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Abstract
The scope of this work is the development of a

measurement technique that enables contactless thermo-
metry of single free-falling acetone droplets. A tempera-
ture dependence of the overall phosphorescence signal on
the liquid acetone temperature is exploited. The fluores-
cence signal is merely influenced by acetone temperature.
Therefore the phosphorescence/fluorescence signal ratio
depends on a wide range of temperatures. The ratio is
independent of pulse to pulse laser energy variations and
fluctuations in the laser beam profile. For excitation a laser
wavelength of 320 nm is chosen for an increased absorp-
tion length.

Liquid acetone phosphorescence shows strong non-
linearity upon excitation laser energy density. Therefore an
extensive study in bulk liquid acetone is conducted to
identify the parameters to prepare for well-controlled tem-
perature measurements. These parameters and an estimate
for the accuracy and precision of the measurement tech-
nique are given.

1 Introduction
Recent developments in combustion systems lead to

increased ambient pressures and temperatures during fuel
injection. The liquid fuel’s thermodynamic critical point is
sometimes exceeded by the ambient conditions in terms of
pressure and temperature. Numerical and experimental
methods to describe the transition from liquid fuel to gase-
ous fuel/air mixtures are scarce under these conditions.

An experiment with a single free-falling acetone droplet
in nitrogen atmosphere at pressures and temperatures in
the vicinity of acetone’s critical point (pc= 47 bar, Tc =
508 K) is set up. It is used to develop and adapt measure-
ment techniques to the mentioned conditions and to gain a
better understanding of the underlying droplet dynamics.

The temperature of the evaporating droplet during free-
fall is a parameter of great interest. Well established optical
methods for droplet temperature measurements cannot be
applied due to different reasons. The rainbow technique
[1] is limited to spherical droplets. The global rainbow
method [2] is based on droplet ensembles. At near-critical
conditions surface tension is reduced to such degree that
even small droplets oscillate considerably. Two-colour
laser-induced fluorescence (LIF) [3] requires the addition
of a tracer dye. As the influence of such tracers on the

thermodynamic equilibrium close to the critical point is
unknown, results obtained by this technique require
verification.

LIF of acetone vapour has been investigated in detailed
by several groups [4-6] and it is widely used for
concentration measurements and gas phase thermometry.
Acetone absorbs uv light in a broad spectral region
followed by emission of fluorescence (lifetime of a few
nanoseconds) and phosphorescence (lifetime in the micro-
second regime). If the gas surrounding the droplet con-
tains oxygen it will quench only the phosphorescence but
not the fluorescence of the acetone vapour due to signifi-
cant difference in lifetimes. This mechanism was investiga-
ted by Tran et al. [7] aiming for a method to distinguish
between liquid and gaseous phase at near-critical con-
ditions.

The decay time of liquid acetone phosphorescence does
not only depend on oxygen concentration but also on tem-
perature. This temperature dependence potentially can be
exploited for acetone droplet temperature measurements;
this potential is investigated in this work.

2 Experimental Setup
For droplet experiments a pressure chamber is used

that can be operated up to 60 bar. Optical access is
provided from four directions. The chamber can be heated
up to 550 K. The identical chamber can be used for
calibration measurements in bulk pure liquid acetone. For
this purpose it can be equipped with a special window
that guides the laser beam to the measurement volume
avoiding significant absorption by liquid acetone prior to
the region of interest.

The ratio of phosphorescence and fluorescence signals
induced by the same absorption event is measured. The
signal ratio is insensitive to shot-to-shot laser energy
fluctuations, inhomogeneities in the beam profile and
lensing effects at the droplet surface. However, it is a
prerequisite that both signals scale linearly with laser
energy density.

The experimental setup is depicted in Figure. 1. The dye
laser is operated with DCM in ethanol and allows wave-
length tuning between 308 and 325 nm. The laser pulse
energy is adjusted by a diffractive beam attenuator bet-
ween 0.05 and 5 mJ/pulse without affecting the beam pro-
file. The pulse length is approximately 5 ns.
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The Gaussian beam is vertically extended by a
cylindrical telescope and its maximum is cut out by a
vertical slit (6 by 0.8 mm). 2 % of the laser pulse energy is
reflected by a 20 mm thick quartz block onto a highly
sensitive energy meter. The vertical slit is imaged into the
measurement volume by two spherical lenses using a 4f-
arrangement. The laser pulse energy in the measurement
volume is up to 600 µJ corresponding to an average laser
pulse energy density of 12 mJ/cm² while the beam profile
is an almost ideal top-hat.

The signal is split by a 70/30 beam splitter. 70 % of the
signal is imaged onto an image intensifier that is equipped
with an interline CCD camera. 30 % is detected by an
identical camera operated without an image intensifier.
Both camera objective lenses are of identical type (180 mm,
f/3.5). Fluorescence and phosphorescence of acetone have
almost fully overlapping emission spectra and can only be
separated temporally by gating in the nanosecond regime.
The gated image intensifier is used to capture the
phosphorescence signal with a 10 µs gate starting 20 ns
after the laser pulse maximum. The second camera records
the entire luminescence signal with an overall exposure
time of 200 µs.

