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a b s t r a c t 

Accurate measurement of droplet size, temperature and concentration in sprays is of great importance but still 

challenging in applications. The secondary rainbow refractometry is investigated in this work to measure re- 

fractive index and size of transparent spherical droplets, with better sensitivity than the first rainbow. Inversion 

algorithm of the secondary rainbow is used and validated through processing the secondary rainbow signals 

simulated by the Lorenz-Mie theory. The secondary rainbow refractometry is applied to measure monodispersed 

spherical droplets of ethanol and N-heptane with different diameters in the isothermal conditions. Measured re- 

fractive indices of both liquids are 1.3621 and 1.3950 with diameter of about 145 μm and uncertainty of size 

measurement is down to 1 𝜇m with RMS error of 0 . 3 𝜇m . Compared with results from the microscopic imaging, 

the maximum of deviation as well as the relative error are within several microns and 4 % . This work confirms 

the feasibility and high accuracy of the secondary rainbow refractometry in spherical droplet size and refractive 

index measurement at room temperature of about 300 𝐾. 
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. Introduction 

Rainbow is a kind of fascinating natural phenomena characterized

y color bridge hanging in the sky, always on a sunny day after rain.

ometimes, it is possible to observe two rainbows simultaneously, and

he brighter and more distinct one refers to the primary rainbow, while

he other is known as the secondary rainbow. The dark region between

hem is the Alexander dark band. Nowadays, knowledge about rainbow

echnique has witnessed the development of optics, from ancient Ge-

metric optics (GO) [1,2] , Airy theory [1] , Lorenz-Mie theory (LMT)

3–5] , Debye theory [6,7] , Nussenzveig theory to even modern quan-

um optics [8,9] . Theories on rainbow elucidate that the shift of angular

osition and the intensity distribution of rainbow signal are related to

roplet refractive index (RI) and size. Rainbow refractometry for droplet

iagnostics was inspired by the formation of rainbow in nature. As a typ-

cal non-intrusive optical measuring method among various optics tech-

iques for measuring droplet size, velocity and temperature [10,11] ,

ainbow refractometry is getting more and more attention, for its high

ensitivity to the change of droplet refractive index and size, especially

ts applications to spray measurements. 

Spray [10] , a complicated phenomenon, which is of essential sig-

ificance in many fields of science and engineering applications, such

s spray combustion chambers, spray cooling, pharmaceutical powder

nd fuel injection. For example, parameter measurement of sprays can
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ot only guide the improvement of engines [12] , but also provide nec-

ssary experimental data for numerical simulation [13,14] . Liquid-gas

nteraction plays an important part in sprays, so in order to figure out

he process of sprays and even predict the nozzle performance, droplet

easuring techniques are urgent for development [15,16] . Because pa-

ameters like temperature, species can be deduced from RI, measuring

efractive index and size of droplets in situ occupies an integral part

f sprays investigations. There are also some appropriate models to de-

cribe the scattering pattern of non-spherical droplets, and the particle

efractive index and size can be inversed in this way [17,18] . 

The rainbow refractometry can measure refractive index as well as

ize of droplets simultaneously. The angular position of rainbow sig-

al and the light intensity distribution would alter owing to the change

f droplet refractive index and size. There have hitherto been different

ainbow techniques to meet great demands of various occasions compre-

ensively, for example, standard rainbow refractometry [19,20] , global

ainbow refractometry [21,22] , one-dimensional rainbow refractometry

23,24] and phase rainbow refractometry [25,26] . Roth et al. [19] pro-

osed a method to measure refractive index using the offset of the first

ainbow position, to investigate liquids whose refractive index is un-

nown or changes due to heating and chemical processes. Van Beeck

t al. [21] comprehensively introduced the concept, configuration and

pplication of global rainbow thermometry (GRT) based on standard

ainbow thermometry. Comparing experimental device and results be-

ween SRT and GRT, the pros and cons of both techniques were analyzed
ember 2021 
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27] . Because SRT and GRT were limited to single point measurement,

u et al. [23,24] proposed the one-dimensional rainbow thermometry

ORT) which enabled rainbow measuring technique to measure droplet

efractive index and size in one dimension or a straight line. Wu et al.

