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INTRODUCTION

The injection system of a modern direct injection (DI) Diesel engine plays an important role on the mixture
preparation, hence on power, fuel consumption and emissions, which are directly influenced by the atomisation of the
spray in the engine cylinder. Detailed knowledge of the interaction between the liquid spray and the surrounding gas is
necessary in order to understand the atomisation process, and is required for validation of modern CFD codes and to
provide initial/boundary conditions for predictions. However, the exact influence of the injection system and injection
parameters on the spray breakup is not yet fully understood. It is well known that spray atomisation is not solely
controlled by interfacial forces between the liquid fuel and the surrounding gas. The breakup behaviour close to the
nozzle exit (primary breakup) is rather a result of the internal flow conditions at the nozzle exit, such as velocity
profile, turbulence and cavitation. These issues are responsible for initiating first perturbations on the spray surface.
These first perturbations are the basis for further breakup processes (secondary breakup) being controlled by the
intensity of momentum exchange with the surrounding gas phase. Consequently all other subsequent processes such as
evaporation, spray/wall interaction with the piston bowl, ignition and finally combustion are dependent on the primary
spray atomisation [1].

Quantitative experimental data about spray properties close to the nozzle exit is difficult to obtain, the high speeds
and microscopic dimensions of the fuel jets making the application of most measurement techniques extremely
challenging. High-speed photography has been used extensively to characterise Diesel sprays, but can only reveal
information about the spray surface, which contains only a small fraction of the total injected fuel mass [2]. The phase
Doppler technique has previously been used to measure droplet velocities in high-pressure Diesel sprays, but its range
is limited to distances from the nozzle exit well above the spray’s breakup length [3, 4, 5]. Laser Correlation
Velocimetry (LCV, or Laser-2-Focus-Velocimetry), a technique originally developed to measure velocities in seeded
gas flows [6, 7], has been adapted by Chaves [8] for application in dense sprays. LCV is well suited for velocity
measurements close to the nozzle exit, but only under atmospheric conditions. With typical distances between spray
and optics of around 10 mm in these experiments [9], it is clear that a straightforward adaptation of these techniques to
measure the velocities of sprays injected inside a pressure vessel is not possible. However, the properties of the medium
into which the fuel is injected have considerable influence upon the generation and propagation of the spray. It is
therefore desirable to modify the LCV technique in such a way that velocities can be measured in the dense primary
breakup zone of a Diesel spray injected into a gas whose density and/or back pressure approximate typical conditions
found in a DI Diesel engine at the time of injection.
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ABSTRACT

The injection system of a modern direct injection Diesel engine plays an important role on the mixture
preparation, hence on power, fuel consumption and emissions, which are directly influenced by the atomisation of
the spray in the engine cylinder. Detailed knowledge of the interaction between the liquid spray and the
surrounding gas is necessary in order to understand the atomisation process, and is required by modern CFD
codes to provide boundary conditions for the simulations and to validate them.

However, the high density, high speed and small dimensions of these sprays make measurements of their
properties extremely difficult, especially in the primary break-up region close to the nozzle outlet, and
quantitative data is therefore still rare. Previous authors have reported the use of Laser Correlation Velocimetry
(LCV) to measure spray velocities close to the nozzle exit under atmospheric conditions. For the investigations
presented here, the LCV setup was adapted in order to make velocity measurements at elevated back-pressures
possible. Time-resolved velocity measurements were performed in the primary break-up region of Common-Rail
Diesel sprays, and the results demonstrate that the density of the surrounding gas has a significant direct influence
on spray atomisation.



EXPERIMENTAL SETUP

Working Principles of Laser Correlation Velocimetry

Laser Correlation Velocimetry (LCV) is an application of the time-of-flight measurement principle [6] to dense
liquid sprays. Light coming from two distinct illuminated points in the spray, the detection volumes (DV), is observed
and recorded. The intensity of this light exhibits rapid fluctuations as spray structures, such as ligaments, free droplets
or cavitation zones cross the detection volumes. The signal from the second DV, which is located slightly downstream
of the first, will be similar in appearance to the one from the first DV, since any structure passing the first DV has a
high probability of also passing the second one. The first signal therefore leads the second one by a small time delay ∆t,
which, in conjunction with the known distance ∆x between the two detection volumes, is used to calculate the spray
velocity v as v = ∆x / ∆t. If the size of the detection volumes and their separation are sufficiently small, LCV can be
considered to be a point-measurement technique.

