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Considerable interest and demand exists in multi-parameter characterization of colloidal droplets. However, an
optical in-situ characterization of such droplets is a particular challenge due to its heterogeneous andmulti-scale
nature, motivating the investigation of a dual-wavelength extinction rainbow refractometry. An analyticalmodel
is proposed, in which dual-wavelength extinction effect of the inclusions on the amplitude of the primary rain-
bow peak allows measurement of inclusion concentration and particle size. The rainbow pattern itself yields
the refractive index and diameter of the host droplet. Validation experiments using deionized monodisperse
water droplets containing standard polystyrene nanoparticles with different concentrations (0%, 0.1%, 0.2%,
0.3%) and particle sizes (210 nm, 530 nm) were conducted. Measured refractive indices and droplet diameters
agree well with the known values. Measurement errors of inclusion concentration and size were analyzed
with andwithout a prior knowledge of the inclusion size. Measurement limits of this approach are also discussed.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Droplets (host droplet) containing immiscible nanoparticles (inclu-
sions), called colloidal droplets, are encountered in awide variety of scien-
tific and engineering applications: nanofluid fuels, spray drying, spray
coating (painting), cooling, etc. For instance, the addition ofmetallic nano-
particles to conventional hydrocarbon liquid fuels to prepare nanofluid
fuels is of considerable importance in enhancing thermophysical proper-
ties, increasing energydensity, improving ignition and combustion charac-
teristics, and reducing pollutant emissions of the base fuels [1]. The
solubility of food and pharmaceutical powders depends on the solid
phase particle concentration of the atomized colloidal droplets in spray
drying [2]. To achieve efficient cooling, solid insoluble particles of different
sizes and concentrations are added to the cooling droplet, enhancing its
heat transfer capacity [3]. To correctly design and control the atomization
process, it is necessary to know what concentration of inclusions are
contained in the colloidal droplet and the correlation between the droplet
diameter and the concentration of inclusions during the subsequent evap-
oration and combustion process [4–6]. Hence, a diagnostic tool for mea-
surement of these quantities is highly desirable.

The optical measurement of colloidal droplets according to the size
and refractive index of the host droplet, and the concentration and size
of the inclusions has been a long-standing challenge due to several rea-
sons: (1) colloidal droplets are heterogeneous and multi-scale in size
(micron sized host droplet, nano sized inclusions); (2) a simultaneous
measurement of both the liquid and solid phases is necessary for a com-
plete description of the process; (3) an in-situmeasurement of droplets
in a flow (up to 100 m/s) is much preferred to an off-line sampling
measurement, for example by scanning and transmission electron mi-
croscopy (SEM, TEM), atomic force microscopy, scanning probe micros-
copy, dynamic light scattering or with electrospray-scanning mobility
particle sizer [7]. Optical measurement techniques have the advantages
of being non-invasive, highly accurate and often capable of in-situ mea-
surements. However, conventional droplet optical measurement tech-
niques such as the phase Doppler technique (PD), forward small angle
scattering (diffraction based techniques), interferometric particle imag-
ing (IPI), etc. [8], aremostly based on the light scattering theory of homo-
geneous droplets. Although there exists accurate numerical methods for
describing light scattering of colloidal droplets, such as T-matrix and
DDA [9,10], they are practically only applicable to sub-micron colloidal
droplets due to insufficient computing power. More recently the light
scattering from colloidal droplets has been examined in detail in con-
junctionwith the time-shift technique, and this represents an alternative
approach to that followed in the present study [11,12].