25,26] took advantage of the relationship between the phase shift of

igh frequency ripple structure of rainbow signal and the change of par-

icle diameter [1] , and proposed phase rainbow refractometry (PRR) to

easure droplet size on the micron scale and the change of droplet di-

meter on the nanoscale. So far, all the above rainbow refractometries

ave been applied in various scenarios for droplet measurements, such

s measuring size, refractive index, temperature, as well as more pa-

ameters like concentration, mixing ratio, surface tension. Walker et al.

28] explained the geometric rainbow angle and angular position of

he first twenty-order rainbows of water, as well as the relationship

etween geometric rainbow angle and refractive index. Wu et al. used

lobal rainbow technique to study concentration and size distribution of

wo-component droplets [29] , and investigated mixing ratio of multiple

prays using the same technique [26] , with the accuracy down to 5 % ,

n the premise of ensuring that difference of refractive index was large

nough and the species of components were little. Promvongsa et al.

nvestigated the variations of droplet diameter and composition during

he evaporation of water-ethanol droplet in quiescent atmosphere using

he standard rainbow refractometry [30] , and applied 1D global rain-

ow technique to measure droplet evaporation rate and refractive index

31] . Li et al. [32] measured refractive index and size of droplets with

olid inclusions through the rainbow refractometry. Lv et al. [33] ap-

lied rainbow refractometry to quantify the oscillation of droplets, and

hus measured surface tension and viscosity of liquids. 

Existing rainbow techniques mainly gather and inverse the first rain-

ow pattern, and the refracted light from first rainbow interacts with the

nner surface of droplet twice. The first rainbow signal is backscattered

nd the intensity is high, so it is easy to collect and process signals. The

ifference between first and secondary rainbow is that the secondary

ainbow is composed of interference with light scattering reflected on

he inner surface of droplet three times. The secondary rainbow pattern

f droplets with value of refractive index greater than one [34] is also

ackscattered and the interference from other orders rainbow is small

nough to be ignored. Furthermore, in addition to high power and clear

tructure, the characteristic of the secondary rainbow is owning wider

ignal, which may mean its sensitivity is better than that of the first rain-

ow. So it is possible to obtain refractive index and diameter of droplets

ia the secondary rainbow signal. At present, the investigations concern-

ng droplet measurement using the secondary rainbow are little. Yu et al.

timulated the optical caustics near the primary and secondary rainbow

ngles of oblate water droplets using a vector ray tracing model [35] . Us-

ng the generalized Lorenz-Mie theory and the Debye theory, Cao et al.

36] estimated the possibility of measuring refractive index and diame-

er of spherical droplets through the secondary rainbow in theory, but

xperimental validation was not mentioned. Nowadays, researches con-

erning application and inversion algorithm need further development.

ctually, the secondary rainbow is undoubtedly applied to measure re-

ractive index and particle size of spherical droplets, with some certain

dvantages compared with the primary rainbow refractometry, rather

han limited to theoretical researches. Therefore, the secondary rain-

ow refractometry in this paper is used to study refractive index and

ize of spherical particles, in order to increase the sensitivity of rainbow

echnique in droplet measurement. And the size range is from tens of

icrons to hundreds of microns. 

