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Rainbow refractometry can be employed for measuring the parameters of
droplets or sprays. Considering the diversity of different measurement
environments and droplet components, there are instances in experiments
where optics fail to record the complete rainbow signal. To enhance the
experimental data utilization, this paper investigates rainbow refractometry
using the incomplete rainbow signal on the right side, focusing on its feasibility
and accuracy. The concept that defines the incompleteness of the right-sided
rainbow signal is termed as the dimensionless right signal partial ratio (RSPR). The
study conducts a comprehensive analysis of refractive index, droplet diameter,
and size distributions retrieved from the partial rainbow signals simulated by the
Lorenz-Mie theory with varying RSPR values. For both partial standard and global
rainbows, the critical value of the retrieval error is found to be whether the primary
peak of the rainbow is preserved or not, i.e., RSPR = 1. Laboratory experiments
verify the feasibility and effectiveness of employing rainbow refractometry with
right partial rainbow signals. The study addresses the challenge of incomplete
recording of rainbow signals in experiments, and is expected to improve
experimental efficiency and data utilization.
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1 Introduction

Droplet measurement techniques are primarily categorized into traditional contact
methods and non-contact methods, including acoustic, optical, and electromagnetic
methods. Among these, optical measurement methods are preferred due to their high
accuracy, non-destructiveness, and ability to provide in situ and on-line measurements.
Noteworthy optical methods employed for droplet measurements encompass direct imaging
[1, 2], shadowgraphy [3], laser interferometric particle imaging [4–6], phase doppler
technique [7, 8], laser induced fluorescence [9–12], digital holography [13–16], Raman
spectroscopy [17], and other light scattering techniques [18, 19]. Rainbow refractometry, a
form of backscattered light interferometry, emerges as a pivotal optical technique. By
analyzing the intensity distribution of backscattered signals in rainbow scattering region, this
method enables the extraction of essential droplet parameters, including droplet size, droplet
refractive index/temperature [20]. Some unique work has been done in measuring oblate
droplets [21, 22], the refractive index (temperature) gradient within droplet [23], oscillating
droplets [24] and colloidal droplets [25, 26].

The standard rainbow refractometry was initially introduced by Roth et al. in 1990 [27],
focusing on the measurement of individual or monodisperse droplets. Subsequently, Van
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Beeck et al. [28] extended the technique’s capabilities by proposing
global rainbow refractometry. This advancement involved extending
the exposure time and enlarging the aperture size, thereby enabling
the measurement of size distribution and mean refractive index/
temperature for polydisperse droplets. To date, rainbow
refractometry has further evolved to include one-dimensional
[29] and planar [30] versions. Synthetic aperture rainbow
refractometry [31] was developed for droplet measurement over
wide working distances and large size ranges using dual-wavelength
laser beams and color camera. Recent most advances have focused
on the evaporation of nanofluid droplets [32] and multicomponent
droplets [33–36] due to the availability of both time-resolved droplet
size and temperature.

The scattering angle recording range of the measurement system
is limited and decreases with increasing working distance. The
rainbow signals of droplets with different temperature/
composition (refractive index) actually exhibit distinct angular
positions. Consequently, a measurement system with a fixed
scattering angle recording range may not always capture the
complete rainbow signal during experiments. These partial
rainbow signals are usually discarded in the experimental data
processing, leading to a deviation between the measured and
actual values. Our prior work [37] introduced rainbow
refractometry using left-sided incomplete rainbow signals, and
extensively examined the errors in the inversion process with
respect to refractive index, droplet size and size distribution
using different inversion algorithms [38]. At the same time, the
experiment also produces right-sided incomplete rainbow signals,
which have not been thoroughly examined to date.

Therefore, this study aims to investigate the rainbow
refractometry using the incomplete rainbow signal on the right
side. Additionally, the findings highlighted that the accuracy of the
inversion process significantly improves when employing signal
fitting method as compared to methods solely relying on
characteristic point estimation. To achieve better inversion
accuracy and reduce unnecessary workload, this study directly
adopts the signal fitting approach for signal retrieval.

