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Abstract. The feasibility of liquid-phase velocity measure-
ments in dense sprays by 2D laser-based flow tagging is
demonstrated. Velocity measurements in dense sprays are
difficult with conventional techniques because of the high
number densities of droplets, the optical thickness of the
medium, and multiple light-scattering effects. The present
flow-tagging technique is based on phosphorescent tracer
molecules, which are excited by a grid of pulsed ‘write’
laser beams. The motion of the tagged droplet groups can
be observed by a CCD camera in this way. In addition, mul-
tiple consecutive velocity measurements are performed by
‘droplet-group tracking’. This yields the acceleration along
the trajectory of individual groups of droplets in unsteady
sprays.

PACS: 47.27.-i; 42.62.Fi; 47.55.Kf

Well-established laser techniques such as phase Doppler
anemometry (PDA) and particle-image velocimetry (PIV) are
frequently used to measure spatially and temporally resolved
droplet velocities in sprays [1]. However, severe difficulties
are encountered when these techniques are applied to dense
sprays. PDA suffers from high number densities of droplets
and beam steering in high-temperature environments [2]. PIV
is not applicable when the spray is so dense that the detected
signal is strongly affected by multiple light scattering [3]. PIV
requires that individual particles are resolved, and this be-
comes impossible when strong multiple scattering results in
considerable image blurring. In addition, PIV suffers from
strong out-of-plane motion, for example, in swirling sprays.

It should be noted that dense sprays are technically im-
portant. For example, high-pressure swirl injectors, generat-
ing dense hollow-cone sprays, are currently being developed
for automotive direct-injection spark-ignition engines [4, 5].

It is demonstrated in the present study that droplet-
velocity-field measurements can be performed in such dense
sprays by laser-based flow tagging. Previous flow-tagging
techniques are discussed elsewhere [6–13]. Most of these
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techniques require two laser pulses, i.e., ‘write’ and ‘read’
laser pulses, because they are based either on formation
of tracer molecules by photodissociation, destruction of
fluorescent parent molecules by photodissociation (‘bleach-
ing’), or molecular pump and probe mechanisms [6–11].
In contrast, flow tagging can also be performed by a sin-
gle laser pulse when phosphorescent substances are used as
the tracer [12, 13]. These techniques are therefore particularly
attractive. The spatial position of the laser-excited phospho-
rescent substances is recorded by a gated camera after being
convected by the flow. The use of phosphorescent substances
also allows the performance of multiple consecutive velocity
measurements within the phosphorescence lifetime. Thus, the
trajectory and acceleration of fluid elements can be deter-
mined. This yields additional information, in particular in
unreproducible, turbulent flows. It is demonstrated in this pa-
per that ‘droplet-group tracking’ can be done in this way.

It was mentioned above that PDA and PIV encounter
severe problems in dense sprays. In contrast, a laser flow-
tagging technique is hardly affected by multiple light scat-
tering when the distance and width of the tag lines are wide
enough, so that they can still be resolved. Beam attenuation
does not affect the feasibility of the technique, as long as
the tag lines are recognized. Laser-beam steering is not an
important factor because the spatial positions of the ‘write’
laser beams can be recorded. Therefore, laser flow tagging
can be performed in dense sprays. This was demonstrated
previously, when the velocity field of the gas phase was meas-
ured in a dense spray [11]. It should also be noted that strong
out-of-plane motion is not problematic in most flow-tagging
experiments. Thus, it is possible to do the measurements, for
example, in dense swirling sprays. It is also noteworthy that
the three velocity components in a plane can be measured by
stereoscopic flow tagging [10].

1 Experimental

Initial measurements have been performed in a hollow-cone
gasoline direct-injection spray. The prototype swirl injector
and electronics were supplied by S. Arndt (Robert Bosch
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GmbH, Stuttgart). It has been operated with 50 bar rail pres-
sure in room air. Ethanol has been used as the fuel. The
measurements have been performed at 1 ms after trigger-
ing the injector, i.e., in the fully developed spray pulse
(pulse length: 1.5 ms) The maximum droplet density is about
5×106 /cm3 in the probe volume. The Sauter mean diam-
eter of the droplets is d32 ∼ 15µm [14] (thus, the average
droplet spacing at maximum density is∼ 4d32). This spray is
comparable to previously investigated sprays, in which PIV
measurements proved to be difficult [3].

