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Synthetic aperture rainbow refractometry for droplet refractive index and 
size measurement with long range: Standard and global modes 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Synthetic aperture rainbow refractom
etry for long distance droplet 
measurement. 

• SASRR measures mono-dispersed drop
lets at 1650 mm distance. 

• SAGRR measures refractive index and 
size of spray with high accuracy.  
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A B S T R A C T   

Optical characterizations of droplets and sprays at a long stand-off distance are of great demand in large scale 
facilities. Synthetic aperture rainbow refractometry (SARR) is proposed for long range measurement. The 
aperture of the imaging system is enlarged via synthesizing rainbow signals of the same droplet illuminated by 
multiple crossing laser beams from different channels of a color image simultaneously. The formation of the 
synthetic aperture rainbow signal is modeled by taking spectral response into account, and the retrievals of true 
rainbow signals are proposed. Both synthetic aperture standard rainbow refractometry (SASRR) and synthetic 
aperture global rainbow refractometry (SAGRR) are investigated, with corresponding inversion algorithms, and 
then validated with simulations and experiments. The uncertainties of refractive index and size of mono- 
dispersed droplet measured with the SASRR are 8 ×10− 4 and 3 μm at 1650 mm distance, and for sprays 
measured with the SAGRR the deviation of refractive index is 8 × 10− 4. The proposed synthetic aperture 
rainbow refractometry enables transparent and spherical droplets and sprays measurement at long distance, and 
have great potential for large scale industrial applications.   
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1. Introduction 

Sprays and dispersed phases exist in numerous engineering appli
cations, such as fuel injection in engine, herbicides in agriculture, spray 
freezing and drying, pharmaceutical spray, so investigation about at
omization and spray procedures is of great practical significance. Mea
surement techniques [1] basically take important parts of spray 
investigation. In general the mathematical models of numerical simu
lation [2,3] require accurate data to adjust internal parameters, in order 
to constantly optimize and develop models to describe actual spray 
process more accurately. There is an urgent demand for dependable 
techniques for spray measurement [4,5], among which the laser diag
nostic is evolving into the predominant instrument, taking the advan
tages of non-intrusive and in situ measurement. Given liquid instability, 
turbulence, cavitation and more, sprays have extensive random behav
iors and every droplet may have different diameters and velocities, 
accompanied with droplet collision, fragmentation and fusion. Whether 
for the instantaneous spray such as fuel injection of aircraft engines 
[6,7] or for the steady atomization field like spray paint, spray charac
teristics measurement is carried out with high level of spatial and tem
poral resolution, great precision and repeatability. Laser diagnostic 
techniques can meet the above and have no affect on the original flow 
field. Laser diagnostic has been applied extensively and taking a unique 
part in engineering applications. However, the measuring distance of 
laser diagnostics in the laboratory cannot satisfy large scale industrial 
scenes like the simulated cloud field in the icing wind tunnels [8,9]. It 
needs to be addressed in advance that the difficulties and challenges 
caused by long measurement distance, disturbances and restricted 
space, in order to comprehensively utilize laser diagnostic in industrial 
droplet measurement. 

Nowadays, the available laser diagnostic techniques focus on flow 
field, temperature, velocity, droplet size, mass distribution, concentra
tion, etc., and most of those have been developed to large scale appli
cations. As one of the most important parameters, droplet size greatly 
determines spray applicability, and interferometric particle imaging 
(IPI) [10] is an effective approach to measure droplet size, also 
competent for more dense sprays and flow field with higher resolution 
and acquisition rate. The IPI had been continuously applied to long 
range measurement [11] with distance of 1600 mm and 2290 mm. High- 
speed imaging [12] enables to opportunely capture specific observations 
and completely view the evolution of certain processes besides droplet 
size. For three dimensional (3D) droplet size measurement, digital ho
lography (DH) [13,14] takes the advantage of real three dimensional 
(3D) imaging, obtaining 3D position and velocity. The long distance 
investigations of holography were available [15] over several kilo
metres, and an experiment with distance from the observatory to the 
target of approximately 1.2 ×107 mm was carried out at the U.S. Air 
Force Electro-Optics Facility. Phase Doppler interferometry/anemom
etry (PDI/PDA) [16] can also achieve droplet size and velocity mea
surement, based on the laser Doppler anemometry (LDA), but limited to 
single point measurement. A 2D-LDV long range optics was designed for 
applications which needed a longer-than-usual focal length to access the 
measurement area 2000 mm and far away [17]. Among these, rainbow 
refractometry is a distinctive approach for size, refractive index (RI) and 
RI-related parameters measurement in the backscattered region. Most 
investigations of rainbow refractometries are increasing dimensions, 
more parameters and applicable to non-spherical droplets. While Roth 
et al. [18] initially presented a droplet measurement technique using 
rainbow theory, which was the standard rainbow refractometry (SRR), 
Van Beeck et al. [19] increased the range of measurement area and 
reduced sampling frequency to make rainbow refractometry applied to 
sprays, named the global rainbow refractometry (GRR). Subsequently 
for spherical droplets on a line, Wu et al. [20] proposed one-dimensional 
rainbow refractometry and then Li et al. [21] is capable to describe 
droplet size and refractive index of sprays on a specific surface by planar 
rainbow refractometry. Wu et al. proposed phase rainbow refractometry 