Typical standard and global rainbow signals are simulated based
on Lorenz-Mie scattering theory, and different inversion segments
are intercepted by setting different RSPR. Section 2 briefly describes
the principles of simulating and processing rainbow signals, and the
definition of right-sided incomplete rainbow signal. Section 3
analyzes the results of processing the standard and global
rainbow at different RSPR. Section 4 validates the conclusions in
the simulation results through experiments. Finally, the laws and
conclusions in this study are summarized in section 5.

2 Simulation and processing

2.1 Simulation of partial rainbows

The standard and global rainbow signals of different preset
refractive indices, droplet sizes and size distributions were simulated
by the Lorenz-Mie scattering theory [39]. Notably, the global
rainbow signal is synthesized through the numerical
superposition of standard rainbows originating from individual
droplet. The simulation was performed under the assumption of

spherical droplets while ignoring multiple scattering and
interference between droplets.

The level of right-sided incompleteness in the rainbow is
determined by an introduced dimensionless variable, right signal
partial ratio (RSPR), and is formulated as shown in Eq. 1

RSPR � R, 0≤RSPR≤ 1
2.0 − L, 1≤RSPR< 2

{ . (1)

In this case, the range of RSPR is specified as 0 to 2. Figure 1
depicts the variation of normalized rainbow signal intensity with
scattering angle. Here, L and R correspond to the normalized
intensities of the left and right primary bows, respectively,
serving as indicators of the partial degree of rainbow. An RSPR
value of 0 indicates a complete primary bow. Specifically, the
physical meaning of RSPR is the extent to which the primary
bow is shifted within the receiving aperture such that the image
on the detector no longer captures the entire primary bow. The
simulation process of the partial standard rainbow and global
rainbow signals is elucidated in Figure 2.

Since the RSPR is defined independently of the ripple structure,
the input chosen is the Airy rainbow IA instead of the standard
rainbow which contains high-frequency components. Notably, the
global rainbow signal has no ripple structure and adheres to the
defined criteria of RSPR. The minimization of |IA or g(θi) − RSPR| is
determined through the preset RSPR values. Subsequently, the search
is conducted to pinpoint the closest ending position θi of the inversion
signal that aligns with the preset RSPR value. This process facilitates
the creation of inversion segments from either the standard rainbow
Is(1:θi) or the global rainbow Ig(1:θi). When RSPR is less than 1, the
position of θi is situated to the right of the primary bow. Conversely,
the θi is to the left of the primary bow for RSPR exceeding 1. Note that
the input signal is normalized by its maximum intensity.

2.2 Principle of signal fitting

Signal fitting was selected as the preferred method in the
inversion of the rainbow signal in this study. This approach
offers superior accuracy and precision in comparison to the
conventional characteristic point estimation techniques [38, 40].
On the other hand, the characteristic points of incomplete signals
such as primary peak and inflection points may not be available,
making it difficult to study the effect of RSPR. By employing signal
fitting, this study calculates the rainbow of a preset droplet diameter
and refractive index through approximate or exact rainbow theory,
using it to match the simulated or experimentally recorded input
rainbow signal I to be processed. The described procedure is iterated
over a prescribed range of droplet diameters D∈[Dmin, Dmax] and
refractive indices n∈[nmin, nmax], with the aim of continuously
refining the results. This iteration allows for a comprehensive
exploration of potential parameter combinations to determine
the optimal values of droplet diameter and refractive index to
minimize the value of the objective function argmin

n,N(D)
‖A · N − I‖2.

In this function, matrix A corresponds to the droplet diameter and
refractive index related light intensity matrix, computed using the
modified complex angular momentum theory; the N denotes a
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coefficient of the standard rainbow or an undetermined size
distribution of the global rainbow. For a deeper understanding of
the signal fitting algorithm, please refer to the literature [37].

