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Abstract 
The evaporation of atomized liquid fuel is one of the key parameters which control combustion process. The 
droplet characteristics are critical information to validate numerical models which describe the dynamics of 
spray. There are several techniques used to extract the geometrical properties of the droplets (i.e. diameter, ve-
locity) but relatively few for the thermal-properties. Global Rainbow Technique (GRT) has been successfully 
used to measure the temperature evolution of N-heptane droplets in a V-flame. By analyzing the global rainbow 
signal the average temperature and size distribution of the droplets can be simultaneously obtained. These pre-
liminary experimental data permit to test numerical evaporation code. However, the interest is also to know the 
location of the fuel droplets relatively to the instantaneous flame front and the relative distance between droplets. 
The flame front is visualized by the fluorescent of OH excited by 10 ns laser pulse. Then the challenge is to ex-
tend the GRT to measure the temperature in such short time. This paper introduces a GRT configuration based 
on pulse laser illuminations which permit to record the global rainbow images in 10 ns. In complement to the 
temperature measurement with accuracy of few degrees, the possibility to quantify the relative position of the 
droplets is demonstrated. 

Introduction 
The measurement of the thermal properties of droplets under evaporation is a challenge to improve the com-

bustion efficiency and reduce the pollutant formation. Among other techniques, the Global Rainbow technique 
(GRT), which has been introduced by van Beeck et al [1] and later developed by S. Saengkaew [2], gives the 
possibility to measure refractive index (therefore temperature) and size distribution of droplets in sprays under 
combustion [3]. However, the technique is based on the assumption that the particle under study are randomly 
oriented and randomly located in space. These assumptions are perfectly verified when the measurement time is 
long (i.e. when a lot of different particles cross the control volume without any correlation).  A typical global 
rainbow setup is based on a continuous laser illumination and a CCD camera recording. The recording time for 
one global rainbow image is typically equal to 100 ms. Such acquisition times give averaged results but are not 
enough resolved in time to follow fast variation of spray characteristics in unsteady flows such as in hot turbu-
lent flow, turbulent flames or injection in internal combustion engines. 

Then the extension of GRT to pulse illumination is of interest. This paper presents an extension of GRT 
based on YAG laser pulses with duration typically equal to 10 ns. In the next section, the particularities of rain-
bows recorded with a pulsed illumination are presented including the discussion on the accuracy of refractive 
index and size distribution measurements.  Then the possibility to extract the number and relative position of the 
particles creating the rainbow is introduced.  

Characteristic of pulsed rainbow signals and refractive index measurement accuracy 
The major difference between global rainbow signal recorded under continuous illumination or pulsed illu-

mination is that under pulsed illumination the light scattered by the different particles interfere together. Then it 
is not enough to sum up the intensity of scattered light, the amplitude of the light scattered by each of the parti-
cles located inside the control volume must be added together before to compute the intensity. To reach this ob-
jective a code has been written which is based on the near field Lorenz-Mie theory.  

The particularity of the developed code is that for each point of a square detector the six components of the 
electromagnetic field scattered by one particle are computed and saved. This approach permits to take into ac-
count the interferences between a large numbers of particles but the multiple scattering is neglected.  

With pulse laser, fringes are created by the interferences between the light scattered by the different particles 
located in the control volume. For example, figure 1 and 2 compare global rainbows created by a continuous 
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illumination (figure 1) and a pulsed illumination (figure 2). The figure 1 is characterized by a smooth behaviour 
while figure 2 is characterized by a spotty aspect due to the interferences between the light scattered by the parti-
cles. In other words, global rainbow signals created by a continuous illumination have been simulated by sum-
ming the intensity of scattered light while global rainbow signals created by a pulsed illumination have been 
simulated by summing the amplitude of the light scattered before to compute the intensity.

From images as displayed in figure 1 and 2, scattering diagrams (intensity versus scattering angle) can be ex-
tracted, with an average on a given number of horizontal lines to reduce the noise. Such scattering diagrams are 
displayed in figure 3. The scattering diagrams recorded under pulsed illumination displayed very strong and fast 
fluctuations whatever the number of integration lines is (compare figure 3a and 3c). These scattering diagrams 
are processed with the code previously developed for global rainbows created by a continuous illumination [2].  