The optics theory and advantages of the secondary rainbow are in-

roduced in section 2. The secondary rainbow signals of droplets with

ifferent refractive indices and diameters are simulated, and the results

re derived through inversing these signals using the processing algo-

ithm for verification in section 3, as well as the corresponding data

rocessing algorithm. At last, the experiment setup, calibration, results

nd discussions of measurement are provided in section 4.1, section 4.2,

ection 4.3, respectively. 
2 
. Measurement principles of secondary rainbow 

Principles of the secondary rainbow are similar to that of the primary

ainbow, except the interaction of the secondary rainbow between the

ncident light and the inner surface of droplet is three times, but for the

rimary rainbow it is twice. As shown in Fig. 1 (a), in which 𝜃𝑖𝑛 is the

ncident angle, 𝛾 is the refraction angle, 𝜃 is the scattering angle and 𝑝

epresents times that the incident light is refracted or reflected with the

nner surface of droplets. The functional relation between 𝜃 and 𝜃𝑖𝑛 , 𝛾,

 is as follows [1,28] , in which 𝑛 is droplet refractive index, 

= 2 𝜃𝑖𝑛 − 2 𝑝𝛾 + ( 𝑝 − 1) 𝜋. (1)

According to the Debye decomposition, the interference light of the

econdary rainbow mainly consists of four parts, as shown in Eq. 2 , 
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other interference 
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(2) 

The first one is the self-interference of refracted light ( 𝑝 = 3 ), which is

enerated by two refractions and two reflections between the incident

ight and the inner and outer surface of droplets, and it accounts for

he Airy structure and can be explained by the Airy theory. Because

f its sensitivity to refractive index at angular position, the secondary

ainbow is used to measure droplet refractive index. The next one is the

nterference between refraction and reflection, which forms the ripple

tructure. Moreover, the third is the reflection on the external surface

f droplets in Eq. 2 . Finally, the last represents the interference of light

cattering orders with the main parts of the secondary rainbow ( 𝑝 =
 , 𝑝 = 3 ), and it is usually almost invisible. But this part could lead to

he superimposition of other high frequency and low amplitude ripples,

nd it should be carefully taken into account in case of presentence. For

nstance, the interference light ( 𝑝 = 0 , 𝑝 = 4 ) appears around the angle of

he main peak from the secondary rainbow signal, which is essential in

he inversion of diameter and refractive index, and the main influence it

rings is that its light intensity is considerable compared with the other

nterferences. On the basis of Lorenz-Mie theory, it is uncomplicated to

eceive that the light intensity of interference ( 𝑝 = 0 , 𝑝 = 4 ) is about 0.05

imes the maximum of the main peak, so it could be ignored. 

Fig. 1 (b) displays the simulated secondary rainbow signals of a

roplet with size of 100 𝜇m and RI of 1.3620 using the Airy theory, the

orenz-Mie theory (LMT) and the Debye decomposition combining 𝑝 = 0
nd 𝑝 = 3 , and it is easily found that the main peak, supernumerary and

ipple of the secondary rainbow are identical between curves of LMT and

ebye from simulation results. As illustrated in Fig. 1 (a), the relation

etween the angular positions of the primary and secondary rainbow

ignals and droplet refractive index is given below, 

𝑝 =2 = 𝜋 + 2 cos −1 
√ 

𝑛 2 − 1 
3 

− 4 sin −1 
√ 

4 − 𝑛 2 

3 𝑛 2 
. (3)

𝑝 =3 = 2 𝜋 + 6 sin −1 
√ 

9 − 𝑛 2 

8 𝑛 2 
− 2 cos −1 

√ 

𝑛 2 − 1 
8 

. (4)

hen 𝑝 = 3 , the relationship between refractive index and scattering

ngle is shown in the Fig. 2 (a), where 1 . 3 ≤ 𝑛 ≤ 1 . 45 . 
In addition to the differences of signals between the secondary rain-

ow and the first rainbow mentioned above, the sensitivities of the first

nd secondary rainbow angles to refractive index can be obtained by

pplying a derivative to RI, as formulated in Eq. 5 and 6 , 

hen 𝑝 = 2 , 
𝜕𝜃𝑝 =2 

𝜕𝑛 
= 

2 𝑛 √ (
4 − 𝑛 2 

)(
𝑛 2 − 1 

) − 

16 

𝑛 

√ (
4 𝑛 2 − 4 

)(
4 − 𝑛 2 

) . (5)