The flow-tagging set-up is outlined in Fig. 1, but the de-
tector is not shown. An image-intensified double-frame ‘pro-
gressive scan’ CCD camera (PCO Sensicam) is employed as
the detector. It is capable of recording two images with a de-
lay down to∼ 1µs. The gated image intensifier also acts as
a shutter in front of the recording system with a minimum
gate length of∼ 100 ns. It is clear that the gate length deter-
mines the extent to which a phosphorescence image is blurred
during the exposure time.

A Mie scattering image that has been recorded with a thin
laser sheet in the central plane of the spray is included in
Fig. 1 to demonstrate the field of view and the orientation of
the spray. The field of view (33 mm×44 mm) has been im-
aged onto the CCD camera at a right angle by using a spheri-
cal focussing mirror (f = 35 cm,d = 25 cm, aluminum).

The central region of the spray is illuminated by a ‘write’
laser grid as shown in Fig. 1. A frequency-quadrupled
(266-nm) Nd:YAG laser (Spectra Physics) is used as the laser
source. Two sets of ‘write’ laser lines, each∼ 1 mm×2 mm
in diameter (∼ 70µJ/pulse), are created by splitting and fo-
cussing the beam of the Nd:YAG laser (Spectra Physics),
basically by using two arrays of 15 cylindrical lenses
( f = 30 cm).

Flow tagging is performed in this work by using phospho-
rescent molecules as mentioned in the introduction. A lan-
thanide chelate (Tb3+-dipicolinic acid, Molecular Probes) dis-
solved in ethanol (10−3 M) is employed in the present experi-

injector

Fig. 1. Experimental set-up. The intensified CCD camera is not shown. In-
stead, a Mie scattering image is included showing the spray at 1 ms after
triggering the injector. Only the first vertical write-laser beam on the left-
hand side is used for the acceleration measurements

ment. Lanthanide chelates are frequently used for time-
resolved luminescence measurements, for example, in biol-
ogy [15, 16]. The lifetime of the terbium chelate is roughly
1 ms. It exhibits a broad absorption peak around 280 nm. The
phosphorescence occurs at two sharp peaks at 491 nm and
545 nm [16], which are both collected by the camera system.

Biacetyl is another interesting phosphorescent molecule
that may be used for flow-tagging measurements in
sprays [13]. However, there are at least two drawbacks com-
pared to lanthanide chelates. First, phosphorescence from
biacetyl is easily quenched by oxygen. Thus, the medium
must be free of oxygen. Secondly, some of the biacetyl may
leave the droplets in the spray due to its high vapor pressure.
Thus, some of the phosphorescence may arise from the gas
phase and, consequently, there might be cross-talk with the
velocity of the gas phase (this problem may be overcome by
exploiting phosphorescence quenching by oxygen in the gas
phase).

It was mentioned in the introduction that the instanta-
neous position of the ‘write’ laser lines must be measured in
the spray if they are affected by beam steering. This can be
done by recording laser-induced emissions (phosphorescence
or elastic scattering) att ≈ 0. It is clear that this calibration
image must be acquired in each individual measurement if
beam steering fluctuates from pulse to pulse. The double-
frame camera mentioned above has been used for this pur-
pose. However, it can be assumed that the position of the
laser beams in the spray is reproducible from pulse to pulse in
most applications (compare [11]). Thus, it is also possible to
record the calibration image once in advance. Consequently
the double-frame option of the camera could be used for
instantaneous acceleration-field measurements by recording
two images att1 > 0 andt2 > t1.

However, the trajectory and acceleration of individual
droplet groups is measured by acquisition of a series of
phosphorescence images in a single frame using the gated
image intensifier in the present work (‘droplet-group track-
ing’). Only one of the write-laser beams shown in Fig. 1 is
used in that experiment in order to avoid overlap of the phos-
phorescence signals from neighboring beams in the image.