This study complements previously published work [37], where
they focused on the processing of incomplete rainbow signals on the
right-sided and left-sided respectively. The formulas defining the
degree of incompleteness and the simulation of partial signal
interceptions are also different in the two papers. And obviously

their conclusions in the following simulations and experiments will
be somewhat different. This study is meaningful because the left and
right sides of the primary bow have different physical implications.
The left side of the primary bow covers more refractive index
information of the droplets, while the right side contains subtle
information such as droplet size distribution.

3 Simulation results and analysis

This section presents an in-depth analysis of the inversion
results of the right-sided partial standard and global rainbows
simulated and computed by above method. It investigates and
compares the refractive indices, droplet sizes and size
distributions obtained from the inversion of rainbow signals
under different RSPR settings. Furthermore, it assesses the effect
of fitting the inversed signals to the original ones during the
inversion process. Additionally, this section conducts a
comparison between the processing results of the right-sided
partial rainbow signals and those of the left-sided partial rainbow
signals.

3.1 Partial standard rainbow

The standard rainbows of individual droplets under
representative operational circumstances were simulated by
Lorenz-Mie scattering theory. The simulations were carried out
across a pre-defined range of refractive indices, spanning from
1.33 to 1.36, and droplet diameters ranging from 30 to 150 μm

FIGURE 1
Right signal partial ratio is used to define and quantify the right-sided completeness of the rainbow signal.

FIGURE 2
The simulation flow for the partial standard and global rainbow
signal.

TABLE 1 List of simulation parameters for standard rainbow.

Group n D (μm)

1 1.33 30,40,50,. . .,150

2 1.34 30,40,50,. . .,150

3 1.35 30,40,50,. . .,150

4 1.36 30,40,50,. . .,150
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FIGURE 3
Relative errors ofD and absolute errors of n for processing the right-sided partial standard rainbows. (A) n= 1.33, (B) n= 1.34, (C) n= 1.35, (D) n= 1.36.

FIGURE 4
Mean (A) and maximum (B) errors of D and n retrieved from the right-sided partial standard rainbows.

TABLE 2 List of simulation parameters for global rainbow.

Droplet distribution n μ (μm) σ (μm)

Normal 1.345 60, 100, 140 10, 15

Lognormal 1.345 60, 100, 140 0.2, 0.3

Bimodal normal 1.345 Num1: Num2 = 60:100, 100:100, 100:60

The superscript 1 is the normal distribution for (μ1 = 50 μm, σ1 = 10 μm), 2 for (μ2 = 100 μm, σ2 = 20 μm).
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with 10 μm intervals. Table 1 details the simulations of the different
scenarios and provides a comprehensive overview of the actual
droplet parameters that may be encountered in the experiments.
The droplet diameter range was chosen based on the measurable
particle size range (20–200 μm) for which rainbow technique is
suitable. The refractive indices of most frequently used water and
ethanol are respectively about 1.33, 1.36 under the light illumination
of 532 nm at temperature of 20°C. The range of refractive indices was
thus chosen. The refractive index appears to have little effect on the
inversion accuracy since it only translationally changes the
scattering angle of the rainbow signal, whereas the droplet size
changes the intensity and shape of the signal. And the selected
parameters in the simulations will certainly cover the expected
experimental conditions.

Figure 3 illustrates the relative errors of diameter D and absolute
errors of refractive index n processed from the right-sided partial
standard rainbows at different RSPR. Evidently, both the absolute
error of n and the relative error of D show an upward trend as RSPR
value increases. The inversion accuracy of the right-sided
incomplete standard rainbows is challenged in the range
1<RSPR ≤ 2. This is attributed to the absence of both the
primary and secondary peaks within the Airy rainbow structure,
coupled with the presence of the Ripple structure, collectively
contributing to inaccuracies during signal inversion within this
RSPR range. In Figure 4, the mean and maximum inversion
errors are portrayed against the variation of pre-set droplet
diameter and refractive index under different RSPR conditions.