Table 1 compiles the average refractive index value extracted from the scattering diagrams displays in fig-
ures 3. The measured data and the nominal value of the refractive index (1.333) are in good agreement. 
       Figure 4 compares the size distributions extracted from the scattering diagrams corresponding to several size 
distribution with different illuminations (continue or pulsed) and for a different number of integration lines. 
These measured size distribution can be compared to the nominal size distribution used in the computations. The 
sizes distributions used for the computation are displayed in figure 5. These sizes have been selected according 
to the following law: for the 20 first particles, the size is randomly (uniformly) selected between 30 and 40 µm, 
for the particles 21 to 40 the size is randomly selected between 40 and 50 µm, for the particles 41 to 50 the size 
is randomly selected between 50 and 60 µm, and so one.  

The conclusion is that the extracted size distributions are essentially in agreement, independently of the kind 
of illumination. Nevertheless, for few particles and few integration lines, ghost small particles are created due to 
the “noisy” aspect of scattering diagrams 
      A complementary validation of the inversion process is given by the comparison between the initial scatter-
ing diagrams with the scattering diagrams computed by using the measured size distribution and refractive index 
value. Such comparisons are displayed in figure 6. The recorded and measured scattering diagrams are in good 
agreement. 
      A first conclusion is that global rainbow technique with a pulsed illumination (10 ns) is able to measure 
mean refractive index and size distribution with nearly the same accuracy that global rainbow technique with 
continue illumination (~100 ms), including the cases where only few particles are in the control volume. How-
ever, the interferences also code information about the number of particles and their relative position. Then we 
now focus our interest to extract this information from images as the one displayed in Figure 2. 

 Associated Fourier plane analysis 
The discontinue aspect of figure 2 is due to the interferences between light scattered by the particles located 

in the control volume. Two particles will give one interferences systems, three particles give three interferences 
systems, four particles give six interferences systems, etc,. The meaning is that the number of interferences sys-
tems is directly related to the number of particles, more accurately a ‘cloud’ of n particles will give An

2 interfer-
ences systems. Then a Fourier analysis can be used to extract the characteristics on these interferences systems. 
This is exemplified in figures 7 and 8 which compares the physical images (on the top) with the associated Fou-
rier images (at the bottom) with the number of particles as a parameter. Note that in figure 8 forward scattering is 
considered (between 30 to 40°) as forward scattering diagram are more regular than rainbow scattering. Never-
theless, the main behaviour of the 2D FFT exemplified at forward will be true for backward scattering only the 
shape of the spots will be different because the non uniformity of rainbow scattering. 

The analysis of the image in the Fourier space is out of the scope of this contribution. It is enough to say that 
from images as displayed in figure 7 and 8, the number of particles in the control volume can be estimated as 
well as the relative distance between the particles. The aim of the next section is to apply this approach to ex-
perimental pulsed global rainbow images.  

Experimental set up 
To validate the proposed pulsed global rainbow technique, one experiment has been carried out. This ex-

periment corresponds to the measurement of a spray in ambient air. The ‘spray’ is created by Microdrop genera-
tor [4]. The velocity of the droplets is equal to about 2 m/s. The amplitude and duration of the excitation pulses 
are adjusted to create a couple of droplets which is nearly vertical. The pulse is created by a laser Big Sky Laser 
CFR200 which generates pulse of 10 ns. The scattered light is recorded at the rainbow angle by a camera 
2048x2048 pixels. 

Results and Discussion 
Figure 9 displayed four views. The top views correspond to the real images while the bottom views corre-

spond to their associated 2D FFT. More accurately the figure 9A corresponds to the recorded image in 2048 x 
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2048 pixels, while figure 9B is a zoom (512 x 512 pixels) on a part of figure 9A. The presence of a well organ-
ized system of fringes created by the couple of droplets is clearly visible in figure 9B. The 2D FFT of these two 
images have been computed. These associated images are displayed in figure 9C and 9D. The two 2D FFT give 
the same information. Furthermore, these images displays essentially the same behaviour as the images of fig-
ures 7 and 8, proving that the 2D FFT processing can be efficiently applied to experimental pulsed rainbow im-
ages.   