2 Results and discussion

Figure 2 shows a pair of typical phosphorescence single-shot
images measured in the spray with a delay of∆t = 15µs.
Both images have been measured in an individual spray pulse
using the double-frame camera described above. There is no
residual Mie scattering in these images because both have
been recorded after the laser pulse. Figure 2a has been meas-
ured at 1–6µs after the laser pulse, and Fig. 2b has been
measured at 16–21µs after the laser pulse (gate length: 5µs).
The hollow-cone structure of the spray can be nicely seen
in these images. The phosphorescence signal-to-noise ratio is
very high (> 100) in the droplet mainstream, i.e., close to the
edge of the spray cone. In contrast, the signal-to-noise ratio is
poor in some regions around the spray axis, in particular close
to the nozzle, due to low droplet density.

The displacement field of the distorted grid in Fig. 2b with
regard to the initial grid in Fig. 2a yields the instantaneous
droplet-velocity field. The displacement field is found by em-
ploying an optical flow algorithm [17]. The resulting instanta-
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Fig. 2. Pair of phosphorescence single-shot images recorded in a single
spray pulse with a delay of∆t = 15µs

neous velocity field is given in Fig. 3. One of the ‘branches’ of
the droplet mainstream is indicated by a straight line in Fig. 3.
The velocity-magnitude profile along this line is plotted in
Fig. 4. The maximum drop velocity found in the mainstream
is ∼ 90 m/s. Much smaller drop velocities are found in the
inner region of the spray where the droplet density is low.
This can be explained by the fact that the droplets in the in-
ner region of the spray are generally smaller than those in
the mainstream, because they follow the entrainment air flow

Fig. 3. Instantaneous droplet-velocity field resulting from the image pair
in Fig. 2

more easily [4, 11]. It is clear that smaller droplets are decel-
erated more rapidly than larger droplets.

The instantaneous velocity field was found to be quite
reproducible from pulse to pulse. In particular, the standard
deviation of the instantaneous velocity measurements in the
droplet mainstream is in the range 5%–10%. It can be seen
in Fig. 4 that the velocity-magnitude profiles in the main-
stream of an instantaneous and an averaged measurement are
indeed very similar, in particular close to the nozzle. This im-
plies that the relative error of the instantaneous measurements
is also smaller than 5%–10%, at least in these regions with
high signal-to-noise ratio. The mean velocity and standard-
deviation fields will be discussed in more detail in a forth-
coming paper. The spatial resolution of this technique will
also be discussed in a forthcoming paper. Briefly, the reso-
lution is at least half the spacing of the tag lines, i.e.∼ 1.6 mm
in the present application.

The velocity distribution in the droplet mainstream is not
as uniform or smooth as one might expect. This can be seen
in particular in Fig. 4. There are a number of significant and
reproducible velocity peaks and valleys in the droplet main-
stream. Most of these structures are clearly resolved, since
they are larger than the spatial resolution of∼ 1.6 mm. How-
ever, the appearance of these structures does not imply that
the droplets were accelerated in some regions when they
travel in the mainstream. Instead, it will be demonstrated in
the following that this velocity distribution is caused by un-
steady effects.

It was mentioned above that ‘droplet-group tracking’ can
be performed by a series of instantaneous velocity meas-
urements within the lifetime of the phosphorescent tracer.
A typical unprocessed CCD image is given in Fig. 5. It re-
sults from 10 exposures (∆t = 40µs, gate length= 3µs) after
a single laser pulse. Only one of the write-laser beams is
used in this experiment, which is indicated in Fig. 5. A well-
defined group of droplets in the upper branch in the droplet
mainstream is illuminated by this laser beam. The vertical ex-
tension of the droplet group is limited by the dimension of
the droplet distribution in the upper mainstream. This results
in a number of well-resolved phosphorescence spots in the
image in Fig. 5. It can be seen in the image that the illumi-
nated droplet group in the lower branch is not as well defined

Fig. 4. Velocity-magnitude profile along the straight line in Fig. 3 (d is the
distance from the nozzle). An instantaneous measurement and the average
of 20 instantaneous measurements are given
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Fig. 5. ‘Droplet-group tracking’: unprocessed multi-exposure image meas-
ured after a single laser pulse using a single laser beam (∆t = 40µs)

due to an unfavorable angle of the laser beam with regard to
the lower mainstream. Thus, only the upper branch is consid-
ered in the following.