Notably, as the preset droplet diameter increases, there is an
obvious downward trend in the mean and maximum values of
relative error of D and absolute error of n. The inversion error for
RSPR < 1 is analyzed in depth below. For a preset refractive index of
n = 1.33, the absolute error of n remains below 8.38 × 10−4, with a
relative error of D within 7.52%. Correspondingly, at a preset
refractive index of n = 1.34, the two errors are both under 7.82 ×
10−4 and 14.98%, respectively. While they are as high as 11.86 × 10−4

and 12.59% at n = 1.35, and 14.50 × 10−4 and 16.54% at n = 1.36. It is
evident that the increase in error correlates with the increase in the
preset refractive index.

For preset droplet diameters exceeding 60 μm, the mean relative
error of D and the mean absolute error of n remain within the range
of 4.96% and 3.04 × 10−4 under different RSPR values.
Correspondingly, for preset droplet diameters greater than
100 μm, the maximum relative error of D and the maximum
absolute error of n are predominantly below 13.23% and 5.71 ×
10−4, respectively. The comprehensive analysis outlined above
strongly indicates that using the right-sided incomplete standard
rainbow signal allows successful retrieval of droplet parameters at
RSPR values below 1. At 0≤RSPR ≤ 1, the absolute error of n and the
relative error of D inversed from the left-sided incomplete standard
rainbow are respectively within 6 × 10−4 and 3%, and most of them
are less than 4 × 10−4 and 2%. It is concluded that the inversion error
using the right-sided incomplete standard rainbow exceeds the
inversion error using the left-sided incomplete standard rainbow.
This difference in error could be attributed to the fact that the left-

FIGURE 5
Processing results for global rainbows of droplets with normal size distributions. Retrievedmean diameters and refractive indices of (A) σ= 10 μm, (B) σ=
15 μm, and their errors of (C) σ = 10 μm, (D) σ = 15 μm.
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sided incomplete standard rainbow preserves the supernumerary
peaks, while the right-sided incomplete standard rainbow
experiences more pronounced signal loss.

3.2 Partial global rainbow

Global rainbows of spray droplets, characterized by three
distinct size distributions (normal, lognormal, and bimodal
normal distributions), were simulated using the Lorenz-Mie
scattering theory. Each global rainbow is synthesized by
numerically superimposing standard rainbows generated from
1000 droplets, regardless of the interference between droplet
signals. The parameters for different size distributions are
outlined in Table 2. For both normal and lognormal size
distributions, the preset mean diameter μ assumes values of 60/
100/140 μm, while the standard deviation σ takes on 10/15 μm and
0.2/0.3 μm respectively. The bimodal normal distribution is a
composite of two normal distributions (μ1 = 50 μm, σ1 = 10 μm,
μ2 = 100 μm, σ2 = 20 μm), with a number density ratio (Num1:
Num2) of 60:100, 100:100, and 100:60. Notably, the refractive index
and droplet size distribution are two independent parameters.
Variations in the refractive index have a minimal impact on the
size distribution retrieved from the simulated global rainbow.
Therefore, in all cases, the refractive index was always set to 1.3450.

Figure 5 presents the scatter plots and error plots depicting the
mean diameters μ and refractive indices n retrieved from the
simulated global rainbows of droplets with normal size
distributions at various RSPR values. As the RSPR increases, the

data points in the graph become more scattered, accompanied by an
increase in the µ and n errors. Notably, when RSPR ≤ 1 and σ = 10,
the absolute errors of n and the relative errors of μ remain below
0.30 × 10−4 and 2.36%. Furthermore, as the preset μ increases, both
the errors in μ and n exhibit a significant overall decrease. Under the
conditions of RSPR ≤ 1 and σ = 15, errors in both n and μ are limited
to less than 0.18 × 10−4 and 2.52%, respectively. A comprehensive
evaluation of Figure 5 shows that the rainbow inversion exhibits
relatively higher stability when σ = 5 than when σ = 10. The above
error analysis shows the feasibility of using the signal fitting to
retrieve the right-sided incomplete global rainbows of droplets with
normal size distribution.