The apparent simplicity of LCV is its main advantage and accounts for its ability to measure spray velocities in
dense sprays. There are no restrictions on nature, size, shape or concentration of the tracer structures, and the only
parameter that needs to be precisely determined is ∆x, which is not difficult to measure.

Figure 1: Setup of the optical system used for LCV: the focal points of two laser beams are used as detection volumes.

A detailed overview of the optical system used at Bosch’s LCV test rig to create the detection volumes and collect
the light coming from them is given in Figure 1. The beam from a cw-HeNe-Laser is split into two beams with a very
low separation angle (0°10’) by the Wollaston prism W1. The intensity of both beams is approximately equal, since the
laser light’s polarisation is changed from linear to circular using a quarterwave plate (λ/4). The two beams are then
expanded by a first lens L1 and focused into the centre of the chamber by a second lens L2, thus creating the two small
detection volumes. Prior beam expansion is necessary in order to minimise the size of the foci: if the laser beams
entering the focusing lens (L2, focal distance f2) are parallel or nearly parallel and have a 1/e2-radius w2, the beam waists
in the focus are given by
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λ being the laser wavelength [10]. The lens L2’s focal length f2 is then also the distance between the focusing lens and
the focal points. It is therefore desirable to keep f2 small (which requires a very compact pressure vessel) and to
increase w2. In the setup of Figure 1, to save space, the laser beams, which are divergent after passing L1, are not
parallelised before being focused into the chamber. However, Eq. (1) is still a useful approximation of the relationship
between the beam radius in the focus and the properties of the focusing lens.

To collect the light coming from the DVs using two different detectors, the separation between the two beams needs
to be increased, which is done using a second Wollaston prism W2. The DVs are mapped into these detectors
(Avalanche Photodiodes, or APDs) by the optical system consisting of the lenses L3, L4 and L5.

Test-Rig Description

The test-rig on which the LCV experiments are carried out is based on a Common-Rail application. Standard
calibration oil, whose properties (especially density, viscosity, surface tension) are very similar to those of Diesel fuel,
but specified within a narrower range, is used. Rail pressures up to 135 MPa are provided by a CP1 pump. The pressure
vessel (Figure 2) is mounted on a traversing table equipped with stepper motors and can thus be moved freely in the
horizontal plane. The position of the detection volumes along the vertical direction can be adjusted by moving the
optics focusing the laser light into the pressure chamber. This makes velocity profile measurements at different
distances from the nozzle exit possible.

The distance between the two focal points, located in the centre of the pressure vessel, was measured to be
∆x = 70.5 µm, the 1/e2-beam diameters were estimated at 2w0 ≈ 12 µm, which is sufficiently small to resolve the spatial
structures of the spray.

The signals from both APDs are amplified and frequency filtered using a band-pass filter (with -3dB points at 64
kHz and 4 MHz), then recorded using a digital storage oscilloscope with 8-bit resolution at a sampling rate of
100 MHz. Subsequently, these records are transferred to a computer for evaluation, where they are divided into small
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time windows, for each of whom the time delay between the signals is calculated
using a cross correlation algorithm ([9], a detailed description of the evaluation
and validation method can also be found in [11], an error-analysis is carried out
in [12]).

The pressure vessel and spray traps were designed in such a way that they can
accommodate three-hole nozzles, which are a good approximation of standard
multi-hole nozzles. However, a one-hole nozzle oriented in forward direction
was used for the first experiments with this test-rig, which will be presented in
the following sections. The nozzle diameter at the outlet is 154 µm, the spray
hole itself has a k-factor and a high degree of hydrogrinding. Energisation
timing of the solenoid valves was chosen in such a way that maximum needle lift
was just achieved.

Figure 2: LCV pressure vessel; the total length of the chamber along the optical
axis is 150 mm, maximum back-pressure is pB = 5 MPa. Spray traps inhibit the
deposition of fuel droplets on the windows, and fog formation is prevented by a continuous gas flow inside the
chamber. Changes of the refractive index of the chamber gas, which is proportional to its density, are compensated by
an appropriate correction of the chamber position along the optical axis.