Alternatively, empirical models to describe light scattering from
drops containing single particles have beenpresented [13,14]; however,
these lack a theoretical basis and are of limited applicability. Consider-
able work has been performed on stationary colloidal droplets, for in-
stance the influence of inclusions on evaporation rate [15], burning
rate [16], and induced velocity fieldswithin the droplet [17]. Combining
high-speed imaging and infrared thermography for temperature
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Fig. 1. Paths of p ¼ 2 and p ¼ 0 rays near the geometric rainbow angle within a colloidal
droplet.
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measurements, Pandey et al. [18] experimentally studied the evapora-
tion and secondary fragmentation atomization of suspended fuel drop-
lets (initial diameter: 300–500 μm) containing different concentrations
(0–0.5% wt) of nanoparticles. Digital holography enabled the measure-
ment of size and 3D position of the inclusion within a single millimeter
sized droplet [19], but this method requires large host droplets. For a
micron sized droplet stream,Wriedt et al. [20] retrieved droplet diame-
ter and inclusion concentration respectively from the angular spacing
and the slope of the scattering light distribution at a specific angular po-
sition of the colloidal droplet; the same group later used continuous
wavelet transform to extract the inclusion number concentration, and
estimated the inclusion size by intricately combining speckle image
analysis and turbidity measurement [21]. Recently, the time-shift tech-
nique yielded inclusion concentration [22] and size [11] from the atten-
uation of the amplitude ratio between zero-order (p ¼ 0) reflection and
second-order (p ¼ 2) refraction signals arising from the same illuminat-
ing Gaussian beam, focused much smaller than the droplet diameter.
Here the index p refers to the number of paths a ray traverses in the
droplet before exiting.

Despite the wide variety of techniques presented, most can only ac-
quire partial information. Few techniques can simultaneously charac-
terize the liquid and solid phase parameters of colloidal droplets,
specifically the refractive index of the host droplet, inclusion size and
concentration. However, simultaneous measurement of these quanti-
ties is desirable, since refractive index related droplet temperature or
composition concentration is a critical parameter in heat and mass
transfer between the droplet and its surroundings. Moreover, the inclu-
sion size and concentration clearly affect the physicochemical proper-
ties (such as viscosity, surface tension, rheology, thermal conductivity,
reactivity and catalytical ability) of colloidal droplets [23,24].

This then motivates the present study based on a dual-wavelength
extinction rainbow refractometry (DERR) in which the dual-
wavelength extinction of intensity ratio Ip¼2=Ip¼0 of the p ¼ 2 and p ¼
0 rays is employed to retrieve inclusion concentration and size, while
the conventional rainbow signal yields refractive index and diameter
of host droplet. Rainbow refractometry (RR), first proposed by Roth
et al. [25], has attracted attention for allowing in-situ measurement of
size [26], non-sphericity [27], refractive index (temperature) [28,29],
mixing ratio [30], transient evaporation rate [31,32], surface tension
and viscosity [33,34] of the droplet. Similar to the extinction method
and time-shift technique, the intensity of the p ¼ 2 rays is influenced
by the extinction arising from the inclusions, enabling the retrieval of
the inclusion concentration and size. Recently, the feasibility of rainbow
refractometry for estimating the inclusion concentration of colloidal
droplets by employing single wavelength extinction of intensity ratio
has been demonstrated [12,35].

In the following section, the measurement principle of DERR is
introduced. Section 3 then describes the experimental set-up com-
prising the monodisperse droplet generation system and the optical
configuration of DERR. Finally, measurement results and measure-
ment limits are presented with a comparison to analytic results in
Section 4.

2. Measurement principle

Assuming the colloidal droplet can be regarded as a dilute system,
the intensity attenuation of the p ¼ 2 rays can be described by the
Beer-Lambert law [10]:

Ip¼2=Ip¼2,CV¼0 ¼ exp −μextLð Þ, ð1Þ

where Ip¼2 and Ip¼2,CV¼0 are respectively the primary peak intensity of
p ¼ 2 rays through the droplet with and without the dispersed phase;
CV denotes the volume concentration of the inclusion relative to the
host droplet; μext is the volume extinction coefficient (m−1). As shown
2

in Fig. 1, L is the path length of the p ¼ 2 rays traveling through the
droplet and its value near the geometric rainbow angle (subscript rg) is

Lrg ¼ 4D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2−1ð Þ= 3n2ð Þ

q
, ð2Þ

where n andD are the refractive index and diameter of the host droplet.
Both of these quantities can be known from the position and frequency
of the fringes in the rainbow pattern. This formulation assumes that the
beam size of the incident light is much larger than the droplet diameter
and naturally much larger than the inclusion size, typically allowing
measurement of particles in the size range of tens of nanometers to tens
of microns.