to capture the nanoscale variation of droplet size [22], and used global 
rainbow refractometry to measure mixing ratio in multiple sprays [23]. 
The surface tension and viscosity of the oscillating droplet were sur
veyed using rainbow refractometry by Lv et al. [24]. As for non- 
spherical droplet, Saengkaew et al. [25] quantified the accuracy of 
non-spherical droplet measurement using rainbow refractometry after 
the detection method was suggested [26], and Yu et al. [27] developed a 
model to simulate optical caustic structures of the oblate droplets. 
However, most applications like large scale icing wind tunnels [28] need 
available focal length with at least 1500 mm, from wall to core of the test 
section. Rainbow refractometry can be located outside the tunnel and 
requires only an optical window on one side of the wall. Rainbow 
refractometry not only measure droplet size, refractive index, temper
ature, composition and so on simultaneously, but also achieve accurate 
and realistic droplet measurement without disrupting internal flow 
field. But the measuring distance of existing rainbow refractometry is 
limited to several hundred millimeters. It is impossible for rainbow 
refractometry to measure droplets in the middle of the test section. So 
there are urgent and significant requirements of rainbow refractometry 
with long measurment distance. 

Therefore, this work proposed synthetic aperture rainbow refrac
tometry for refractive index and size measurement of transparent and 
spherical droplet at long distance. At first, principle of the synthetic 
aperture rainbow refractometry and an model about extracting light 
intensity from color image are presented in Section 2. And then the 
inversion algorithm, simulation and experiments of synthetic aperture 
standard rainbow refractometry are proposed to prove the feasibility 
and accuracy of the technique in Section 3. Finally, the synthetic aper
ture global rainbow refractometry is used to measure dispersed droplets, 
which achieves rainbow refractometry for long distance spray mea
surement in Section 4. 

2. Principle 

The rainbow refractometry records light distribution and angular 
position of the main peak from rainbow signal, which is sensitive to 
droplet refractive index (RI) and size, to achieve droplet measurement. 
The complete main peak of rainbow signal must be captured and imaged 
on the camera for data inversion with high precision, in other words, the 
aperture of the imaging system should cover the scattering angle of the 
first Airy peak. The scattering angle of rainbow lobes is relative to 
droplet refractive index and size. According to the first zero point of the 
Airy function [29] in the range of variables less than 0, the relationship 
can be expressed as 

θf − θrb =
816
349

(4 − n2)
1
6

(n2 − 1)
1
2

(
3
λd

)2
3

, (1)  

where n is the refractive index of droplet, λ is the laser wavelength and 
d is the droplet diameter. θrb is the geometric rainbow angle. θf is a 
special angle where the light intensity is minimal in the range from the 
main peak to the first supernumerary bow. The minimum angle of the 
complete main peak of rainbow signal is considered that the value of 
Airy function is 0.1, and the maximum angle is θf . The width of the 
complete main peak is approximately 4

3
(
θf − θrb

)
. Fig. 1 demonstrates 

the relationship of θf − θrb with refractive index and diameter, and the 
difference of angle varies widely with droplet size especially less than 
100 μm. The variation of θf − θrb is small with refractive index, but the 
absolute position of the scattering angle would move. Thus, the mea
surement distance of the rainbow refractometry is mainly restricted by 
the collecting lens, droplet refractive index and diameter. For large scale 
industrial applications, a straightforward approach is to increase the 
lens size of the imaging system. However, this way would encounter 
large volume of apparatus and serious spherical aberration, deterio
rating the signal noise ratio. And common lens with size of up to 4 inches 
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is difficult to accommodate partial industrial applications. 
Inspired by rainbow in nature and large view field measurement 