Recording the overall luminescence signal instead of
fluorescence only simplifies the measurement setup as it
requires one instead of two image intensifiers. Since the
luminescence signal is dominated by fluorescence at
elevated temperatures the result is expected to be identical
if the signal ratio measured in droplet experiments is
consistent with calibration.

Figure 1 Experimental setup: 1 mirror, 2 attenuator, 3 cylin-
drical lens, 4 slit aperture, 5 quartz plate, 6 energy meter,

7 spherical lens, 8 pressure chamber, 9 beam splitter,
10 intensified CCD camera, 11 CCD camera.

3 Results and discussion
As the primary prerequisite the linearity of fluorescence

and phosphorescence are investigated in bulk liquid
acetone. The wavelength is set to 320 nm as this has been
identified as a suitable wavelength in terms of absorption
length for droplets with a diameter of approximately
1 mm. In previous measurements [8] the phosphorescence
signal showed a strongly non-linear dependence on laser

energy density already at values below 10 mJ/cm². In
contrast, the fluorescence was observed to be linear up to
the maximum laser energy tested (50 mJ/cm²).

The dependence of the overall phosphorescence signal
on the laser energy density is displayed for different
temperatures in Figure 2. Polynomials of first and fourth
order are fit to the scatter plots by the least-square method.
While the linear fit is applied to energy densities up to
0.5 mJ/cm² the fourth order polynomial is fit to the entire
dataset. At 296 K a linear dependence is observed only for
energy densities of less than 0.5 mJ/cm². With increasing
temperature, at 383 K, the linear range extends to energy
densities beyond 2 mJ/cm². Above 423 K phosphorescence
signals become linear independent of laser energy density.
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Figure 2 Liquid acetone relative phosphorescence signal
versus laser energy density at 58 bar.

In Figure 3 the phosphorescence/luminescence signal
ratio is plotted over the laser energy density for each laser
shot. Each scatter plot consists of 350 measurements.
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Figure 3 Phosphorescence/luminescence signal ratio of liquid
acetone at 58 bar for 320 nm excitation wavelength
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At laser energy densities below 0.1 mJ/cm² the scatter
plots spread due to low signal to noise ratio. Close to the
critical temperature (508 K) the spreading occurs already
at 0.5 mJ/cm² due to the very low phosphorescence signal.
For future single droplet temperature measurements in
near-critical conditions the droplet temperature is expected
to be at minimum 100 K below the critical point of acetone.
Therefore, the laser energy density is chosen to a maxi-
mum of 1 mJ/cm² for the following considerations.

To convert measured phosphorescence/luminescence
ratios to droplet temperatures, a calibration curve is re-
quired. This calibration curve is displayed in Figure. 4. It is
based on measurements by the intensified camera only to
make sure that no inaccuracies (slight differences in
vignetting or any other disturbances) in the imaging cause
any systematic errors in the calibration. Using a single
camera the signal ratio is derived from individual laser
shots because phosphorescence and luminescence signals
are recorded from consecutive measurements. To obtain a
calibration independent of pulse energy density the phos-
phorescence/luminescence signal ratios are averaged and
corrected by the ratio of the corresponding average pulse
energy densities. The calibration curve is fitted by a fourth
order polynomial to interpolate in-between the discrete
sampling points.

The deviation between calibration curves obtained from
different regions of interest and laser pulse energy regimes
is taken as an estimate for the accuracy of the presented
temperature measurement technique. It yields values of
2 K maximum uncertainty up to 473 K, 3 K at 483 K and
5 K between 493 and 507 K. The precision is derived from
laser pulse correlated signal ratios of both cameras at laser
energy settings between 0.5 and 1 mJ/cm². The standard
deviation of the signal ratio at constant temperature
corresponds to an uncertainty in temperature of less than
2 K between 403 K and 473 K and increases to 7 K at 507 K.
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Figure 4 Calibration curve for liquid acetone at 58 bar for
320 nm excitation wavelength

4 Conclusions and Outlook
A novel technique is presented to measure tempera-

tures of acetone droplets. The method is limited to a tem-

perature range between 400 K and 508 K (Tc) and the laser
excitation energy density has to be chosen carefully to
guarantee a linear behaviour of the phosphorescence
signal. In future experiments the technique is applied to
droplets, both in non-evaporating conditions at constant
temperature to further explore the limits of the new
methodology and to evaporating droplets. An exemplary
fluorescence droplet image is illustrated in Figure 5.

Figure 5 Fluorescence of a single acetone droplet in nitrogen
at 483 K and 58 bar for 320 nm excitation wavelength.
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