RESULTS

In the following section, velocity measurements conducted under identical conditions, except for the injection
pressure pI and back-pressure pB, which has been varied between atmospheric conditions and 2 MPa of pure N2 at room
temperature (corresponding to a gas density of ρg = 23 kg/m3, typical for diesel engines near top-dead centre at high
part-load conditions), are presented. For first investigations, the injection pressure was chosen as low as possible
(pI = 22 MPa), resulting in the best possible signal-to-noise ratio. Further investigations were conducted at pI = 80 MPa,
a typical injection pressure at part-load in Common-Rail Diesel engines.

Velocity Measurements at pI = 22 MPa, pB = 0.1 MPa and pB  = 2 MPa

Figure 3 shows velocities recorded at different distances r from the spray axis and at different back-pressures pB.
Each data point shown is an average calculated from 30 different injections, the error bars represent the standard
deviations. Corresponding shadow images of the sprays are depicted in Figures 4, 5. The appearance of the fuel jets
emerging from the nozzle exit is not different for the two investigated back-pressures. Since large-scale cavitation does
not occur in the spray hole under the investigated conditions, it seems reasonable to conclude that the nozzle flow is not
qualitatively different for pB = 0.1 and 2 MPa. However, the influence of the surrounding medium on spray atomisation
is obvious, as both the length of the undisturbed liquid column is shortened and the size of the structures separated from
the spray core is reduced at elevated back-pressure.
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Figure 3: Spray velocities as a function of time, pI = 22 MPa, h = 1.9 mm, at pB = 0.1 MPa (left column) and
pB = 2 MPa (right column), for different distances r from the spray axis. At elevated back-pressure, signal-to-noise
ratios were too low at the beginning of injection (t = 500-1000 µs), making valid velocity measurements impossible.



Figure 4: Shadow images of the spray, pB = 0.1 MPa, at the beginning, during steady-state and at the end of injection.

Figure 5: Shadow images of the spray, pB = 2 MPa, at the beginning, during steady-state and at the end of injection.

The rapid rise and drop of spray velocities at the beginning and end of the injections is due to the fact that, for a
short moment during the opening and closing phases of the needle, the spray hole is not the narrowest effective flow
area (needle throttling, Figures 4, 5 at t = 0.75 and 2.5 ms). During the quasi-steady-state phase of the injection, at full
needle lift (around t ≈ 1.75 ms), the velocity reaches a value close to vBERNOULLI. This velocity corresponds to a lossless
exit from the nozzle, and it is also shown in the diagrams (Fig. 3). The speeds measured in the dense spray core are
much higher than the maximum spray tip velocities shown in Figure 6a. The large shot-to-shot fluctuations of measured
velocities that are observed in the dilute region beyond the spray boundary at r = 150 µm (Figures 3, 4, 5), especially
between t = 1 and 2.4 ms, where maximum velocities are detected near the dense spray core ( |r| ≤ 100 µm), can be
attributed to droplets that have been separated from the main spray.

Velocity Profiles at pI = 22 MPa, h = 1.9 mm

Velocity profiles are obtained by plotting the average spray velocity during a given time period for different radial
distances from the spray axis (Figure 6b). Comparing the profiles recorded under atmospheric conditions and in dense
atmospheres, it becomes apparent that the region close to the spray axis with near constant velocity is narrower and no
longer symmetric around r = 0 at elevated back pressure. Secondary breakup tends to amplify any irregularities of the
nozzle flow; greater asymmetries should therefore be expected at higher gas densities. The velocity gradients in the
interaction zone are steeper: droplets detected at higher distances from the spray axis have been separated from the
main spray for a larger amount of time, and have therefore lost more speed due to drag in the dense gas.
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Figure 6a: Spray tip penetration at pI = 22 MPa (for
every value of pB, high-speed videos from two
distinct injections were evaluated). Velocity
measurements at h = 1.9 mm are in good agreement
with LCV values (first detected velocity for each of
the curves of Figure 3).