provided by synthetic aperture radar [30], the rainbow refractometry 
for large scale applications can be achieved by synthesizing aperture. 
Laser beams with different wavelengths are used to illuminate droplets 
at different incident angles. After scattered by the droplet, fractional 
rainbow signals are generalized. The rainbow signals from all the laser 
beams are recorded simultaneously in different channels of color camera 
and then synthesized to a full rainbow signal for procession. The 
equivalent aperture is enlarged in this way, and it is capable for large 
view and long distance measurement. Thus, this method is named the 
synthetic aperture rainbow refractometry (SARR). The light path and 
principle of the synthetic aperture rainbow refractometry are shown in 
Fig. 2. Here is an example to illustrate the advantages of the SARR for 
long distance measurement, and the experimental objects are lens of 4 
inches and measurement distance of 700 mm. The aperture of original 

rainbow refractometry will be 6◦ or less if taking spherical aberration of 
lens and fluctuation of droplet parameters into account, and the θf − θrb 

is 4.5◦. Whereas the equivalent aperture of the SARR is about 10◦

considering one third of the overlapping area, and the θf − θrb is 7.5◦. 
Through simulation by the Lorenz-Mie theory [31], the measurement 
ranges of refractive index and size with the same imaging system for 
standard rainbow refractometry and synthetic aperture rainbow 
refractometry are displayed in Fig. 1. The parts below the yellow and 
green curves are where the SARR and the standard rainbow refractom
etry can measure. The coverage area of the SARR is significantly larger 
than the original rainbow refractometry. The SARR not only achieves 
long distance measurement with small volume, but also eliminates 
setting an additional laser beam to mark the measurement area during 
calibration. 

While capturing rainbow signals in different channels of industrial 
color camera, interference between laser beams with different wave

Fig. 1. The relationship of θf − θrb with refractive index and size, and the measurement range of standard rainbow refractometry and synthetic aperture standard 
rainbow refractometry. 

Fig. 2. The optical path and principle of the synthetic aperture rainbow refractometry.  
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lengths would influence light intensity for procession. A method is 
proposed to eliminate such interference as much as possible. The signals 
recorded by camera are distributed in three different channels of a color 
image, named R, G and B here. The signal of an image is expressed as 

Iimg =

⎡

⎣
I(R)
I(G)

I(B)

⎤

⎦ =

⎡

⎣
CR1,CR2
CG1,CG2
CB1,CB2

⎤

⎦×

[
Iimg(λ1)

Iimg(λ2)

]

, (2)  

where λ1 and λ2 are the wavelengths of laser beams. CR1,CR2 represent 
the coefficient of spectral response for channel R to λ1 and λ2 respec
tively, and CG1,CG2 and CB1,CB2 are that of the channel G and B. Ac
cording to the spectral response of camera [32], the signal of λ1 is mainly 
stored in the channel G, and the signal of λ2 is in the channel R, which 
means CG1 and CR2 values are much larger than other coefficients. Each 
channel records signals of both lasers, so it is impossible to obtain the 
light intensity of a laser only by exporting signal from the corresponding 
channel. The correction experiment is to capture rainbow signals of λ1 
and λ2 laser beams by camera, and the signal is 

Iλi =

⎡

⎣
I(R)
I(G)

I(B)

⎤

⎦ =

⎡

⎣
IR(λi)

IG(λi)

IB(λi)

⎤

⎦, (3)  

where the subscript i = 1,2 represent different laser beams. In this way, 
the light intensity of λi recorded in other channels of camera is obtained, 
and the light intensity of λ1 and λ2 can be expressed as 
{

ISA(λ1, θ) = CG1Iimg(λ1) + CG2Iimg(λ2) − IG(λ2),

ISA(λ2, θ) = CR1Iimg(λ1) + CR2Iimg(λ2) − IR(λ1).
(4) 

Thus, the light intensity distribution of each laser without interfer
ence is obtained. 