In previous work, a method of estimating the scattering order inten-
sity ratio R ¼ Ip¼2=Ip¼0 has been introduced to eliminate the random
fluctuations in the absolute intensity of the p ¼ 2 rays [12]. Thesefluctu-
ations arise from random obscuration events when the illuminating
beam and/or scattered light is partially blocked by other droplets, e.g.
in a spray, or when a strongly fluctuating number of droplets are re-
corded in the chosen exposure time. This method of estimating the in-
tensity ratio is given in Eq. (3).

Ip¼2=Ip¼2,CV¼0 ¼ Ip¼2

Ip¼0

� �
=

Ip¼2,CV¼0

Ip¼0

� �
¼ R=RCV¼0, ð3Þ

where Ip¼0 is the primary peak intensity of p ¼ 0 rays. At low concentra-
tions of inclusions, whether the droplet contains particles or not is as-
sumed to have no significant effect on the magnitude of Ip¼0.
Therefore, the term Ip¼2=Ip¼2,CV¼0 is transformed to the attenuation of
the scattering order ratio R=RCV¼0.

The low frequency Airy rainbow and high frequency ripple fringes of
the standard rainbow signal, decomposed and extracted by fast Fourier
transform and inverse transform, respectively contain the amplitude in-
formation of the p ¼ 2 and p ¼ 0 rays. The intensity ratio R ¼ Ip¼2=Ip¼0

can be calculated from their maximum oscillation amplitudes,
expressed as

R ¼ Ip¼2

Ip¼0
¼ 16

Aairy

Aripple

� �2

, ð4Þ

where Aairy and Aripple are themaximum amplitudes of the Airy rainbow
and ripple fringes respectively.

To estimate the concentration and size of the inclusion particles, it is
necessary to further extract information contained in the volume ex-
tinction coefficient μext. For droplets containingmonodisperse particles,



Fig. 2. Extinction factor ratio (Qext,655nm=Qext,532nm) of polystyrene versus particle
diameter.
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μext is directly related to the volume concentration CV and the sizeDc of
the inclusions, expressed as

μext,m ¼ NCext ¼ 1
4
N πDc

2Qext ¼
1:5CV

Dc
Qext Dc,nc,λð Þ, ð5Þ

where N denotes the inclusion number concentration, Cext is the inclu-
sion extinction cross-section, and Qext is the inclusion extinction factor
(a function of the incident wavelength λ, relative refractive index nc of
the inclusion to the host droplet, and diameter Dc). Similarly, the vol-
ume extinction coefficient μext,p of the polydisperse inclusions is
expressed as

μext,p ¼ π
4

Z
N Dcð ÞDc

2Qext Dc,nc,λð ÞdDc: ð6Þ

The volume concentration CV, Sauter mean diameter D32 and surface
area averaged extinction factor Qext,averaged of the polydisperse inclu-
sions are given by

CV ¼ π
6

Z
N Dcð ÞDc

3dDc, ð7Þ

D32 ¼
R
N Dcð ÞDc

3dDcR
N Dcð ÞDc

2dDc
, ð8Þ

Qext,averaged ¼
R
N Dcð ÞDc

2Qext Dc,nc,λð ÞdDcR
N Dcð ÞDc

2dDc
: ð9Þ

Based on the Eqs. (7) to (9), Eq. (6) can be converted into

μext,p ¼ 1:5
CV

D32
Qext,averaged≈1:5

CV

D32
Qext D32,nc,λð Þ: ð10Þ

When the dimensionless size of the inclusions x ¼ πDc=λ is less than
4.0 (Dc<677 nm @ λ ¼ 532 nm, 655 nm), Walters et al. [36] showed
that the averaged extinction factor Qext,averaged is approximately equal to
Qext(D32, nc, λ) calculated by the Lorenz-Mie theory. Thus μext,p can still
be expressed as a function of the D32 and CV of the inclusions.