hen 𝑝 = 3 , 
𝜕𝜃𝑝 =3 

𝜕𝑛 
= 

54 

𝑛 

√ (
9 𝑛 2 − 9 

)(
9 − 𝑛 2 

) − 

2 𝑛 √ (
9 − 𝑛 2 

)(
𝑛 2 − 1 

) . (6)
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Fig. 1. (a) Illusion of laser paths of the secondary rainbow. (b) a comparison of the simulated signals with the Airy theory, the Lorenz-Mie theory, the Debye theory 

( 𝑝 = 0 , 𝑝 = 3 ). 

Fig. 2. (a) Relationship between refractive index and scattering angle when p = 3. (b) the derivation diagram of the relationship between scattering angle and 

refractive index when p = 2 and p = 3, and the ratio between values of derivation. 
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The range of refractive index in both formulas is limited to 1 . 3 ≤ 𝑛 ≤

 . 45 , and the most common liquids would be discussed. Fig. 2 (a) de-

icts the curve of Eq. 4 , and Fig. 2 (b) compares the curves of Eq. 5 and

q. 6 , and the ratio between values of them. As Fig. 2 (b) shows, the

ate of change decreases in the curve of 𝑝 = 3 , but increases in the curve

f 𝑝 = 2 as refractive index rising. Furthermore, the gradient of the sec-

ndary rainbow signal is steeper than that of the primary rainbow sig-

al in general, and the angle of the secondary rainbow transforms more

bviously, specifically for spherical droplets. In this range of refractive

ndex, the difference of signal gradient is large between the secondary

ainbow and the primary rainbow, and then gradually decreases as the

efractive index increases. For example, when 𝑛 = 1 . 333 , which is the

I of deionized water, absolute value of the derivative of curve from

he secondary rainbow is 1.80 times that from the first rainbow, and as

or ethanol, the ratio becomes 1.82. While measuring refractive index

nd particle size of droplets under different situations, the transform

f signals can be viewed in the secondary rainbow signal more easily.

specially at the time that temperature is measured through the sec-

ndary rainbow refractometry, more subtle change would be detected

nd more accurate results would be given. Similarly, this feature can

lso be embodied in the measurement of other parameters, but this is

ot applicable to non-spherical droplets [37] . Therefore, an advantage

f the secondary rainbow is that it has better sensitivity for the spherical

roplets with regard to the changes in many parameters, like refractive

ndex and temperature. 
3 
In order to furtherly certificate the statement that the secondary rain-

ow owns better sensitivity, the secondary rainbow signals are simu-

ated under the framework of the Lorenz-Mie scattering theory. The sim-

lated secondary rainbow signals are obtained by calculating the light

cattering of a single droplet near the secondary rainbow angle and ig-

oring the interference caused by light scattering of different droplets.

ig. 3 (a) simulates the primary rainbow signal and the secondary rain-

ow signal of ethanol droplets with different diameters, where the main

eak and supernumerary can be observed. As the diameter of droplet

ncreases, the width of the main peak becomes smaller with light inten-

ity of the secondary rainbow signal larger. Combining analog signals

f the primary rainbow and the secondary rainbow in Fig. 3 (a), the

ngle range of the main peak from the secondary rainbow is about 4.6

egrees, and for the primary rainbow is about 2.5 degrees at the same

onditions. Fig. 3 (b) shows the simulated signals of ethanol and wa-

er droplets with the same particle size, which reflects the change of

cattering angle is obvious. In the secondary rainbow signal, the an-

le between the maximum value of peaks is 7.3 degrees, however, it

s 4.0 degrees for the primary rainbow. With the same preset condi-

ions, the simulated signal of the secondary rainbow performs better

han that of the primary rainbow in the aspect of sensitivity. In conclu-

ion, the secondary rainbow is more sensitive to the change of refractive

ndex, particle size and other parameters of droplets than the primary

ainbow. 
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Fig. 3. (a) The primary rainbow signal and the secondary rainbow signal of ethanol droplets with different diameters (size is 50m, 100m, 150m, respectively). (b) 

the primary rainbow signal and the secondary rainbow signal of different droplets with the same diameter (size is 100m, RI is 1.362 and size is 100m, RI is 1.333). 