3. Synthetic aperture standard rainbow refractometry 

3.1. Inversion algorithm 

In order to verify the feasibility of the synthetic aperture standard 
rainbow refractometry (SASRR), inversion algorithm, numerical simu
lation and validation experiment are described in this section. The 
relationship between light scattering angle and camera pixel is obtained 
by mirror calibration. θmin and θmax are the minimum and maximum 
values of scattering angle for the laser beam λ1, and Δθ represents angle 
of two light scattering λ1 and λ2 as shown in Fig. 2. Two superimposed 
signals can be expressed as I(λ1, θ1) and I(λ2, θ2), where θ1 ∈ [θmin, θmax],

θ2 ∈ [θmin − Δθ, θmax − Δθ]. During experiment, the synthetic aperture 
standard rainbow signals are stored in different channels of a color 
image, so the light intensity distribution is 

ISA(λ, θ) = I(λ1, θ1)+ I(λ2, θ2). (5) 

Considering droplets are homogeneous, transparent and spherical, 
the hypothetical synthetic aperture standard rainbow signals can be 
obtained through rainbow theories, among which the complex angular 
momentum (CAM) theory [29,33] is accurate and short time-consuming 
and thus used in this work. The hypothetical light intensity of rainbow 
signal is 

Ifit(λ, θ, d) = c1Ifit(nλ1 , θ1, d)+ c2Ifit(nλ1 − Δn, θ2, d), (6)  

where droplet size d and refractive index n are the values to be solved. c1 
and c2 are the coefficients to eliminate the impact of unequal light in
tensity of two laser beams. Because of chromatic dispersion, the 
refractive indices of different laser beams are different for the same 
droplet, and Δn represents gap between the RI values of λ1 and λ2 laser 
beams. The relationship formulas are different for water and ethanol, 
and the Sellmeier formula [34] can predict water refractive index of 
different wavelengths with high accuracy, which is 

Δn =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
A1λ2

1

λ2
1 − B1

+
A2λ2

1

λ2
1 − B2

√

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
A1λ2

2

λ2
2 − B1

+
A2λ2

2

λ2
2 − B2

√

. (7) 

The Cauchy equation [34] can be used for ethanol refractive index as 

Δn =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

C0 +
C1

λ2
1
+

C2

λ4
1
+ C3λ2

1

√

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

C0 +
C1

λ2
2
+

C2

λ4
2
+ C3λ2

2

√

. (8) 

The exact values of coefficients A1,A2,B1,B2,C0,C1,C2 and C3 refer 
to the literature [34]. Non-negative least squares method (NNLS) is 
adopted to gain the only positive solution of n and d values by finding 
Ifit(λ, θ, d) optimally close to ISA(λ, θ), and the iterative optimization 
objective can be expressed as 

argmin
n,d

{⃒
⃒ISA(λ, θ) − Ifit(λ, θ, d) − INoise|

}
, (9)  

where INoise is the light intensity of noise. It is more efficient and accurate 
while providing the initial ranges of nλ1 and d, nλ1 ∈ [nmin, nmax] and 
d ∈ [dmin, dmax], for searching the minimum value of Eq. (9). 

3.2. Simulation validation 

In order to validate the feasibility and precision of the SASRR from 
numerical simulation, the synthetic aperture standard rainbow signals 
are simulated by the Lorenz-Mie theory and inversed. RI and droplet size 
are changed during simulation, avoiding randomness in conclusions. 
The RI values are nλ1 = 1.3337 and 1.3637 and the droplet size values 
are d = 50 μm, 75 μm, 100 μm, 125 μm and 150 μm. The simulated 
synthetic aperture standard rainbow signal of d = 100 μm, nλ1 = 1.3337 
is exhibited in the solid lines of Fig. 3(a), and it is obvious that the po
sition of rainbow main peak moves for different laser beams. The λ2 =

671 nm curve offers information from the Alexander’s dark band to the 
main peak, 135.8◦ to 139.2◦, which involves the geometric rainbow 
angle. The light scattering from the main peak to the first supernumerary 
bow is intercepted by the λ1 = 532 nm curve from 138.5◦ to 142.0◦. In 
other words, the synthetic aperture standard rainbow signal combines 
two fractional rainbow signals from the wavelength of 532 nm and 671 
nm, covering from the dark band to the first supernumerary bow, suf
ficient for droplet RI and diameter inversion. 

The simulated signals are processed by the inversion algorithm 
mentioned above, and the results can prove the reliability of the SASRR. 
The dotted lines in Fig. 3(a) is the fitting of the synthetic aperture 
standard rainbow signals, and all curves stay consistent. The RI and size 
values are demonstrated in Fig. 3(b) and (c) respectively and the com
parisons with preset values are also reflected. For inversion of refractive 
index, the mean deviation is 7 ×10− 4 and results from nλ1 = 1.3337 of 
different sizes indicates the change of droplet size has no effect on the RI. 
The uncertainties of water and ethanol droplet sizes are both within 2 
μm and different RI cannot influence diameter values. 