Referring to Eq. (1), the volume extinction coefficient μext can
be obtained from the measurement of signal intensity attenuation
Ip¼2=Ip¼2,CV¼0, droplet diameter D and refractive index n of the host
droplet. When the D32 or CV of the inclusions is known in advance, the
other parameter can be solved directly.

When both the D32 and CV of the inclusions are unknowns in
Eq. (10), the equation cannot be solved. By using an incident light
source with two different wavelengths (λ1 and λ2) to simultaneously
measure the same colloidal droplet, another corresponding equation
can be added to jointly solve for the two parameters. This approach is
called the dual-wavelength approach. The ratio μext,λ1

/μext,λ2
of the

extinction coefficients at the two wavelengths eliminates CV, and is
expressed as

μext,λ1
μext,λ2

¼ Qext Dc,n λ1ð Þ,λ1ð Þ
Qext Dc,n λ2ð Þ,λ2ð Þ : ð11Þ

As shown in Fig. 2, the extinction factor ratio Qext,655nm/Qext,532nm at the
two wavelengths oscillates with particle size Dc, which results in multi-
ple ambiguous solutions for the same extinction factor ratio. However, a
unique solution can be determinedwhen the approximate range ofDc is
known a prior and then the dual-wavelength approach is again feasible.
The figure demonstrates a measurable non-ambiguous size range of
0–2.0 μm, and the inclusion size in this study is a few hundred nanome-
ters, which fits the present applicable range. It is worth noting that this
extinction ratio basedmethod formeasuring theDc and CV of inclusions
is only applicable to isotropic and spherical particles, as is also a require-
ment for for the host droplet.
3

3. Experimental setup

The monodisperse droplet generation system and dual-wavelength
rainbow measurement are depicted in Fig. 3. The inclusions in the ex-
perimentswere polystyrene (PS) particles and the host droplet is deion-
izedwater. Bymeans of precisely controlled dilution, themonodisperse
PS particles (CV ¼ 10%)with diameters of 210 (�3) nmor 530 (�5) nm
are dispersed into the deionized water using a microelectronic balance,
yielding suspensions with different volume concentrations (CV ¼ 0%,
0.1%, 0.2% and 0.3%). As shown in Fig. 4, the PS particles were examined
using SEM, yielding an average size, used later for comparison to the size
measured using DERR. The sphericity and size monodispersity of the
particles are evidently very good.

Nanoparticles in suspensions are highly susceptible to agglomera-
tion under the combined effect of van der Waals forces, gravitational
forces and electrostatic repulsions. The probability of agglomeration is
related to the frequency of collisions between particles and is directly
affected by particle concentration. On the one hand, the particle concen-
trations studied in this investigation are relatively low. On the other
hand, ultrasonic oscillation can effectively reduce the agglomeration of
nanoparticles and make them fully dispersed. Therefore, the suspen-
sions were placed in an ultrasonic oscillator (model F-008S, 0.8 L,
power 80W) for 15min before transferring to the syringe pump.More-
over, the density of PS particles is almost the same as that of water,
diminishing the settling of PS particles due to gravity [35,37].