Measured images like Fig. 5 turned out to be quite re-
producible. A corresponding profile from an image averaged
over 10 measurements is also given in Fig. 6. It can be seen
that it is quite similar to the ‘instantaneous’ measurement, al-
though the phosphorescence spots are blurred.

It is clear that the position of the phosphorescence spots
and their spacing represent the trajectory and instantaneous
velocities of the illuminated droplet group. It can be observed
in Fig. 5 that the trajectory can be approximated by a straight
line (dotted line). An image-intensity profile along this line
(‘d axis’) is plotted in Fig. 6. At least six phosphorescence
spots can be seen in Figs. 5 and 6. The intensity of these
spots decreases from left to right, basically because of the
dispersion of the droplet group (see below) and due to the
phosphorescence decay. It can also be seen in Fig. 5 that
these spots are sitting on a broad background (∼ 200 arbitrary
units, compare Fig. 6) that arises basically from multiple light
scattering.

Fig. 6. Unprocessed image-intensity profile along the dotted line in Fig. 5
(‘instantaneous’) and corresponding profile from an image averaged over 10
measurements (‘mean’);d is the distance from the nozzle

The first six phosphorescence spots in Fig. 6 yield five
consecutive velocity measurements, which are plotted in
Fig. 7. The accuracy of these measurements can be esti-
mated to be∼ 5% on the average, based on the displace-
ments and the uncertainty to determine the center of the
phosphorescence spots [11] (Fig. 6 shows clearly that the
error of the measurements closer to the nozzle is smaller
than the error of the measurements further downstream).
The data in Fig. 7 show that the deceleration,a, is uniform
(within the measurement uncertainty) across the field of view
(a = −1.4×105 m/s2). It should be noted that this velocity
profile is significantly different to the instantaneous profile in
Fig. 4, which has been determined in the same region. Con-
sequently, the large ‘oscillations’ of the velocity found in the
instantaneous (and mean) velocity fields, in particular close
to the nozzle, are due to unsteady spray behavior. This means
that the droplet velocity field within each spray pulse is time-
dependent, for example due to variations in the fuel flow
through the nozzle. However, these variations are found to be
quite reproducible from pulse to pulse as seen in Fig. 4.

The ‘droplet-group tracking’ measurements also yield in-
formation on the dispersion of individual droplet groups. The
extension of the droplet group is approximately given by the
width (FWHM) of the phosphorescence spots. The measure-

Fig. 7. Five consecutive velocity measurements resulting from Fig. 5 and the
‘instantaneous’ image-intensity profile in Fig. 6

Fig. 8. Width of consecutive phosphorescence spots as a function ofd
(distance from the nozzle). The data are averaged over 20 ‘single-shot’
measurements (compare Fig. 5)
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ment shown in Fig. 5 has been repeated 20 times and the data
have been averaged over this ensemble in order to reduce the
noise. The resulting FWHM (in the direction of the d axis)
is given in Fig. 8. It can be seen that the width of the droplet
groups increases continuously by a factor of∼ 2 over a dis-
tance of 14 mm. Such information can be used to study the
droplet–gas and droplet–droplet interactions in the spray.

3 Summary and conclusions

It is demonstrated that instantaneous droplet-velocity fields
can be measured in dense sprays by the present flow-tagging
method. In comparison to well-established techniques, such
as PDA and PIV, the present technique is much less affected
by multiple light scattering, beam steering and beam attenua-
tion in optically thick two-phase flows.

The flow-tagging technique based on a phosphorescent
tracer can in principle be performed by a single laser source
and a single-frame camera. It is noteworthy that the technical
effort of typical double-pulsed PIV measurements is higher.

Furthermore, it is demonstrated that the trajectory and
acceleration of individual droplet groups can be determined
by a number of consecutive velocity measurements. This
yields additional information on the dynamic motion of the
droplets and the interaction with the gas phase. The latter
can be studied more thoroughly by combining the present
technique with the gas-phase velocimetry method proposed
previously [11].

We also did flow-tagging measurements in the dense
spray close to a wall in order to investigate spray–wall inter-
action. Such results will be presented in a forthcoming paper.
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