3.3. Experimental verification 

Experimental setup of the SASRR involved a laser beam generation 
unit and an imaging system. The laser beam generation unit was mainly 
two lasers with different wavelengths of 532 nm and 671 nm and 
straightening element. The maximum power of two lasers was 2.5 W 
ensuring adequate intensity of light scattering for long distance mea
surement. The imaging system was composed of a collecting lens, a 
pinhole, an imaging lens and a color industrial camera as displayed in 
Fig. 2. Both lens were achromatic in order to eliminate dispersion and 
chromatic aberration, and avoid movement of focusing surface caused 
by different laser beams. The color industrial camera was Basler 
acA2040-90uc with sensor size of 11.3 mm × 11.3 mm, and it recorded 
different color signals with different channels. According to the spectral 
response properties of the camera [32], the gap of quantum efficiency 

Y. Wu et al.                                                                                                                                                                                                                                      



Powder Technology 411 (2022) 117873

5

between λ1 = 532 nm and λ2 = 671 nm is large, and the interference is 
reduced in the Eq. (4). A mirror was adopted to calibrate the relationship 
of scattering angle and camera pixel. It was more convenient because 
measurement point was the intersection of two laser beams without an 
additional locating device. Mono-dispersed droplet streams of water and 
ethanol were produced by a self-developed mono-dispersed droplet 
stream generator (MDSG), which can control droplet size through 
adjusting flow rate, vibration frequency and nozzle size. The droplet 
temperature was controlled through keeping the temperature constant 
and balanced in the laboratory. 

The synthetic aperture standard rainbow refractometry was used to 

measure mono-dispersed spherical droplets at the distance of 1650 mm 
with different RI and diameters. Fig. 4(a) and (b) display two typical 
synthetic aperture standard rainbow images of water and ethanol 
droplet. The ripple structures of rainbow signal can be observed and the 
green and red light distribute on both sides with yellow light located in 
the mid-ground. Taking the average and then normalizing 200 rows of 
pixels in the middle of rainbow images, the normalization synthetic 
aperture standard rainbow light intensity is obtained and demonstrated 
in the solid lines of Fig. 4(c). λ1 = 532 nm curve is from 142◦ to 144.5◦, 
covering from the main peak to the first supernumerary bow, while λ2 =

671 provides rainbow signal from the Alexander’s dark band to the main 

(a) (b) (c)

Fig. 3. (a) The simulated synthetic aperture standard rainbow signal and the fitting curves with wavelength of λ1 = 532 nm and λ2 = 671 nm (d = 100 μm, nλ1 =

1.3337). (b) The inversed and preset refractive index values of λ1 = 532 nm with d = 100 μm. (c) The inversed and preset diameter values of nλ1 = 1.3337 and nλ1 

= 1.3634. 

Fig. 4. (a) The synthetic aperture standard rainbow image of mono-dispersed water droplet with d = 118.4 μm. (b) The synthetic aperture standard rainbow image of 
mono-dispersed ethanol droplet with d = 152.4 μm. (c) The normalization light intensity distribution of synthetic aperture standard rainbow signal and the fitting in 
Fig. 4(a). (d) The inversed and preset refractive index values of λ1 = 532 nm, and the top is water droplets and the bottom is ethanol droplets. (e) The inversed and 
preset diameter values of water and ethanol droplets. 
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peak, 141◦ to 143.5◦. The aperture of system allowes around 2.5◦ light 
scattering passage with a laser beam, but it achieves droplet measure
ment with size about 150 μm at 1650 mm distance as the SASRR. 

The fitting of synthetic aperture standard rainbow signal is exhibited 
in the dotted lines of Fig. 4(c) and the performance of fitting curves 
guarantees the accuracy of data procession. Water and ethanol RI values 
from the SASRR of λ1 = 532 nm is 1.3340 and 1.3641 respectively, while 
the corresponding refractive indices from the reference [35,36] are 
1.3337 and 1.3634 at room temperature. As demonstrated in Fig. 4(d), 
the inversed RI values of different diameters are close to the standard 
values for both water and ethanol. The uncertainties are 8 ×10− 4 and 7 
×10− 4 for water and ethanol respectively, fulfilling the requirements of 
engineering application. It can be noticed from Fig. 4(d) the change of 
droplet size has no effect on the RI measurement. Five different droplet 
sizes of water and ethanol were measured by the SASRR, and results 
were compared with that of MDSG, whose diameters have been certified 
[37]. Fig. 4(e) illustrates the diameter of water and ethanol droplets 
with preset diameter. The deviations of all ten working conditions are 
within 3 μm, with high accuracy and stability. It is proved the synthetic 
aperture standard rainbow refractometry can be used to measure mono- 
dispersed spherical droplets with 1650 mm distance. Combined with the 
above mentioned large icing wind tunnels, the measurement distance 
should be at least 1500 mm and the supercooled large droplets have size 
of more than 100 μm. It is certified that the synthetic aperture rainbow 
refractometry can be applied to the real scale industrial applications. 