The monodisperse droplet generation system comprises a monodis-
perse droplet generator (vibrating orifice), a high-pressure syringe
pump, a signal generator, and a three-dimensional displacement device.
The suspension was injected into a monodisperse droplet generator
(MTG-01-G1, FMP) at a flow rate of Q ¼ 2:0ml/min by a high precision,
high pressure syringe pump (LSP01-1BH, �0.5%). A capillary jet was
formed through the nozzle orifice with a diameter of 100 μm. Under a
periodic disturbance (f ¼ 14:5 kHz) imposed by a piezoelectric ceramic
driven by the signal generator (TOE7404), the jet undergoes a Rayleigh-
Plateau instability and breaks up into equally spaced droplets with
known diameter. It is noteworthy that themonodisperse droplet gener-
ation system is able to produce stable, uniform colloidal droplets due to
the low concentration of the added inclusions.

Two vertically polarized (polarization ratio >100) laser beams emit-
ted from two lasers with wavelengths of 655 nm and 532 nm (Model:
MSII-N-655-200mW, MSII-N-532-200mW) were merged into a single



Fig. 3. Schematic of experimental setup.

Fig. 4. SEM images of studied monodisperse polystyrene particles: (a) 210 nm and (b) 530 nm using a magnification factor of 5� 104.
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beam through a dichroic mirror (DMLP567R). After passing through the
attenuator, the merged laser beam illuminated the colloidal droplets to
bemeasured. The generated dual-wavelength extinction rainbow signal
was collected and recorded by an imaging system consisting of an
aspherical lens (focal length = 150 mm, diameter = 75 mm), an aper-
ture (size = 1 mm), a prime lens (MV2514-5M), and a color camera
Fig. 5. Spectral response curve of the color camera.

4

(Basler acA1920-40gc). In this experiment, the exposure time of the
camera was set to 0.2 ms and the number of droplets recorded in a sin-
gle frame image was 2–4, avoiding the distortion of the ripple fringes
due to minute droplet diameter variations between droplets.

The color camera records the image of RGB three channels, which
contains the rainbow signals at the two wavelengths. However, the
red (R) and green (G) channels both respond to these twowavelengths.
According to the spectral response characteristics of the camera sensor
chip as illustrated in Fig. 5, the signal intensities corresponding towave-
lengths λ1 ¼ 655 nm (Iλ1 ) and λ2 ¼ 532 nm (Iλ2 ) can be separated from
the R and G channels as follows,

Iλ1 ¼ Icamera,R=Rλ2−Icamera,G=Gλ2

Rλ1=Rλ2−Gλ1=Gλ2

,

Iλ2 ¼ Icamera,R=Rλ1−Icamera,G=Gλ1

Rλ2=Rλ1−Gλ2=Gλ1

ð12Þ

where the coefficients Rλ1 ¼ 0:826, Rλ2 ¼ 0:226, Gλ1 ¼ 0:139, Gλ2 ¼
0:994 are the wavelength dependent response quantum efficiencies of
the R and G channels. Icamera,R and Icamera,G are the intensity of R and G
channels recorded by the camera.

Each pixel in the recorded color image is processed using Eq. (12),
which can separate the dual-wavelength rainbow signals according to
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their respective wavelengths, as shown in Fig. 6. The Airy rainbow and
ripple fringes are very clear in both separated images. The 532 nm rain-
bow image is brighter than the 655 nmonedue to the stronger response
of the camera to the 532 nm green light.

4. Results and analysis

4.1. Rainbow pattern with dual-wavelength extinction configuration

Since an analytical/numerical approach to compute the light
scattered frommicron sized colloidal droplets is not available or practi-
cal, aMonte Carlo based ray tracing procedure [38]was used to simulate
some features of the rainbow signals obtained in the experiment. The
ray tracing routine used did not preserve the phase or polarization of
the rays; hence, interference phenomena could not be captured. Never-
theless, the intensity of the primary Airy peak is obtained, which still
contributes to an understanding of the extinction characteristics within
the colloidal droplets and can provide a reference for experimental
studies.