3
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. Simulation validation 

To inverse refractive index and diameter, an optimal fitting is per-

ormed between the sampled secondary rainbow signal and the theoret-

cal one. After obtaining the secondary rainbow signal, the light inten-

ity distribution can be transformed, recorded as the column vector 𝐸 𝑟𝑏 

hown as follow 

 𝑟𝑏 = 

[
𝑒 1 𝑒 2 𝑒 3 ⋯ 𝑒 𝑚 

]𝑇 
. (7)

Assuming the composition, concentration, refractive index and other

arameters of droplets are identical, and the distribution of size is non-

onstraint, the droplets are represented by 𝐷 𝑟𝑏 . While calculating the

oefficient vector 𝑇 𝑟𝑏 of the secondary rainbow using Debye theory con-

aining 𝑝 = 0 and 𝑝 = 3 , the column vector 𝐼 𝑟𝑏 ( 𝑛, 𝜃, 𝑑) represents the the-

retical signal strength of the secondary rainbow, 

 𝑟𝑏 ( 𝑛, 𝜃, 𝑑) ≅ 𝑇 𝑟𝑏 ⋅𝐷 𝑟𝑏 = 
[
𝑡 
(
𝑛, 𝜃1 , 𝑑 

)
𝑡 
(
𝑛, 𝜃2 , 𝑑 

)
𝑡 
(
𝑛, 𝜃3 , 𝑑 

)
⋯ 𝑡 

(
𝑛, 𝜃𝑚 , 𝑑 

)]𝑇 
⋅𝐷 𝑟𝑏 , 

(8) 

here 𝑑 is the size of droplet. 

The interference between rainbow signals from multiple droplets

s smoothly filtered out, and then ignored in the measurement area.

dopting the Non-Negative Least Squares (NNLS) method, and itera-

ively searching the refractive index and the size distribution, the value

f 𝐼 𝑟𝑏 ( 𝑛, 𝜃, 𝑑) is made closest to 𝐸 𝑟𝑏 , 

rg min 
𝑛,𝑑 

||𝐸 𝑟𝑏 − 𝐼 𝑟𝑏 ( 𝑛, 𝜃, 𝑑) ||, s.t. 𝑛 ∈ [
𝑛 min , 𝑛 max 

]
, 𝑑 ∈

[
𝑑 min , 𝑑 max 

]
. (9)

rent’s method [38] is applied in the process of searching optimization,

nd the optimized parameters can be got when difference is less than

he present threshold. And this method can converge and solve more

ccurately and quickly, given the range of value that contains only one

oots. When the absolute error between two vectors becomes minimum,

he optical solution is obtained, and at this time refractive index and

article size are outputted. The Debye theory can be replaced with the

iry and Lorenz-Mie theory, and despite above three methods have dif-

erences, there is almost no effect on the measuring results. 

The secondary rainbow signal is simulated with definite refractive in-

ex and size, so as to verify accuracy of the inversion algorithm, in other

ays, to ensure the feasibility of the secondary rainbow refractometry.

he secondary rainbow simulated signal is obtained by calculating the

ight scattering of a single droplet near the secondary rainbow angle and

gnoring the interference caused by light scattering of different droplets.

he research object of this paper is the light scattering of spherical and

niform droplets, so the Lorenz-Mie theory is used to simulate the light

cattering of droplets illuminated by a laser, in order to simulate the

aussian beam in the experiment. The influence of simulated signals is
4 
egligible, caused by other orders of rainbow on simulation, because the

ight intensity of other orders is ignorable compared with the secondary

ainbow signal. 

