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ABSTRACT We report on spatially and temporally resolved
optical diagnostic measurements of propagation and com-
bustion of diesel sprays introduced through a single-hole
fuel injector into a constant volume, high-temperature, high-
pressure cell. From shadowgraphy images in non-reacting
environments of pure nitrogen, penetration lengths and dis-
persion angles were determined for non-vaporizing and va-
porizing conditions, and found to be in reasonable agree-
ment with standard models for liquid jet propagation and
break-up.

Quasi-simultaneous two-dimensional images were ob-
tained of laser elastic light scattering, shadowgraphs and spec-
trally integrated flame emission in a reacting environment (cell
temperature 850 K). In addition laser-induced incandescence
was employed for the identification of soot-loaded regions.
The simultaneously recorded spray images exhibit remark-
able structural similarity and provide complementary infor-
mation about the spray propagation and combustion process.
The measurements also reveal the fuel vapor cloud extending
well beyond the liquid core and close to the nozzle tip. Ignition
takes place close to the tip of the spray within the mixing layer
of fuel vapor and surrounding air. Soot is formed in the vapor
core region at the tip of the liquid fuel jet. Our results support
recently developed phenomenological model on diesel spray
combustion.

PACS 42.62.Cf; 42.62.Fi; 82.33.Vx

1 Introduction

Because of their efficiency diesel engines offer
great advantages in comparison with other internal combus-
tion concepts for purposes of transportation. However, due to
increasingly stringent exhaust gas legislation, aimed at reduc-
ing environmental and health concerns (notably involving soot
and NOx), a deeper understanding of the physico-chemical
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mechanisms of diesel combustion processes is mandatory.
Essential features of the combustion process of a diesel fuel
spray, such as vaporization, ignition and soot formation, have
therefore to be identified for wide ranges of operating condi-
tions.

In diesel engines spray evolution is strongly influenced
by fuel injector design and characteristics (nozzle geome-
try, injection pressure, etc.) and ambient conditions in the
combustion chamber (temperature, pressure, turbulence in-
tensity, etc.). This concerns the propagation and dispersion
of a high-speed liquid fuel jet into a mostly turbulent high
density gaseous environment, its break-up into droplets, va-
porization and ignition. On their turn these processes affect the
subsequent combustion, soot formation and exhaust gas emis-
sion. Since in practice these phenomena are highly unsteady,
the unravelling of correlations between different scalars ne-
cessitates simultaneous observation of as many parameters
as possible during one single spray injection event. Conse-
quently, optical techniques constitute a useful tool for in situ
diagnostics of these processes with high temporal and spa-
tial resolution. Combustion strategies for the reduction of
soot and toxic emissions in diesel engines might also ben-
efit from such in situ observation of mutual dependencies
between reactive and non-reactive scalars. Besides gaining a
deeper understanding of, e.g., soot/flame interactions during
the combustion process, multi-scalar imaging will help in the
validation of existing spray propagation models [1, 2], and
assist in the interpretation of the outcomes of diesel engine
combustion modelling [3].

In the present work a combination of several optical imag-
ing techniques—flashlight shadowgraphy (SG), laser elastic
scattering (LES) and chemiluminescence imaging—were ap-
plied quasi-simultaneously, i.e., within a temporal window
that is short relative to the characteristic time scales of spray
evolution. Experiments were performed in an optically acces-
sible, constant volume high-temperature, high-pressure cell.
In addition, laser induced incandescence (LII) was applied to
visualize soot in the spray combustion process. Together with
its valve-operated inlet and outlet ports this test facility pro-
vides measurement conditions that approach a realistic diesel
combustion cycle near top dead centre (8 MPa, 520–850 K
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before combustion) with the benefit of reduced complications
for optical access to the combustion chamber of real produc-
tion engines [4–6].

2 Measurement techniques

Various optical and laser spectroscopic tools were
applied to gather a multitude of complementary information
related to the spray propagation and combustion processes.
The techniques used in the present study are described briefly
below.