The signal fitting and retrieved droplet size distributions at
different RSPR are pictured as shown in Figure 6. The inverted
signals are perfectly fitted to the simulated signals, and for RSPR ≤ 1,
the retrieved size distributions agree well with the theoretical normal
distributions. However, for RSPR > 1, the retrieved size distributions
cannot be correctly identified as normal size distributions, which
corresponds to an increase in their inversion errors. This emphasizes
that the absence of the primary bow peak within the right-sided
incomplete global rainbow can lead to an increased inversion error
or even inversion failure.

Figure 7 illustrates scatter and error plots showing the mean
diameters μ and refractive indices n retrieved from the simulated
global rainbows of droplets with log-normal size distributions under
different RSPR conditions. Similar to the case of droplets with
normal size distributions, the errors of the retrieved μ and n
ascend with increasing RSPR. For RSPR ≤ 1 and σ = 0.2, the
absolute errors of n remain within 0.30 × 10−4, while the relative

FIGURE 6
Signal fitting results for the simulated global rainbows of droplets with three different normal size distributions at different RSPR: fitted global
rainbows for (A) μ= 60 μm, σ= 10 μm, μ= 100 μm, σ= 10 μm, μ= 140 μm, σ= 10 μm, and retrieved size distributions for (B) μ= 60 μm, σ= 10 μm, (C) μ=
100 μm, σ = 10 μm, (D) μ = 140 μm, σ = 10 μm.
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errors of μ are within 4.38%. Specifically, for μ = 60 μm, the errors in
both n and μ are below 0.30 × 10−4 and 4.38%, while for μ = 100 μm,
the errors remain within 0.26 × 10−4 and 3.01%. Remarkably, for μ =
140 μm, the errors are only 0.16 × 10−4 and 2.45%. The above
analysis illustrates errors in retrieved μ and n experience a reduction
when the preset mean diameter μ is increased. In the cases of RSPR ≤
1 and σ = 0.3, the errors in n and μ are within 1.27 × 10−4 and 9.96%.
Thus, it is obvious that the mean diameters and refractive indices of
droplets obtained by signal fitting inversion at σ = 0.2 show higher
stability and smaller errors compared to those at σ = 0.3 at different
RSPR. Evidently, the errors in retrieved n and μ amplify as the preset
droplet size standard deviation σ is increased.

It is evident that the inverted rainbows fit remarkably well with
the simulated global rainbows for different RSPR as shown in
Figure 8, and the retrieved size distributions of droplets at
RSPR ≤ 1 closely match the theoretical expectation of the log-
normal distributions. It is worth noting that this consistency is not as
precise as for droplets with normal size distributions. Importantly,
with the increase in the preset mean diameter μ, the retrieved size
distributions of droplets become more stable and more consistent
with the theoretical log-normal size distributions. This observation
also confirms the conclusion summarized earlier.

Figure 9 presents scatter and error plots that depict the mean
diameters μ and refractive indices n retrieved from the global
rainbows of droplets characterized by bimodal normal size
distributions at different RSPR. These bimodal normal
distributions are composed of two independent normal

distributions (μ1 = 50 μm, σ1 = 10 μm and μ2 = 100 μm, σ2 =
20 μm) with number density ratios of Num1:Num2 = 60:100, 100:
100, and 100:60. Through simple mathematical calculations, their
expected mean diameters are found to be 81.25 μm, 75 μm, and
68.75 μm. For RSPR ≤ 1 and Num1:Num2 = 60:100, the errors of the
retrieved n and μ are both within 0.26 × 10−4 and 5.47%. For the
cases of Num1:Num2 = 100:100, the errors in retrieved n and μ are
notably smaller than 0.24 × 10−4 and 8.78%, respectively. Similarly,
for Num1:Num2 = 100:60, the two errors are respectively less than
0.47 × 10−4 and 13.40%. Therefore, as the proportion of the normal
distribution (μ2 = 100 μm, σ2 = 20 μm) decreases, the retrieved
refractive index and mean diameter of the droplets tend to be more
dispersed, accompanied by an increase in their errors.