Fig. 4 (a) is a typical fitting between simulated signal and theoretical

ignal of the secondary rainbow during inversion, with inversed diam-

ter of 60 μm and refractive index of 1.380. Both curves of signals fit

ell in overall, and the positions of peaks are similar. Fig. 4 (b) indicates

nversed values and preset values, and only two sets of comparison val-

es have a certain difference. The most deviation is 0.5 μm for size and

 × 10 −3 for refractive index, and the relative errors are all within 0 . 4% ,

 . 1% for diameter and RI respectively while measuring droplets with

ifferent diameters, illustrating the inversed values is extremely close

o the preset values. However, it is obvious that there are some fluctua-

ions in the diagram. The reason may be that the light scattering process

s too complicated to be fully expressed through theory in actuality. As

he previous researches revealed, only the beam waist was much larger

han droplet size, could scattering angle be regarded as being illumi-

ated by plane wave irradiation. In conclusion, the inversion algorithm

entioned can ensure the accuracy of the secondary rainbow refractom-

try. While taking the average value of the upper and lower fifty rows

f pixels as the secondary rainbow signal for inversion, the average time

s about a minute. 

. Experiments and results 

.1. Experimental setup 

The experimental setup involved a secondary rainbow refractometry

nd a system of droplet generation. Uniform stable droplets were pro-

uced by a self-developed droplet generator, and diameter of droplets

an be controlled. A laser beam illuminated the droplets stream, with a

avelength of 532 nm and polarization perpendicular to the observation

lane, and the droplet diameter range was 120–150 μm. The backscat-

ered light was gathered by a plane-convex lens, namely collecting lens,

ith focal length of 75.0 mm and diameter of 50.8 mm. An aperture,

ocated at the imaging surface of the collecting lens, formed the spatial

lter with correcting lens, so as to intercept the interference light. The

econd lens, imaging lens, with its imaging surface coincided with the

ocal plane of collecting lens, made up a Fourier imaging system with

ollecting lens, as shown in Fig. 5 . 

After the imaging lens, the light scattering was projected and

ecorded on the industrial camera. After calculating and adjusting in the

xperiment, the distance between the collecting lens, aperture, imaging

ens and camera was determined to be 160 mm, 70 mm, 80 mm re-

pectively, in the premise that measuring distance was 150 mm. The

ixels of the camera were 1920 × 1200 , and exposure time was 800 ms.
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Fig. 4. (a) The fitting of simulated signal and theoretical signal of the secondary rainbow. (b) inversed values and preset values of diameters and refractive index. 

Fig. 5. Schematic diagram of secondary rainbow refractometry and droplets generation with the image from the microscopic imaging. 
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i  

a  
ince the composition of droplets was absolute ethanol, the angle be-

ween incident direction of the laser and the collection system was 141 ◦,
n which way the secondary rainbow could be imaged in the middle

f industrial camera. While the secondary rainbow refractometry was

orking, a light source and a high-speed camera laid on both sides of

roplets on an axis, and droplets images were reported by the camera

irectly. The position of high-speed camera and the magnification of

ens were adjusted until clear droplets could be observed on the high-

peed camera, as a comparative experiment of the secondary rainbow

efractometry. During the experiment, the secondary rainbow signals

nd the droplets images were recorded under different working condi-

ions, with droplet size varying. Fig. 5 consists of a microscopic image

f signal ethanol droplet, and size can be calculated according to the

umbers of pixels occupied by a droplet in the image after calibration.
5 
fter measuring droplets of different situations with two techniques,

easurement results between the secondary rainbow refractometry and

he microscopic imaging technique are compared, in order to verify the

ccuracy of size measurement of the secondary rainbow refractometry.

nd the apparatus introduced above can also be employed to measure

prays, because the light scattering intensity is only related to the dis-

ersion angle. When measured droplets are polydisperse, the inversion

lgorithm should be adjusted accordingly. 