Shadowgraphy (SG) experiments [7] image the spray
against a uniformly lit background. These images depict re-
gions of a spray that exhibit lower transmittance to a back-
ground light source—due to scattering, absorption and deflec-
tion of light. Alternatively, in laser elastic scattering (LES)
[8] two-dimensional imaging from a region within a thin light
sheet is possible in a direction perpendicular to the sheet.
In the gas phase, LES provides a two-dimensional image re-
lated to the density of the scattering medium. For gas com-
positions of which the individual species concentrations and
respective scattering cross sections are known, temperatures
can be evaluated from LES signal intensities, if the latter are
calibrated in known environments. After careful calibration,
Espey et al. obtained quantitative two-dimensional fuel vapor
phase distributions during spray propagation in an optically
accessible diesel engine cylinder [9]. With a similar technique
Andersson et al. performed quantitative imaging of fuel equiv-
alence ratios in DME sprays introduced into hot atmospheres
of a combustion vessel [10]. In laser-induced incandescence
(LII) particles (typically in the size range of 1–100 nm) are
heated close to their vaporization temperature by absorption
of radiation from a strong laser pulse and their thermal radi-
ation intensity is recorded in a narrow spectral range during
or shortly after the exciting laser pulse. LII is commonly
applied for the determination of the local particle volume
fraction, such as soot in flames [11–13] and exhaust streams
[14]. This information can be inferred from an analysis of the
energy and mass balance in the particle ensemble, account-
ing for absorption of radiation, and cooling by evaporation
or sublimation, radiation and heat conduction [15, 16]. Size
distribution measurements are also possible via the tempo-
rally resolved LII signal intensity [16–18]. Finally, imaging
the spectrally integrated chemiluminescence (CL) intensity
(spatially or temporally resolved) from electronically excited
species and/or thermal soot radiation provides a global im-
pression of spray ignition, combustion and soot production
[19].

3 Experimental setup

3.1 High temperature high pressure optical cell

Figure 1 depicts an outline of the test facility in-
cluding the constant-volume (110 mm high, 40 mm internal
diameter) combustion cell made of a high strength stainless
steel alloy, which is optically accessible via four sapphire win-
dows with 40 mm diameter clear aperture in each side wall. It
is equipped with gas intake and exhaust valves and a common-
rail fuel injector. This allows the observation of transient liquid

FIGURE 1 Sketch of the test facility employed, including high-temperature
high-pressure optical cell and gas/fuel supply system. SW: sapphire window,
TI: thermal insulation, IV: inlet valve, OV: exhaust valve, TC: thermocouple,
PS: pressure sensor, PSw: pressure switch, MV: magnetic valve, RD: rupture
disk, PR: pressure relief valve

fuel injection/combustion events over a broad range of initial
gas pressures (<8 MPa) and temperatures (<850 K) [20–22].
Valve timings and fuel injection can be varied within ranges
typical for internal combustion engines, and optical access
does not suffer from complications imposed by a moving
piston.

The cell can be loaded with compressed gas mixtures,
e.g., nitrogen or air, which are pre-heated and pressurized
in a 12 l autoclave system connected to the inlet port via a
pneumatic valve. The whole device is heated electrically by
several heating cartridges (cell body: 4 × 2 kW, connecting
gas supply tube: 6 × 800 W) and heating wires (autoclave).
Gases are introduced via a cam-shaft driven valve in the inlet
port and exhausted through a pneumatically operated valve,
respectively, thus simulating a diesel engine combustion cycle
without piston movement. A low-aromatic diesel fuel (DEA
TT 1420, at atmospheric pressure its end boiling point is
approx. located at 360◦C) was introduced through a single
hole, mini-sac type nozzle (length-to-diameter ratio: 4, hole
diameter: 150 µm) by a fuel injector (Ganser Hydromag AG,
Zürich) with electronic valve timing control. The fuel is pres-
surized with a pneumatically operated piston pump (Heilmeier
& Weinlein, München), which allows injection pressures up
to 150 MPa. For measurements at higher initial gas temper-
atures (850 K) additional heat release was provided through
pre-combustion of a pilot fuel injection (nozzle opening time:
4 ms) 20 ms before the main injection event (3 ms duration).
A fast pressure sensor (Kistler, mod. 6061B) and a thermo-
couple (Ni/CrNi, 100 µm diameter) were installed close to
the fuel injection nozzle in the combustion chamber to record
transient events in the gas mixture. Depending on the choice
of initial parameters, the operation of a whole experimental
cycle (autoclave gas fill, opening of connecting valve for inlet
port fill, inlet valve actuation, fuel injection, exhaust valve
opening) takes 2–4 s and is fully under computer control.
The injection/combustion cycle is only initiated if the con-
tinuously polled temperature and pressure readings from all
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FIGURE 2 Top view of experimental arrangement for multiscalar imag-
ing in the spray combustion cell. Time resolved recording of cell pressure,
temperature, chemiluminescence, needle lift and nozzle fuel pressure during
a single spray injection/combustion event is done with a photodiode (PD).
The laser beam is directed via a prism beam lift (PBL) through the top cell
window (in the plane of the figure). BS: beam splitter, DR: diffuse reflector,
T, P: temperature, pressure sensor, N: fuel nozzle