Conclusion 
The measurement of spray temperature is a challenge, especially in unsteady flows. To be able to efficiently 

characterize the behavior of such unsteady flows, measurements will be carried out in a time which will be 
shorter than the time scale of the flow.  

To reach this objective, a global rainbow configuration based on a pulse laser has been developed. In this 
paper, starting from images rigorously computed in the framework of the rigorous Lorenz-Mie theory (except for 
multiple scattering effects), the characteristics of the rainbow images have been analyzed. From such an analysis, 
it has been shown that: 

• The refractive index value and the size distribution can be determined with nearly the same accura-
cy as for a continue illumination. For short time measurements (10 ns) only few particles can be in 
the control volume. In these cases, the refractive index measurement accuracy is on the third digit 
corresponding to about 10°C for water but less than 2°C for alcohol and fuel liquids.  

• By computing the 2D FFT associated to these images, the number of particles in the control volume 
as well as the relative position of the particles can be determined. 

Then some preliminary experiments have been carried out on couples of droplets created by a microdrop ge-
nerator. The recorded images are in agreement with the simulated ones and the 2D FFT computed from these 
images are essentially identical to the one computed from the simulated images. This proves that the proposed 
approach can be applied to experimental recording signals. The next step is to record and process pulsed rainbow 
images from more complex configurations. 

Nomenclature 
GRT Global Rainbow Technique 
FFT Fast Fourier Transform 
2D two dimensions 
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Figure 1. Global rainbow created by a continuous wave for sixty particles 

 
Figure 2. Global rainbow created by a pulsed waves for the same sixty particles 
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Figure 3. Comparison of the global rainbow scattering diagrams extracted from figure 1 continuous illumination 
integrated on 1 lines and figure 2 for pulsed illumination integrated on 1 line c) pulsed illumination integrated on 

100 lines 
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Figure 5. The particle sizes used in computations 
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Figure 4. Comparison of size distribution extracted from rainbow signals. Parameters are illumination and the 
number of integration lines, for different size distributions 
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Figure 6. Comparison between initial scattering diagrams (in green) and scattering diagrams computed from the 
measured refractive index value and size distribution (in yellow) 
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Figure 7. Rainbow scattering cases. Comparison between physical images (top) and the associated images in the 
Fourier space (bottom). The parameter is the number of particles in the control volume which is equal to 1, 2, 3, 

5 and 10 from left to right. 

             

             
Figure 8. Forward scattering cases. Comparison between physical images (top) and the associated images in the 
Fourier space (bottom). The parameter is the number of particles in the control volume which is equal to 1, 2, 3, 

5 and 10 from left to right. 
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Figure 9. Experimental recording of rainbow under pulsed illumination. 

Figure A is the experimental recording (2048 x 2048 pixels) of the rainbow created by a couple of droplets. 
Figure B is a zoom on a section (512 x 512 pixels) of the image A 

Figure C is the associated 2D FFT of image A 
Figure D is the associated 2D FFT of image B 

 

Table 1. Compilation of measured refractive index (the nominal refractive value is equal to 1.3330). The 
parameters are illumination and number of integration lines 

Number of particles Measured refractive in-
dex (continue illumina-
tion, 10 lines) 

Measured refractive in-
dex (pulsed illumination, 
10 lines) 

Measured refractive in-
dex (pulsed illumination, 
100 lines)) 

1 1.3349 1.3349 1.3350 
5 1.3330 1.3325 1.3333 
10 1.3347 1.3338 1.3338 
20 1.3336 1.3326 1.3327 
30 1.3341 1.3345 1.3337 
40 1.3339 1.3336 1.3333 
50 1.3338 1.3333 1.3337 
60 1.3337 1.3334 1.3333 
70 1.3336 1.3338 1.3333 
80 1.3337 1.3335 1.3333 
90 1.3333 1.3333 1.3333 

100 1.3328 1.3326 1.3325 
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