.2. Scattering angle-pixel calibration 

Because the relationship between scattering angle and pixel position

s necessary to data inversion, it is important to obtain the scattering

ngle of laser corresponding to the different positions on the camera
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Fig. 6. (a) a secondary rainbow picture from the secondary rainbow refractometry. (b) a graph of the secondary rainbow signal after normalization. (c) the fitting 

of inverted signal and theoretical signal of the secondary rainbow. (d) and (e) are the diagrams of diameter and refractive index values obtained through measuring 

ethanol and N-heptane droplets with the secondary rainbow refractometry. (f) a comparison diagram about diameters of ethanol and N-heptane droplets using the 

secondary rainbow refractometry and the microscopic imaging technique. 
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ensor. This work adopted calibration method using mirror [29] , the

ey point of which was that mirror was placed at the measuring point

ith high-precision rotating platform. Toward accurately finding the

osition of measuring point, two lasers were used and the measuring

oint was registered by the intersection point of two beams. Before cal-

bration, turning off a laser and adding an attenuator between laser and

amera were important to decrease laser intensity, in order to protect

amera from damage. Mirror was being rotated from where reflector

as perpendicular to the incident light until the reflected light coin-

ided with the optical axis of the secondary rainbow signal collection

ystem. The rotation angle and the position of reflected light on the

amera were recorded respectively. Finally, combining the angle be-

ween the direction of laser emission and the optical axis of the sec-

ndary rainbow signal acquisition system, the scattering angle at the

easurement point could be captured, and then the relationship be-

ween the light scattering angle and the pixels on the camera would be

btained. 

.3. Results and discussion 

Fig. 6 (a) displays a secondary rainbow picture of a single ethanol

roplet, where the main peak of Airy rainbow, supernumerary and rip-

le structure superimposed on that can be observed clearly. Fig. 6 (b)

emonstrates a graph of the secondary rainbow normalized signal from

he experiment. A complete secondary rainbow signal curve is obtained

hrough taking the average value of the upper and lower twenty rows

f pixels, whose center is selected as the position of laser shown on the

amera during calibration. Fig. 6 (c) shows the fitting of inverted signal

nd theoretical signal of the secondary rainbow. The overall trends of

oth curves are consistent and the peaks fit well. The main discrepancy

mbodies in the intensity of secondary rainbow signals, which nearly
6 
akes no difference to inversing refractive index and diameter. Such

tting of two rainbow signals ensures the accuracy of the secondary

ainbow refractometry. 

While processing data of each condition, thirty samples selected

rom images of the secondary rainbow were inversed and then aver-

ged to gain the last results. Fig. 6 (d) and (e) are diagrams of diameter

nd refractive index values obtained through measuring ethanol and N-

eptane spherical droplets with the secondary rainbow refractometry

t ambient temperature, respectively, with the root mean square (RMS)

rror of each parameter. When the diameter of dropets is about 145 μm,

t is obvious that refractive index of ethanol droplets is 1.3621, with

mall fluctuation, and refractive index of N-heptane is 1.3950. All of

hese are identical to the known refractive index values of ethanol and

-heptane in similar conditions, because according to papers, the values

re 1.3630 for ethanol at 293K [39] and 1.3911 for N-heptane at room

emperature [40] . In the experiment, the average values of RMS error

re 2 . 1 × 10 −4 and 3 . 4 × 10 −4 for ethanol and N-heptane respectively, in-

icating that measurement of refractive index is not influenced by the

hange of particle size. And the uncertainty on the refractive index is in

he fourth digit for both two liquids, proving the feasibility to measure

efractive index using the secondary rainbow refractometry. As for di-

meter measurement, the particle size values have a large difference in

easuring droplets with unequal diameters for ethanol and N-heptane.