relevant parts (cell, nozzle and autoclave) are within preset
limits and safe operating ranges.

3.2 Optical arrangements

LES and LII experiments were performed with
a frequency-doubled Nd:YAG laser (532 nm, 10 ns pulse-
width), whereas for shadowgraphy a Xenon flash-lamp (1 µs
pulse duration) was used (see Fig. 2). The laser beam was
expanded using one cylindrical lens ( f = −30 mm), and sub-
sequently loosely focused by a spherical lens ( f = 500 mm)
into a thin light sheet (0.8 mm thick) across the full width of the
top entrance window of the cell in a plane containing the main
spray propagation axis. A 50% beam splitter allows simultane-
ous imaging with two intensified CCD-cameras (Dicam-PRO,
PCO) through one of the side windows perpendicular to the
laser entrance window. Both cameras were equipped with a
double-framing option to capture two images within an ad-
justable delay larger than a minimum of 500 ns necessary for
data storage. This allowed the recording of up to four im-
ages within less than 1.5 µs. Compared with the relevant time
scales of spray propagation of several 100 µs, these observa-
tions can be considered as instantaneous. A digital delay gen-
erator and coincidence trigger unit synchronized the external
devices with valve and nozzle injection timing. The prompt
LII-signal was detected behind a narrow-band interference fil-
ter (centre wavelength 650 ± 40 nm). Spray penetration was
evaluated from a series of consecutive images of sequential
injections taken with one camera at increasing time delays (in
steps of 10 to several 100 µs) after start of injection (SOI). A
photodiode coupled to a digital storage oscilloscope recorded

spectrally and spatially integrated time-resolved chemilumi-
nescence. Simultaneously, pressure and temperature of the
gas as well as the needle lift signal during fuel injection were
captured for each injection event.

4 Results and discussion

4.1 Non-reacting spray injection

Spray propagation in high-density gaseous envi-
ronments without combustion was studied for non-vaporizing
and vaporizing conditions by fuel injection into pure nitro-
gen at temperatures of 520 and 850 K, respectively. SG and
LES images for these conditions, a gas pressure of 4 MPa and
fuel injection pressure of 100 MPa are shown in Fig. 3. SG
and LES images were taken simultaneously with one cam-
era in double framing mode, each with a 100 ns gate opening
time, and firing the Nd:YAG-laser 1 µs after the Xe flashlight.
With a spatial resolution of approximately 0.15 mm/pixel, and
a fluid injection speed of approximately 200 m/s this timing
sequence ensured the recording of temporally frozen events.
For the higher gas temperature (right column in Fig. 3) the
image quality is degraded by refractive index variations due
to hot air convection in the optical path between cell window
and camera objective. From a series of similar recordings at
constant environmental conditions but varying delay between
SOI and firing of the background flash light penetration and
dispersion of the individual spray liquid cores were evaluated.

For the lower temperature case of 520 K, it takes several
milliseconds for a droplet to vaporize [23]. In this case the con-
tour lines in the quasi-simultaneous images of spray shadow
and laser scattering (left column in Fig. 3) exhibit striking
similarities. The outer spray boundary is corrugated due to
the presence of turbulent mixing caused by air entrainment
and mixing with large scale structures from the liquid core.
For vaporizing conditions (850 K, right column in Fig. 3) the

FIGURE 3 Shadowgraph (upper row) and laser scattering images (bottom
row) of diesel fuel spray 0.4 ms after SOI for vaporizing (right column) and
non-vaporizing (left column) conditions. At each temperature images in each
column were recorded during the same injection event using one camera in
double shutter mode, with a gate duration of 100 ns and a time separation
of 1.0 µs between both exposures. Conditions: Pgas = 4 MPa, fuel injection
pressure Pfuel = 100 MPa