Fig. 7 illustrates the simulated light scattering intensity distributions
of colloidal droplets (D ¼ 164 μm) at different inclusion concentrations
(CV ¼ 0%, 0.1%, 0.2%, 0.3%) and sizes (Dc ¼ 210 nm, 530 nm) using a
laser illumination atλ ¼ 655 nmand λ ¼ 532 nm. The insert in eachfig-
uremagnifies the angular scale near the geometric rainbow angle, and it
can be clearly seen that the intensity of the rainbow primary peak de-
creaseswith inclusion concentration and size. Furthermore, the peak at-
tenuation at λ ¼ 532 nm is stronger than that at λ ¼ 655 nm.

Dual-wavelength rainbow images of colloidal droplets of different
inclusion concentrations and sizes obtained experimentally at an ambi-
ent temperature of 25 C are illustrated in Fig. 8. Compared to the rain-
bow pattern obtained for pure water (CV ¼ 0%), the rainbow images
of colloidal droplets exhibit a uniform background intensity. Light, orig-
inally contributing to the rainbow primary peak, is scattered by inclu-
sions and is redirected to nearby angular positions, forming the
observed background. Its intensity, representing the extinction degree,
increases with the inclusion concentration and size. In addition,
the background appears green because of the stronger extinction of
the λ ¼ 532 nm light to the experimental inclusions. Therefore, when
Fig. 6. Dual-wavelength rainbow image is separated into
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the background is omitted, the signal from λ ¼ 655 nm gradually oc-
cupies more intensity proportion of the original rainbow signal with
the increase of CV. The rainbow image becomes redder with increasing
inclusion concentration, which is especially obvious in the case of
CV ¼ 0:3%.

Using the same image analysis procedure aswas used for Fig. 6, each
image in Fig. 8wasfirst separated into 532 nmand 655 nm rainbow im-
ages. The intensity for each horizontal pixel position was averaged over
100 rows of pixels around themid-height of the separated rainbow im-
ages. The scattering angle results were combined to plot the normalized
intensity distribution as a function of angular position, as shown in
Fig. 9. To visualize rainbow signals at different nanoparticle volume con-
centrationsmore clearly, the four curves have been plotted on shifted x-
axis scales. The features of the dual-wavelength extinction rainbow sig-
nal in Fig. 9 are as follows: (I) With an increase of inclusion concentra-
tion, the modulation depth of the ripple fringes relative to the Airy
rainbow is enhanced (signal of λ ¼ 532 nm exhibits more modulation).
This is due to the attenuation of p ¼ 2 rays inside the drop which con-
tribute to the Airy main peak. (II) The background due to internal scat-
tering of inclusions is most clearly reflected in the leftmost part of the
rainbow primary peak, also called Alexander's dark band, and its inten-
sity increases with CV (almost zero when CV ¼ 0%). (III) The extinction
effect decreases with λ and increases with Dc, which is consistent with
the simulated results in Fig. 7. (IV) The primary peak scattering angle
of the rainbow signal of λ ¼ 532 nm is slightly larger than that of λ ¼
655 nm at the same CV, which is attributed to the larger relative
refractive index at λ ¼ 532 nm than at λ ¼ 655 nm.
4.2. Estimation of parameters

Estimation of the various desired parameters from the rainbow sig-
nals is achieved iteratively by minimizing the least squares deviation
between experimental and computed rainbow signals using the modi-
fied Nussenzveig theory [39]. The obtained parameter values are then
averaged over signals from 60 droplets, all generated under the same
conditions. Fig. 10 presents the measured refractive index, droplet di-
ameter and their errors obtained with different excitation frequencies
red (655 nm) and green (532 nm) rainbow images.



Fig. 7. Simulated light scattering intensity distributions of colloidal droplets (D ¼ 164 μm) at different inclusion concentrations (CV ¼ 0%, 0.1%, 0.2%, 0.3%) and sizes (Dc ¼ 210 nm, 530
nm): (a) λ ¼ 655 nm, (b) λ ¼ 532 nm.
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of the droplet generator, i.e. for different droplet diameters. Results are
shown for values obtained for each of the two wavelengths.

