure 11. Time-resolved (a) angular, (b) radial and (c) vertical
stratification analysis for several injection timings.

Figure 12. Time-resolved Fourier-based stratification analysis
for various injection timings and (a) bottom (b) and side view
images.
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twofold. The method focuses on the signal energy in the
low-frequency part of the spectrum (thus disregarding
noise), and the normalization is based on the highest
possible signal energy, which provides a meaningful
and objective outcome. Note that the Fourier-based
stratification metric does not follow the order found in
the peak heat release rates as can be seen by comparing
Figures 9(a) and 12(a), while the temporal behaviors
are similar. This also implies that for controlling the
peak heat release rate, an optimum stratification level is
needed and quantification of combustion stratification
can be used as a tool for this optimization. The higher
stratification level of case C has lowered the peak heat
release rate compared to case B (an almost homoge-
neous case). However, the higher stratification level of
case D compared to case C has increased the peak heat
release rate apparently because higher local equivalence
ratios close to stoichiometric are achieved.

Fourier-based stratification analysis is performed
for the side view images as well, in their original coordi-
nate system (Figure 12(b)). For SOI of 215 �CA, the
stratification level drops around 10 �CA, but this is due
to an experimental artifact, namely, overexposure of
the camera (overexposure essentially reduces the signal
energy and the stratification level). Initially to eliminate
the effects of camera intensifier gain factor on results
of different methods, gain was kept constant for HCCI
and PPC points. This caused the overexposure for SOI
215 �CA, while lower intensifier gain factors could
strongly decrease the signal intensity of HCCI combus-
tion strategies. However, the Fourier-based stratifica-
tion method is independent of the camera and
intensifier settings as discussed; hence, variable intensi-
fier gain factors can be implented in future studies.

Figure 13 shows the maximum Fourier-based strati-
fication achieved in a cycle as a function of ignition
delay. Here, the ignition delay is defined as the differ-
ence between SOI (command) and CA10. It is observed
that for increasing ignition delay, the combustion stra-
tification decreases. Regarding PPC points with small
ignition delays, the lower stratification level of side
view images is due to the overlap of individual

combustion clouds in the line-of-sight imaging in side
view. Similar stratification levels are obtained for lon-
ger ignition delays, since the homogeneity is then inde-
pendent of the line-of-sight. Obviously, the results of
imaging from below are more reliable considering the
distinction of individual combustion clouds.

The results presented in this study might seem con-
tradictive to the results obtained in the previous work.11

In that study, it was stated that the combustion stratifi-
cation decreases by retarding the SOI from 225 �CA to
TDC. However, the CA50 was not kept constant for
different injection timings in the previous work,11 while
the emphasis of this study is on the influence of ignition
delay by keeping the CA50 constant.

Effect of the considered spatial frequency range

The Fourier-based stratification definition is based on
a specific spatial frequency range (f : 14kA42n) to
suppress noise and to focus only on frequencies which
are making up the stratified combustion (Figure 7).
The effect of the considered frequency range is illu-
strated in Figure 14, where the combustion stratifica-
tion based on the whole frequency domain is compared
to the stratification based on the considered frequency
range. Figure 14 confirms that the Fourier-based strati-
fication method is not sensitive to high-frequency com-
ponents. Apparently, their energy is low in comparison
with the energy of low frequencies. However, analyzing
the sample images of Figure 8 shows that the extension
of the frequency range to infinity increases the Fourier-
based stratification level of homogeneous image
(Figure 8(b)) from 0.01 to 0.32, since the energy of high
spatial frequencies is significant in that image (pixel to
pixel variations), while it does not have any effect on
the stratified image (Figure 8(a)), since the energy of
high spatial frequencies was almost 0 in that image.

Conclusion

OH* bandpass imaging was performed in order to ana-
lyze the combustion in a light-duty optical engine. The
objective of this study was to evaluate different metrics

Figure 13. Maximum combustion stratification (Fourier-based)
versus ignition delay for both bottom and side view imaging.

Figure 14. Effect of the considered spatial frequency range.
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to quantify ‘‘combustion stratification’’ of PPC. A new
methodology is proposed based on the spatial fre-
quency domain of OH* bandpass images to quantify
the combustion stratification. Regarding this method,
the following is concluded:

� Fourier-based stratification analysis is an objective
method to compare the stratification of different
combustion strategies, ranging from homogeneous
HCCI combustion to stratified PPC combustion,
and it clearly distinguishes those two regimes.

� Fourier-based stratification analysis of OH*
bandpass-filtered images corresponds to the tem-
poral behavior of heat release rate (not the peak
orders) as an indicator of the combustion, whereas
other definitions clearly do not.

� Low spatial frequencies contribute to the majority
of the signal energy and combustion stratification.

� The rejection of high spatial frequencies renders the
Fourier-based method relatively insensitive to
noise.

� Results confirm that combustion stratification gen-
erally drops by increasing the ignition delay.
However, there is an optimum combustion stratifi-
cation level in the PPC regime where the peak heat
release rate can be the lowest.

The method can also be implemented to analyze fuel
stratification, based on, for example, fuel tracer laser-
induced fluorescence (LIF) measurements or other fuel-
mixing indicator methods.
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Appendix 1

Notation

CA50 crank angle at 50% burn
CH2O* electronically excited formaldehyde
CO2* electronically excited carbon dioxide
HCO* electronically excited formyl
OH* hdroxyl radical (electronically excited)
NOx nitrogen oxides
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