Figure 10 shows the well signal fitting and size distribution of the
inversion process at different RSPR. For the full rainbow, i.e., RSPR = 0,
the retrieved bimodal normal size distribution fits well with the
theoretical size distribution. However, when RSPR > 0, the retrieved
size distribution is not satisfactory. This is due to the absence of the
informative tail (the red part in Figure 10A) of the global rainbow signal
of the bimodal normal distributed droplets. Meanwhile, the left
incomplete rainbow signal preserves the information in the tail, and
thus the retrieved bimodal distribution is normal. However, the
parameter inversion errors shown in Figure 9 are reasonable,
indicating that the mean diameter and refractive index obtained from
the incomplete global rainbow of a bimodal normally distributed droplets
are closely related to the primary bow peak, while the subsequent peaks
are concerned with the droplet size distribution.

FIGURE 7
Processing results for the global rainbows of droplets with log-normal size distributions. Retrieved mean diameters and refractive indices of (A) σ =
0.2 μm, (B) σ = 0.3 μm, and their errors of (C) σ = 0.2 μm, (D) σ = 0.3 μm.
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By examining the simulated inversion results for the
aforementioned three representative size distributions, it becomes
evident that the errors in retrieving the mean diameter μ and
refractive index n of the droplets with normal size distributions
are relatively minimal compared to those with lognormal and
bimodal normal distributions. Furthermore, it is worth noting
that the normalized intensity value of the first trough in the
global rainbow varies under different simulation conditions, and
this difference imposes a limit on the setting range of the RSPR in
different cases. In practical measurements, whether the incomplete
signal is right-sided or left-sided depends on the actual situation, and
what is needed is to determine whether the selected method is

suitable for processing such signals. The inversions using the right-
sided incomplete rainbow are generally less accurate than those
using the left-sided incomplete rainbow because more information
is preserved, especially in the cases of bimodal normal size
distributions. But the processing result of the right-sided
incomplete rainbows exhibits higher stability.

4 Experimental validation

Experiments in laboratory have been conducted to further
validate the conclusions drawn from the aforementioned

FIGURE 8
Signal fitting results of the simulated global rainbows of droplets with three different log-normal size distributions at different RSPR: fitted global
rainbows for (A) μ = 60 μm, σ = 0.2 μm, μ= 100 μm, σ = 0.2 μm, μ= 140 μm, σ = 0.2 μm, and retrieved size distributions for (B) μ= 60 μm, σ= 0.2 μm, (C)
μ = 100 μm, σ = 0.2 μm, (D) μ = 140 μm, σ = 0.2 μm.

FIGURE 9
Processing results for the global rainbows of droplets with bimodal normal size distributions. (A) Retrievedmean diameters and refractive indices and
(B) their errors.

Frontiers in Physics frontiersin.org08

Li et al. 10.3389/fphy.2023.1326332

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1326332


simulation study. In Figure 11, a schematic of the experimental setup
for the single-point rainbow measurement system is presented. The
setup comprises a perpendicular polarized laser source (λ = 532 nm,
maximum power = 200 mW, beam diameter = 2 mm, vertical
polarization ratio>100:1), a collecting lens (plano-convex, D =
50 mm, f = 75 mm), an aperture, an imaging lens (plano-convex,
D = 50 mm, f = 75 mm) and a recording CMOS camera (1392 ×
1040, 6.45 μm/pixel, 15 fps). By illuminating droplets with the laser
at a geometric rainbow angle of about 139°, the collecting lens

captures the scattered rainbow signal, which is subsequently
recorded on the camera via the imaging lens. The measurement
volume is located 150 mm from the collecting lens, and the imaging
lenses are 100 mm and 130 mm from the aperture and the camera,
respectively. Placed at the conjugate position of the measurement
point with respect to the collecting lens, the aperture effectively
eliminates stray light from the surroundings and scattered light from
droplets beyond the measurement point. This minimizes the
influence of interfering light on the imaging signal camera
through the imaging lens, achieving a spatial filtering effect.