In order to highlight the strength and superiority of the SASRR, two 
comparison experiments are introduced. The monochrome fractional 
rainbow signals of λ1 = 532 nm and λ2 = 671 nm are inversed separated 
from the synthetic aperture standard rainbow signals, and the maximum 
measurement distance of a laser beam is surveyed with the same im
aging system as the SASRR. The former comparative experiment obtains 
the rainbow signals of 532 nm and 671 nm from the synthetic aperture 
standard rainbow images, and processes these with the inversion algo
rithm of standard rainbow refractometry. With the same preset param
eters as the SASRR, inversed RI and diameters of d = 152.4 μm are 
displayed in Fig. 5. Fig. 5(a) and (b) are the fitting of experimental 
rainbow signals from λ1 = 532 nm and λ2 = 671 nm, but there are more 
obvious gaps compared with Fig. 4(c). Inversed diameter values from 
dual-wavelength and two single laser beams of the same images are 
shown in Fig. 5(c), and the black line represents diameter value from the 
MDSG. The diameter procession of λ1 = 532 nm performs better than 
that of 671 nm, but the accuracy is lower than the SASRR. The RI of 532 
nm is 1.3639 close to 1.3634 at room temperature. It is presumed the 
signals of λ1 = 532 nm accounts for more region of the complete rainbow 
signal, so the fitting is better especially the orientation of the main peak. 
Due to the absence of the dark band, the fitting curve was widen than the 
experimental curve, leading to lower diameter values. The results of λ2 =

671 nm have more errors on the fitting situation, RI and diameter. The 
fitting curve of 671 nm is narrower than that from experiment, so the 
diameter is larger than SASRR. The latter comparative experiment is that 

the measuring distance is adjusted to survey the same droplet with the 
same system but a laser beam, and the measuring distance is 1100 mm. 
In conclusion, it is necessary and meaningful to develop the synthetic 
aperture rainbow refractometry. 

4. Synthetic aperture global rainbow refractometry 

4.1. Inversion algorithm 

The synthetic aperture standard rainbow refractometry introduced 
above can measure mono-dispersed spherical droplets, and there is a 
great requirement for spray measurement with long distance. Therefore, 
the synthetic aperture global rainbow refractometry (SAGRR) is pre
sented in this section. The inversion algorithm, numerical simulation 
and validation experiment need to be adjusted for poly dispersed 
spherical droplets. The synthetic aperture global rainbow signals of 
experiment can be expressed in the form of 

ISA(λ, θ, d) = I(λ1, θ1, d)+ I(λ2, θ2, d). (10) 

Assuming droplets are homogeneous, transparent and spherical, the 
scattering and interference among droplets are ignored. The light in
tensity distribution of droplet cloud is briefly stated as 

Ifit(λ, θ, d) =
∑M

m=1
I(nλ, θ, dm)⋅N(dm), (11)  

where N(d) is the probability density size distribution of droplet cloud 
and M is the number of droplet bins. The M is determined by dividing the 
droplet size range into several bins of about 5 μm each for high accuracy 
and little time consuming of procession. The Eq. (11) can be discrete to 
create a linear system of equation and combining with the Eq. (10). The 
hypothetical light intensity of the rainbow signal is 

Ifit(λ, θ, d) = c1
[
Ifit(nλ1 , θ1, d1)⋯ Ifit(nλ1 , θ1, dM)

]
⋅

⎡

⎣
N(d1)

⋮
N(dM)

⎤

⎦+ c2
[
Ifit(nλ1

− Δn, θ2, d1)⋯Ifit(nλ1 − Δn, θ2, dM)
]
⋅

⎡

⎣
N(d1)

⋮
N(dM)

⎤

⎦,

(12)  

where Δn of water and ethanol are calculated from the Eqs. (7) and (8), 
and the Ifit in the equation is calculated by the CAM. The optimal nλ1 and 
N(d) values are searched to satisfy the condition of Eq. (9) in the given 
ranges of [nmin, nmax] and [dmin, dmax]. The probability density of droplet 
size in the range of [dmin, dmax] can be obtained by N(d), and the size 
distribution and the arithmetic mean diameter dA are obtained after 
corresponding calculation. In this way, the RI and size distribution of 
droplet cloud would be inversed from the synthetic aperture global 
rainbow signals. 