1042 Applied Physics B – Lasers and Optics

SG image shows a relatively short and narrow liquid core re-
gion. In the LES image this same spatial area exhibits a high
scattering intensity surrounded by areas of lower scattering
intensity attributed mostly to vaporized fuel droplets. A clear
distinction between fuel vapour and small droplets, however,
is not possible with the employed techniques. Since diesel fuel
vapour exhibits a much larger Rayleigh scattering cross sec-
tion than molecular nitrogen from the bulk gas (σ R(diesel) ≈
100 σ R(N2)) [24] the recorded scattering intensity also con-
tains contributions from the vapor phase.

Following the analysis of Naber et al. [23], the liquid core
region was evaluated by transforming the SG image into a
binary image. The penetration length was then defined as the
distance between nozzle tip and the downstream tip of the
spray cloud projected on the spray propagation axis. A mea-
sure of spray dispersion was defined as the cone angle formed
between the two lines connecting the spray boundary at half
the penetration depth with the cone origin at the nozzle exit.

Examples of penetration length S(t) (squares) and dis-
persion curves θ (t) (triangles) for vaporizing (open sym-
bols) and non-vaporizing (solid symbols) conditions are pre-
sented in Fig. 4. In the dispersion curve the spray angle
first increases to a maximum, which is located slightly be-
fore the spray break-up time (see Eqs. 2, 6 below). For the
lower temperature investigated, the curve slowly declines
again and remains fairly constant throughout the investi-
gated propagation duration, as is also shown by the data
taken at higher temperature. For a nozzle diameter sim-
ilar to ours (0.198 mm instead of 0.150 mm) and a fuel
pressure of 110 MPa Naber et al. [23] give a correlation
between dispersion angle and the ratio of ambient to fuel
densities of tan(θ/2) = 0.31(ρa/ρf)0.19, from which a steady-
state angle of θ = 21◦ can be calculated for a gas temper-
ature of 500K. The apparent discrepancy to our experiment
(approx. 14◦ opening angle, see Fig. 4) is not surprising owing
to the different nozzle hole diameter (33% larger than ours)
and fuel type employed in their experiments. It is also known
that the geometric shape of nozzles has a pronounced effect
on spray characteristics [25].

The experimental data were correlated with semi-
empirical spray penetration models [2, 23] developed for scal-

FIGURE 4 Spray penetration length S(t) (squares) and dispersion angle
θ (t) (triangles) as a function of time after Start of Injection, obtained for a
chamber pressure of 6 MPa and temperatures of 520 K and 840 K, respec-
tively. Pfuel = 100 MPa

ing the propagation characteristics for a number of different
fuel types and a variety of environmental conditions and noz-
zle shapes. In general, propagation of a non-vaporizing fuel
spray in a dense gaseous environment can be subdivided into
four regimes [25]: (a) the ‘opening transient’, which is gov-
erned by the needle tip movement with a corresponding time
dependent effective orifice opening area; (b) the propagation
of the liquid core into the surrounding atmosphere; (c) the
droplet break-up stage, and (d) propagation of the droplet
clouds. According to the model of Hiroyasu et al. [2] experi-
mental data points for penetration length in double logarithmic
plots should fall approximately on straight lines in the range
of propagation phases (b) and (d). Beyond the transient open-
ing phase this model predicts an initial linear increase with
time of the spray penetration length SH(t → 0):

SH(t → 0) = 0.39

√
Pf − Pa

ρf
t (1)

After a ‘breakup time’ of

tb,H = 28.7
d0

√
ρ̃√

(Pf − Pa)/ρf
, (2)

for long times after SOI a square-root time dependence
according to

SH(t → ∞) = 2.95

√√√√√
Pf − Pa

ρa
d0t (3)

is expected. Here, d0 denotes the geometric nozzle hole di-
ameter, and ρ̃ = ρf/ρa the dimensionless density ratio of fuel
and ambient air with pressures Pf and Pa, respectively.