he average RMS error of the N-heptane particle size measurement with

ve different sizes is 0.3 μm, and the uncertainty is 0.8 μm, for ethanol

roplets, the RMS error is 2.6 μm, and the uncertainty is 7.2 μm. Al-

hough the measuring deviation of ethanol droplets is larger than that

f N-heptane droplets, both derivations can satisfy the engineering ap-

lications. Therefore, it is verified that the accuracy and stability of the

econdary rainbow refractometry to measure diameter with small devi-

tions. 
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Fig. 6 (f) is a comparison diagram about diameters of ethanol and N-

eptane spherical droplets at constant temperature using the secondary

ainbow refractometry and the microscopic imaging technique. The val-

es of ethanol droplet size are similar from the two techniques, and

erivation is within 5 𝜇m with average relative error of 2 . 3% . The dif-

erence of N-heptane particle size is bigger between two methods, and

he change of measurement results is smaller with the diameter varying.

he maximum derivation between two methods is 10 μm, and the av-

rage relative error is 3 . 6% . For instance, when the result of measuring

roplet size was 150.0 μm through the microscopic imaging, the sizes

ere 148.2 μm and 146.4 μm for ethanol and N-heptane droplets respec-

ively through the secondary rainbow refractometry. When the value

f microscopic imaging becomes 143.3 μm, the diameters are 138.1

m and 143.6 μm for both droplets. Although the results of two tech-

iques have a small derivation, the reliability and accuracy of the sec-

ndary rainbow refractometry to measure droplet size is considerable,

aking into account measurement errors of the microscopic imaging

ethod. 

. Conclusion 

In this work, the secondary rainbow refractometry is proposed and

escripted in detail from measurement principle, numerical simulation,

nversion algorithm to experimental measurement. The secondary rain-

ow refractometry is successfully applied to measure refractive index

nd size of droplets, with both feasibility and accuracy verified. 

• It is found that the secondary rainbow is sensitive to the change of

parameters such as diameter and refractive index. Therefore, it is

verified that the level of sensitivity to measure parameters of spher-

ical droplets is higher with the secondary rainbow refractometry

through simulating several droplets, and the inversion algorithm is

proposed corresponding to the secondary rainbow. While process-

ing simulated signals, the relative errors are all within 0 . 4% , 0 . 1% for

diameter and RI respectively, illustrating reliability and accuracy of

the inversion algorithm. 
• The secondary rainbow refractometry is utilized to measure spheri-

cal droplets at room temperature with different diameters and types.

The refractive indices values are 1.3621 and 1.3950 while measur-

ing ethanol and N-heptane droplets with diameter of about 145 μm,

and the RMS errors are 2 . 1 × 10 −4 and 3 . 4 × 10 −4 , respectively. And

for diameters measurement, the average RMS error of ethanol and

N-heptane particle are 0.3 μm and 2.6 μm. It is confirmed that mea-

surement of refractive index is not influenced by the change of par-

ticle size, and it will be used to measure temperature, composition

and other parameters with better sensitivity. 
• The diameters measured by the secondary rainbow refractometry

are compared with those obtained from the microscopic imaging

method, and the relative errors of both ways are little, which are

2 . 3% and 3 . 6% . It is proved that the secondary rainbow refractome-

try can be applied to obtain size of droplets with high accuracy. 

The secondary rainbow refractometry owns higher sensitivity while

easuring refractive index and size of spherical droplets at ambient

emperature. In the case of parameters with a slight change, the sec-

ndary rainbow is likely to capture and record this information. How-

ver, there is still a lack of the secondary rainbow theory that ensures

ccuracy and reduces time-consuming. In this paper, only one case is

roved that the secondary rainbow refractometry is applied to measure

 single droplet, and it is firmly believed that the secondary rainbow

efractometry can be extended to be combined with the global rainbow

efractometry, the one-dimension rainbow refractometry and the phase

ainbow refractometry. With comprehensive and in-depth development,

he secondary rainbow refractometry will be used in the measurement

f refractive index and size of spherical droplets more extensively. 
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