(a) (b) (c)

Fig. 5. (a) The fitting of experimental rainbow signal of λ1 = 532 nm. (b) The fitting of experimental rainbow signal of λ2 = 671 nm. (c) The inversed RI and diameter 
values from rainbow signals with dual-wavelength and two single laser beams. 
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4.2. Simulation validation 

The synthetic aperture global rainbow signals of seven different size 
distributions and two different refractive indices were simulated, cor
responding to that of water and ethanol, for the purpose of verifying the 
feasibility and accuracy of the SAGRR. Through the Lorenz-Mie theory, 
the global rainbow signals are acquired by superimposing multiple 
rainbow signals of mono-dispersed droplets which eliminate ripple 
structure. The simulated droplet size had the normal distributions, 
where the expectations of distribution, also the arithmetic mean di
ameters, dA = 30 μm, 50 μm, 75 μm, 100 μm and 150 μm, and the 
standard deviations of δ = 5 and 10. The solid lines of Fig. 6(a) show the 
simulated synthetic aperture global rainbow signals with dA of 50 μm 
and RI of 1.3337, and the main peak is obvious without ripple structure. 

The fitting of the simulated synthetic aperture global rainbow signal 
is shown in the dotted lines of Fig. 6(a), and the highly overlapping of 
two signals indicates the reliability of the SAGRR. After processing water 
rainbow signals of different size distributions, the RI values are stable 
with the mean deviation of 3×10− 4 shown in Fig. 6(b). The inversed 
arithmetic mean diameters are 22.7 μm, 47.1 μm, 71.4 μm, 98.2 μm and 
142.2 μm respectively, as Fig. 6(c) illustrates. The size distributions with 
the standard deviation of 5 μm and 10 μm are exhibited in Fig. 7(a) and 
(b) with the expectation of 50 μm. The general trend is close to the 
normal distribution, and the former is superior to the latter in terms of 
size distribution inversion. The comparisons of preset and inversed size 
distributions with the expectations of 50 μm and 75 μm are in Fig. 7(b) 
and (c). It is obvious that the percentage of smaller droplet size is higher, 
meaning the overall distribution is inclined towards smaller size. The 
possible factor of such errors is the fitting of λ2 curve is predominant for 
the presence of geometric rainbow signals, but the fitting of λ1 is 
mistake-prone. The fitting rainbow signals in Fig. 6(a) is wider than the 
simulated one, leading to the differences in Fig. 7. The droplets of 
different refractive indices with the same size distribution are simulated 
and inversed, and the size distribution (dA = 50 μm, δ = 10, n = 1.3200) 
is displayed in Fig. 7(d). It is shown the viable refractive index has no 
affect on size distribution inversion. 

4.3. Experimental verification 

There were adjustments of experimental layout to spray measure
ment. At first, the positions of the collecting lens and the imaging lens 
were calculated and searched for the Fourier imaging system. The key 
benefit of this imaging system is the light scattering with the same angle 
of different droplets in the measuring area is converged and imaged on 
the same point of camera target, which means the rainbow signals of 
different droplets can be averaged and displayed on the camera. And 
then the collecting lens and the pinhole helped removing background 

noise and controlling size of measuring area as a spatial filtering system. 
Lastly, the pinhole size was increased and the exposure time of camera 
was enlarged, ensuring one image can capture the average rainbow 
signals of droplets as many as possible. A nozzle could produce spray and 
the ratio of air to water was altered during the experiment. The variable 
ratio of air to water was achieved by controlling liquid flow rate. Mono- 
dispersed droplets with size of around 150 μm were measured by the 
SASRR, and in addition to hundred microns, droplets with tens of mi
crons exist extensively in large scale applications like fuel injection of 
aircraft engines. In order to prove the feasibility for small droplets, the 
droplet size in spray was around 35 μm. Thus, the measurement distance 
of the SAGRR was up to 800 mm. 