Based on the measurement system described above, a
monodisperse droplet stream and a hollow cone spray of
deionized water are sequentially measured in ambient air at 10°C
and 20°C, and the corresponding standard and global rainbows are
recorded at camera exposure time of 0.2 ms and 100 ms,
respectively.

4.1 Experimental partial standard rainbow

Figure 12A illustrates a pattern of typical standard rainbow
captured during the experiment. It displays a low-frequency Airy
structure with attached high-frequency Ripple structures. The input
signal for the inversion analysis is averaged over 60 rows of pixels in
the pattern, and appropriate signal inversion segments are
intercepted according to the set RSPR. Figure 12B depicts the
slightly noisy experimental standard rainbow signal after
preprocessing, indicating that the experimentally measured
droplets are highly spherical and monodisperse. Also shown is a

FIGURE 10
Signal fitting results of the simulated global rainbows of droplets with three different bimodal normal size distributions at different RSPR: fitted global
rainbows when the number density ratios of the two distributions are (A) 60:100, 100:100, 100:60, and retrieved size distributions when the number
density ratios of the two distributions are (B) 60:100, (C) 100:100, (D) 100:60.

FIGURE 11
Schematic of experimental setup.
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good fit between the experimental standard rainbow signal and the
calculated one at different RSPR. Subsequent analysis, as depicted
in Figure 12C, D, reveals that in the range of RSPR = 0–1.0, the
retrieved refractive indices are within 1.3354–1.3355, while the
retrieved diameters range from 70 μm to 74 μm. These findings
demonstrate the stability of the retrieved droplet parameters with
only minor errors. However, when RSPR ≥ 1, the retrieved
refractive indices and diameters exhibit significant fluctuations.
As concluded in the previous simulation study, this phenomenon
can be attributed to the absence of the primary bow peak in the
standard rainbow signal, which leads to substantial inversion
errors.

4.2 Experimental partial global rainbow

Figure 13A shows a typical experimental global rainbow pattern.
It is recorded by extending the camera exposure time and enlarging
the aperture size to synthetically capture numerous rainbow signals
of droplets with a certain size distribution. Importantly, the global
rainbow is smooth and does not contain the Ripple structure found
in standard rainbow, indicating that the number of droplets is
sufficient. The recorded original global rainbow signal in
Figure 13B is faintly noisy, but the signals of the inversion
process fit well at different RSPR. This favorable outcome is due
to the ability of the signal fitting algorithm itself to eliminate weak
noise when dealing with global rainbow signals [41]. Figure 13C
shows the retrieved size distribution of the experimental global

rainbow signal. The distribution is closer to the lognormal
distribution. The right side of the experimental rainbow signal is
incomplete and missing information from the right tail, which leads
to an error in the retrieved size distribution. The retrieved size
distributions remain stable until the RSPR = 1.5.

Figures 13D, E further display retrieved refractive indices n and
the mean diameters μ for the right-sided incomplete global rainbow
signal under different RSPR. At RSPR ≤ 1.1, the ranges of the n and μ
are 1.3345–1.3348 and 48–51 μm, respectively, again demonstrating
the satisfactory stability and accuracy. The retrieved refractive index
fluctuates more as the RSPR increases. Whereas the retrieved mean
diameters are more stable until the error reaches its maximum at
RSPR of 1.5, indicating the mean diameter is more affected by the
primary peak rather than the subsequent peaks. The aforementioned
processed rainbow signals are laboratory ideal signals. The recorded
rainbow signal from industrial spray would be noisier, partial, and
maybe screened. And the detected droplets may have a refractive
index gradient inside and be non-spherical. These effects should be
considered.