Alternatively, the model of Naber et al. [23] can be applied
to a large variety of fuel types and environmental parameters.
In dimensionless form the time t̃ to reach a penetration depth
S̃ is given by

t̃ = S̃

2
+ S̃

4

√
1 + 16S̃2 + 1

16
ln(4S̃ +

√
1 + 16S̃2) (4)

where df = √
Cad0 is the diameter of the liquid fuel jet at the

nozzle exit, and

Uf = Cv

√
2

Pf − Pa

ρf
(5)

its exit velocity. Furthermore, Ca is the area contraction coeffi-
cient, and Cv a velocity coefficient through which a discharge
coefficient Cd = CaCv is defined. This considers the fluid flow
restriction through the valve orifice opening area during re-
traction of the needle from its seat. Length and time in Eq. 4
are scaled into dimensionless form using df , ρ̃, θ and Uf (for
a full derivation see [23]). Naber et al. define their ‘breakup
time’ tb,N as the ‘transition time’ where t̃ = 1, which leads
to:

tb,N =
√

Ca/2

Cva tan(θ )

d0
√

ρ̃√
(Pf − Pa)/ρf

(6)

In Fig. 5 the measured S(t) data (symbols) for a par-
ticular experiment in the non-vaporizing case (Ta = 520 K,
Pf = 100 MPa, Pa = 4 MPa) are plotted together with results
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FIGURE 5 Experimental (squares) penetration curve together with model
predictions from Hiroyasu [2] (dashed line) and Naber et al. [23] (solid line).
Pfuel = 100 MPa, Pgas = 4 MPa, Tgas = 520 K

from both models above. For our conditions a discharge co-
efficient of 0.4 and a break-up time of 20 µs were derived
from the Naber et al. model, whereas the Hiroyasu model pre-
dicts a tb,H of 66 µs, which corresponds to a breakup length
of roughly 12 mm. As is outlined in [23] Eqs. 2 and 6 reveal
that the Hiroyasu break-up times are a factor of 3.7 larger
than those calculated in the Naber et al. model. Our data more
closely follow the Naber model, although it overestimates
penetration lengths at short injection times, probably due to
the rather slow opening times realized in our nozzle. Also
the opening transient of our nozzle obviously does not allow
a clear distinction of the initial spray penetration behavior
described above.

Similar to findings in [2, 23], for vaporizing conditions at
higher gas temperatures (Ta > 750 K, i.e., above the boiling
point of the fuel) we observe the liquid core penetration to
cease and dispersion to decrease, i.e., the spray liquid length
stays constant with time and exhibits a smaller cone angle (see
Fig. 4). In addition, the LES images indicate a vapour cloud
around and far beyond the liquid jet (see Fig. 3).

4.2 Reacting sprays

4.2.1 Spray penetration, fuel/air mixing and auto ignition.
Combustion was initiated in the cell through self-ignition of
the injected fuel spray in air loads of given temperature and
pressure. Panels c and e in Fig. 6 display the respective tem-
poral history of pressure and temperature for an experiment
performed during combustion of a pilot and main diesel in-
jection with initial air pressure and temperature of 3.2 MPa
and 850 K, respectively, and an injection pressure of 100 MPa.
Nozzle opening durations for pilot (3.5 ms) and main (4 ms)
injection event can approximately be deduced from the si-
multaneously recorded signals of the needle lift sensor or the
pressure sensor in the fuel line (traces a and b in Fig. 6, re-
spectively). The thermocouple bead is located 20 mm next to
the nozzle tip and protrudes 15 mm into the gas. Therefore, its
reading is not representative for the temperature near the core
of the spray, but rather an indication of a global gas tempera-
ture before injections and after combustion gases have mixed

FIGURE 6 Simultaneous recording of the needle lift signal, rail pressure,
gas pressure, chemiluminescence and gas temperature (panels a–e, respec-
tively) in the combustion vessel during a single spray injection/combustion
cycle. The arrows in panel d mark the start of ignition after pilot and main
injection, which approximately takes place at a gas temperature of 850 K
(horizontal dotted line in panel e). Injection duration: 3.5 ms (pilot), 4 ms
(main). Pgas = 3.2 MPa, Pfuel = 100 MPa