The spray is investigated by the synthetic aperture global rainbow 
refractometry, and droplet size and refractive index are inversed. The 
flow rates of liquid are 0.6 mL/min, 0.8 mL/min, 1.0 mL/min and 1.2 
mL/min. Fig. 8(a) displays a synthetic aperture global rainbow image 
with the liquid flow of 0.8 mL/min. The features of rainbow pattern are 
difficult to be observed, and the green pattern is more apparent. The 
rainbow signals from 200 lines above and below the middle line of each 
image are normalized and inversed, and the results are averaged to gain 
the RI and size of each image. The normalization light intensity distri
bution of synthetic aperture global rainbow signal is shown in the solid 
lines of Fig. 8(b), and the fitting is in the dotted lines of Fig. 8(b). 
Compared with the SASRR, all curves are less smooth and the ripple 
structure is invisible. The fitting which matches well ensures the reli
ability and accuracy of the SAGRR. The primary range of droplet size is 
from 10 μm to 60 μm for procession, of which a point for size inversion is 
selected every 1 μm. The probability density of size distribution is ob
tained and with the corresponding size, the Sauter mean diameters are 
gained. Fig. 8(c) demonstrates the size distribution of an images in the 
experiment with the flow rate of 1.2 mL/min, and the sizes concentrate 
on 36μm. The droplets generated by the atomizer are relatively uniform 
in size within deviation of ten microns. The refractive index and the 
Sauter mean diameters of different flow rates are illustrated in Fig. 8(d). 
The measured refractive index is close to 1.3337, and the uncertainty is 
within 8 × 10− 4. The droplet diameter increases with flow rate and the 
diameters are 30.7 μm, 32.8 μm, 33.5 μm and 41.7 μm. The room mean 
square errors of RI and diameter are 5 ×10− 4 and 5 μm. Given the 
SAGRR is a kind of transient droplet measurement and the laser intensity 
and the exposure time can be adjusted, the SAGRR is capable of 
measuring high velocity and intensive industrial sprays. Thus, the syn
thetic aperture global rainbow refractometry successfully measures 
sprays with different size distributions at the distance of 800 mm, with 
high stability and accuracy. 

Fig. 6. (a) The simulated synthetic aperture global rainbow signals and the fitting (dA = 50 μm, n = 1.3337). (b) The preset and inversed nλ1 with dA of 50 μm. (c) 
The preset and inversed Sauter mean diameter with RI of 1.3337. 
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5. Summary 

This work proposes the synthetic aperture standard rainbow refrac
tometry for mono-dispersed droplet measurement, and the synthetic 
aperture global rainbow refractometry for spray measurement. Both 
techniques measured transparent, spherical droplets with high accuracy 
at a longer distance than current rainbow refractometries. The main 
conclusions are as follow:  

1. The synthetic aperture rainbow refractometry significantly increases 
working distance by synthesizing the aperture of the imaging system, 
via capturing two rainbow signals generated by two laser beams 
simultaneously and storing those in different channels of a color 
image.  

2. The formation of the synthetic aperture rainbow signals is modeled. 
The inversion algorithms of the SASRR and SAGRR are proposed to 
process rainbow signals. 

3. The simulation results certify the reliability of the SASRR with un
certainties of 7 ×10− 4 and 2 μm for refractive index and diameter 
respectively. The monodispersed water and ethanol droplets with 
size of around 150 μm were surveyed by the SASRR at the distance of 
1650 mm, and the mean deviations of refractive index and diameter 
are both within 8 ×10− 4 and 3 μm at room temperature.  

4. Through the simulated signals of dispersed droplets with different 
refractive indices and normal size distributions, the feasibility of the 
SAGRR is confirmed with uncertainties of 3 ×10− 4 and 5 μm for 

refractive index and diameter. The sprays with diameter of around 
35 μm are measured 800 mm away from the synthetic aperture 
global rainbow refractometry with uncertainty of 8 ×10− 4 of 
refractive index, proving the viability of the SAGRR for spray. 

The synthetic aperture standard rainbow refractometry and the 
synthetic aperture global rainbow refractometry are competent to 
measure mono-dispersed and dispersed spherical droplets at long dis
tance. The upper and lower limit of the synthetic aperture rainbow 
refractometry is from 10 μm to 500 μm. This breaks through the limi
tations of rainbow refractometry and satisfies the aforementioned large 
scale industrial applications. There will be more possibilities for the 
synthetic aperture rainbow refractometry if using three or more lasers 
and combined with one-dimensional rainbow refractometry, phase 
rainbow refractometry and. 
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