Figure 6b: Velocity profiles for pI = 22 MPa
(averaged between t = 1.5 and 2 ms), h = 1.9 mm.
With vBERNOULLI > 200 m/s, velocities measured in
the dense spray using LCV are much higher than the
maximum spray tip velocities.
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Velocity Measurements in the Spray-Gas Boundary at pI = 80 MPa, pB = 0.1 and  2 MPa

At an injection pressure of pI = 80 MPa, it was not possible to measure complete velocity profiles of the spray
(Figure 7b). Both under atmospheric conditions and at elevated back pressure, the signal-to-noise ratio in the dense
regions near the spray axis (r → 0) was too low. Velocity data is only available for the dilute regions near and beyond
the spray-gas interface, which extend to much larger distances r from the spray axis than at pI = 22 MPa. However,
even the velocities measured in these regions are much higher than the maximum spray tip velocities (Figure 7a.) The
missing velocity data near the centre of the spray make interpretations of the remaining data more difficult, as the exact
location of the spray axis is unclear. Backlit images of the spray (Figs. 8a1, 8b1) and root-mean-square (RMS) images
of different injections show that the dense spray core (bright areas in 8a2, 8b2) has a slightly higher cone-angle at
pB = 2 MPa, which explains why valid LCV measurements could be found farther from the spray axis at pB = 2 MPa.

Both the LCV results and the backlit images show significant differences between the atomisation zones beyond the
dense spray: under ambient conditions, the optical density is lower than at high pB, but the width of the interaction zone
is much higher. The velocity gradient is much steeper at high pB. As in the previously discussed cases with
pI = 22 MPa, this is caused by higher aerodynamic drag.
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Figure 7a: Spray tip penetration for
pI = 80 MPa. The measured spray tip
velocities are much lower than the velocities
measured near the spray boundary
(vBERNOULLI > 430 m/s). An increase of the
spray tip velocity is not expected at higher
distances from the nozzle exit [14].

Figure 7b: Velocity profiles for pI = 80 MPa,
h = 1.9 mm, at full needle lift.

For pB = 2 MPa, the velocity gradient is much lower for ∆r ≥ 340 µm – just beyond the interaction zone of
Figure 8a2 – than in the interaction zone, around ∆r = 320 µm. The velocity fluctuations in this region are very high,
but unlike in the case pI = 22 MPa (especially at pB = 0.1 MPa), discussed previously, where the fluctuations were due
to shot-to-shot variations, the velocities change drastically from one time window to the next, within one single
injection. The shadow images show practically no droplets in this region, which suggests that the velocities detected
there by LCV should be attributed to small droplets (radius < ~1 µm) that have been separated from the dense spray for
a sufficiently long time to lose most of their velocity.

Figure 8: Shadow images of the spray, at pI = 80 MPa, full needle lift.
a2 and b2 are root-mean-square images, where darker areas indicate higher shot-to-shot variations. The dark lines
around the spray core correspond to the regions of highest spray-gas interaction. The narrow interaction zone in a2
corresponds to the region with the highest velocity gradient in Figure 7b, at 2 MPa back-pressure.
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SUMMARY

The investigations presented here have proven that, using the described LCV implementation, velocity
measurements under high back-pressure conditions in the dense primary breakup zone of a Diesel spray are feasible.
These results are complemented by high-resolution spray images, as LCV alone gives no unambiguous information
about the density of the spray, which is essential for an in-depth interpretation of the atomisation process. The
experiments carried out until now do not yet cover the full parameter range (pI, pB, location of the DV) of Diesel
applications. In some cases, it has not been possible to perform valid measurements due to insufficient signal-to-noise
ratios. Further improvements in the recording equipment and in the methods to evaluate the APD signals are necessary
in order to perform velocity measurements at higher pI and in sprays of even higher density (i.e. closer to the nozzle
exit and to the spray axis).

LIST OF SYMBOLS

Symbol [SI unit] Description Symbol [SI unit] Description
f [mm] focal length vBERNOULLI [m/s] Bernoulli velocity
h [mm] axial distance from nozzle exit vMax [m/s] maximum (spray tip) velocity
pB [MPa] chamber back pressure w0 , w2 [µm] beam waists (1/e2-radius)
pI [MPa] fuel injection pressure ∆t [µs] time-delay
r, ∆r [µm] radial distance from spray axis ∆x [µm] separation of the detect. vols.
t [ms] time after start of energisation λ [nm] laser wavelength
v [m/s] axial (spray) velocity ρg [kg/m3] chamber gas density
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