Since this technique still depends on the assumption of spherical
droplet, the upper limit of measurable droplet size is considered to
be around 200 μm. Droplets larger than 200 μm have difficulty
maintaining a spherical shape under their own surface tension.
While the lower limit is 20 μm, because at this point the intensity of
the primary rainbow is too weak to distinguish it from the ripple
structures. With respect to the refractive index, it seems that the
method is not limited by refractive index as long as the rainbow
phenomenon exists.

FIGURE 12
Experimental results of a typical standard rainbow of a monodisperse droplet stream: (A) experimental rainbow pattern, (B) fitted rainbows at
different RSPR, (C) refractive indices, and (D) droplet diameters retrieved by signal fitting at different RSPR.
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5 Summary and concluding remarks

This study delves into the inversion process of the simulated and
experimental right-sided incomplete standard and global rainbows,
employing the signal fitting algorithm, with a focus on exploring its
feasibility and accuracy. The incompleteness of the right-sided

rainbow signal is characterized and defined by a dimensionless
parameter, right signal partial ratio (RSPR). Typical standard and
global rainbow signals, simulated by Lorenz-Mie theory, are divided
into various inversion segments according to preset RSPR ranging
from 0 to 2. The study analyzes in detail the retrieved refractive index,
droplet size, size distribution and fitting process, and the simulation

FIGURE 13
Experimental results of a typical global rainbow of spray droplets: (A) experimental rainbow pattern, (B) fitted rainbows at different RSPR, (C) size
distributions, (D) refractive indices, and (E) mean diameters retrieved by signal fitting at different RSPR.
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results are cross-validated by experiments, of which the main
conclusions are as follows.

The errors of the droplet parameters (absolute error of the refractive
index n and relative error of the droplet diameter D) retrieved from
standard rainbows respectively show an increasing and decreasing
trend with the preset n and D. When the preset D exceeds 60 μm
andRSPR< 1, the average errors ofD and n are within 4.96% and 3.04 ×
10−4, respectively. In the RSPR range of 1-2, the inversion accuracy
decreases significantly, resulting in large inversion errors.

In the range of 0<RSPR < 2, the errors in the refractive index n and
average diameter μ of the right-sided partial incomplete global rainbow
inversion increase with the RSPR. The retrieval errors for droplets with
normal size distributions are smaller than that for droplets with
lognormal distributions and bimodal normal distributions, with the
values of respectively 0.30 × 10−4, 2.52% and 1.27 × 10−4, 9.96% and
0.47 × 10−4, 13.40% at RSPR ≤ 1. For 0<RSPR < 2, the overall trend of
the errors in n andD decrease as the increased preset mean diameter μ,
and the stability of the retrieved n and D decrease with the increased
standard deviation σ of the size distribution.

A single-point rainbow measurement system is built to capture
standard and global rainbows from monodisperse droplets and spray,
respectively. In the RSPR range of 0–1.0, the refractive indices
obtained from the inversion of a typical experimental standard
rainbow remain stable around 1.3354–1.3355 and the diameters
are between 70 and 74 μm. The refractive indices and mean
diameters retrieved from an experimental global rainbow, also
range from 1.3345–1.3348 and 48–51 μm, respectively. These
experimental results further verify the above conclusions.

The investigation into the inversion using the right-sided
incomplete rainbows presents a solution to address the challenge
of incomplete recording of rainbow signals in experiments. This
approach is expected to improve both experimental efficiency and
utilization of experimental data. Scenarios such as different levels of
noise effect, non-spherical droplets, droplets with gradient,
insufficient number of recorded droplets should also be further
considered when processing the partial rainbow signal.
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