with the residual gas in the chamber. Trace d shows the chemi-
luminescence intensity recorded with the photodiode. The ar-
rows above the chemiluminescence trace mark the beginning
of the first detectable emission signals after injections follow-
ing the respective pressure drop in the fuel line. The auto igni-
tion delay times for pilot and main injection of (3.15 ± 0.10)
ms and (0.36 ± 0.06) ms, respectively, were derived from the
time delays between pressure or needle lift indicators and the
first appearance of chemiluminescence emission. Placing a
uv-transmitting filter in front of the detector qualitatively re-
vealed radiation emitted during the pilot injection phase to be
almost entirely due to flame emission. The rather long auto
ignition delay for the pilot injection is due to the low initial
gas temperature. The CL trace, although changing in shape
and intensity from one cycle to the other, qualitatively exhibits
the displayed temporal characteristic of a two-stage intensity
during the main injection event. Although no spectral filtering
of the detected radiation was performed we attribute the ini-
tial small rise of the emission intensity to first flame emission,
i.e., radical species; the large peak later in the light emission
profile during main injection indicates thermal soot radiation
(see below).

Typical images recorded around 0.5 ms after SOI are
shown in Fig. 7. In these experiments fuel was injected into
4 MPa of air at 780 K, additionally heated to approximately
850 K by the pilot combustion event. Progress of the main fuel
injection was systematically studied by applying shadowgra-
phy. The set of SG, LES and CL images depicted in Fig. 7
was recorded quasi-simultaneously with two cameras. Within
the first gate opening time camera 1 captured the SG image
during the peak of the Xe-flashlight, while the CL image was
recorded 1 µs later during the second gate opening (“double
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FIGURE 7 Shadowgraphy, laser elastic scattering (LES) and chemilumi-
nescence images (from A to C) recorded quasi-simultaneously with two cam-
eras. Camera 1 was triggered at the time of the Xe-flashlight peak, and cap-
tured the shadowgraph image A during the first gate opening time, while the
chemiluminescence signal was registered during a second exposure 1 µs after
this event C. Recording of the LES image B was accomplished with camera
2 triggered at the time of the Nd:YAG laser firing. Reacting spray conditions
0.5 ms after start of main injection event. Initial conditions: Tgas = 850 K,
Pgas = 4 MPa, Pfuel = 103 MPa, pilot injection duration: 3 ms, main injec-
tion duration: 2 ms, 20 ms after pilot injection

framing option”). Camera 2 was triggered in between these
two events to record the 532 nm filtered LES image induced
by the firing Nd:YAG laser. During this stage of combustion
there was no evidence of soot formation, i.e., the emission
features mainly originate from radical chemistry [19]. A se-
ries of similar images taken at different delay times from
SOI (not shown) indicated that the full liquid jet length of
∼24 mm was rapidly built up during the first ∼0.2 ms and
remained fairly constant for the rest of the injection dura-
tion (cf. Fig. 4). At 850 K temperature is high enough for a
significant fraction of the fuel to be transferred to the vapor
phase at the time after SOI the image (panel B) was taken,
and the LES may be dominated by a vapour cloud at the tip
region and surrounding the liquid core upstream, even close to
the nozzle exit. Combustion-related CL emission occurs over
the downstream portion of the vapour cloud, mainly from
within the mixing layer between fuel vapour and surround-
ing air. Inspection of the LES and the CL images in Fig. 7
(panels B, C, respectively) suggests that ignition takes place
along the rim of the vapour cloud establishing a diffusion
or partially premixed flame. This early, relatively weak radi-
ation can be ascribed to exothermic chemical reactions [26]
(note: the images were taken before the onset of soot radiation
displayed in Fig. 6, trace d, as the large CL peak after main
fuel injection). Although caution is appropriate in interpreting
experimental results, spectrally selected chemiluminescence
emissions from intermediate species give some indication for
the spatial location of initial heat release due to combustion
[27, 28]. After the start of intense soot incandescence the or-
der of magnitude larger radiation intensity will hamper this
interpretation.

FIGURE 8 Shadowgraph A, chemiluminescence B, laser elastic scattering
C, and LII D images obtained at ∼1 ms after SOI. Same conditions as in
Fig. 7. Images A and B were recorded with camera 1 (with intensifier gates
separated by 1 µs), while image C was taken with camera 2 through a 532 nm
interference filter. Image D was captured with camera 2 (equipped with the
650 nm interference filter) on a separate injection event at otherwise identical
conditions

4.2.2 Premixed combustion and soot formation regions. Fol-
lowing the conceptual model of Dec for spray combustion in
a DI diesel engine [1] the initial soot formation region is situ-
ated near the tip of the fuel-rich, premixed reaction zone of the
vaporized liquid spray core. In our experiments such a zone is
identified approximately around 0.7 ms after SOI, when SG,
LES and CL images indicate changes in the spray combustion
event: the shadowgraphs reveal the appearance of opaque re-
gions within the luminous combustion zone. Simultaneously,
spatial regions exhibiting strong light scattering and thermal
soot radiation in the respective LES and CL images provide
evidence of soot formation. Soot particle concentration and
size continue to increase with combustion progress and are ac-
cumulating in the leading portion of the jet boundaries [1, 29].
This combustion stage is accompanied by a sharp increase of
the CL signal intensity recorded by the photodiode (trace d in
Fig. 6).

Images recorded even later in the combustion cycle (1 ms
after SOI) are shown in Fig. 8. Shadow and chemilumi-
nescence images (panels A, B in Fig. 8, respectively) were
recorded with camera 1 (with gate opening times separated
by 1 µs), while the LES image (C) was captured with camera 2
through the 532 nm interference filter. The LII image (D) was
recorded from a separate injection event at the same delay after
SOI. Because the LII image required filter exchange in front
of the camera lens, in the current setup a quasi-simultaneous
recording with the other images was not possible. The shad-
owgraph image indicates a dense, narrow liquid spray core
and a spatially more spread out cloud downstream where soot
is formed. This is also evident from the chemiluminescence
image, which essentially is dominated by thermal soot radi-
ation. The LES image (C) again shows a close correspon-
dence with the SG image in the soot-loaded as well as the
liquid core region of the spray. Finally, the LII-image (D) also
demonstrates the existence of an extensive soot formation re-
gion downstream of the spray tip. (we attribute the visible
faint “pencil-like” structure extending from the nozzle tip to
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(laser-induced) soot radiation scattered off fuel droplets in the
spray. It is important to note that the SG- and CL-images repre-
sent line-of-sight views from within the focused object space
determined by the aperture and transfer function of the camera
objective, whereas images C and D are two-dimensional cross
sections of the spray/soot cloud spatially integrated within the
the laser sheet thickness (approx. 0.8 mm). Nevertheless, all
three images taken simultaneously exhibit quite similar spatial
features, and they clearly identify soot formation regions in
the combusting vapour cloud downstream of the dense spray
region.

5 Conclusions

A constant volume combustion bomb was con-
structed suitable for detailed optical diagnostics of diesel
fuel spray injection, propagation and ignition in high-density
gaseous environments (T < 850 K, P < 8 MPa). Inert gas or
air is introduced into the cell through a cam-shaft actuated
inlet valve prior to diesel fuel injection. Pre-combustion of a
piloted fuel injection allowed a short-term temperature in-
crease of the pressurized and preheated gas load prior to
the main injection event. As a novelty, quasi-simultaneous
imaging of spray propagation and combustion was performed
using two ICCD-cameras with double framing options. Two-
dimensional flash-light shadowgraphy, laser elastic scatter-
ing and chemiluminescence were applied to investigate vari-
ous phases of fuel propagation and combustion after start of
injection. In addition, soot formation was investigated with
laser-induced incandescence. From the results presented in
this paper, the following conclusions can be drawn:

• The combination of shadowgraphy and laser elastic scat-
tering shows that before spray break-up the shape of the
dense liquid phase region of the spray is similar in the
non-reacting as well as the reacting environment.

• At 4 MPa and temperatures below 550 K the combination
of shadowgraphy and laser elastic scattering indicate that
liquid fuel droplets still exist up to a penetration length
of at least 40 mm (length/diameter ratio = 67, limited by
the optical window field of view). Penetration lengths and
angle dispersion match with scaling predictions from the
literature.

• In the combusting spray the combination of laser elas-
tic scattering, shadowgraphy, chemiluminescence emission
and LII indicate initial soot formation near the tip of the
spray cloud.

In conclusion, our spray combustion cell allows the study
of multiphase flows and combustion of sprays within parame-
ter ranges relevant in diesel engines. The quantitative evalua-
tion of LII image data and time-resolved LII signal intensities,
i.e., the determination of soot volume fraction and mean par-
ticle size, will be future tasks in the research work performed

with the optical cell [30]. Further efforts have to be directed
towards improved image spatial resolution and the statistical
evaluation of image data.
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