As the droplet generator frequency increases, the measured refrac-
tive index of the host droplet (liquid phase) remains constant and the
measured droplet diameter decreases, as expected. The droplet diame-
ters measured at the two wavelengths agree very well with one an-
other, confirming the accuracy of the measurement. The true value of
the refractive index in Fig. 10(a) is computed using an empirical formula
related to temperature and wavelength [40], and according to this esti-
mation, the maximum error in measured refractive index is about

4� 10−4. Since the path length L is very insensitive to the refractive
Fig. 8. Recorded typical dual-wavelength rainbow images of collo
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index n, this input into the estimation of n only accounts for an error
of less than 0.04% and can be neglected. The true value of droplet diam-
eter, shown by the dashed line in Fig. 10(b), is predicted by the well-
known Rayleigh-Plateua jet breakup formula [41]. Themeasured values
match these predicted values very well, with an average relative error
below 1%.

The next set of measurement results were obtained for the fixed fre-
quency of f ¼ 14:5 kHz of the droplet generator. At this frequency the
measured droplet diameter given in Fig. 10 was 164.2 μm. The mea-
sured refractive indices of the droplet at λ ¼ 655 nm and λ ¼ 532 nm
were respectively 1.3305 and 1.3344. The path lengths Lrg at the
idal droplets of different inclusion concentrations and sizes.



Fig. 9. Experimental dual-wavelength normalized rainbow signals extracted from images in Fig. 8: (a) λ ¼ 655 nm,Dc ¼ 210 nm, (b) λ ¼ 655 nm,Dc ¼ 530 nm, (c)λ ¼ 532 nm,Dc ¼ 210
nm, and (d) λ ¼ 532 nm, Dc ¼ 530 nm.
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two wavelengths are calculated to be 250.16 μm and 251.08 μm
respectively.

The amplitudes of the Airy rainbow peaks and ripple fringes of the
extinction rainbow signals are first extracted and the scattering order
intensity ratios R are calculated according to Eq. (4). Fig. 11 presents
the measured attenuation ratios of the R at different inclusion concen-
trations CV, and the dashed lines are the predictions using Eq. (1). The
measured and predicted values agree reasonably well. As expected,
the attenuation ratio increases with CV and the slope of its growth de-
creases. This decreasing growth rate is most obvious at the operating
condition of Dc ¼ 530 nm, because the extinction factor Qext at λ ¼
530 nm of PS particles is much larger than that at 210 nm. In addition,
an increase in the illuminatingwavelength leads to a decrease in the at-
tenuation ratio,which is consistentwith the simulated results described
in Section 4.1.

Based on themeasured attenuation ratios of the R and the host drop-
let parameters (droplet diameter and refractive index), the volume
7

extinction coefficients μext at the two wavelengths and their ratios
μext,655nm/μext,532nm are calculated based on Eqs. (1) and (11). The inclu-
sion particle sizes Dc are then estimated based on the monotonic rela-
tionship (shown in Fig. 2) between the extinction factor ratio and the
inclusion size. Finally, the values of Dc are substituted into Eq. (10) to
determine CV. Table 1 presents the measured values of μext and their
ratios at the two wavelengths.

Fig. 12 summarizes the measured inclusion particle size Dc, volume
concentration CV and their errors. As shown in Fig. 12(a), themeasured
inclusion particles sizes are respectively 193 nm, 192 nm and 187 nm at
the operating conditions where Dc ¼ 210 nm and CV ¼ 0:1%, 0.2%, 0.3%,
with absolute and relative errors of−17 nm (−8.1%),−18 nm (−8.6%)
and−23 nm (−11.0%). At the operating conditions ofDc ¼ 530 nm, the
measured values are 543 nm, 510 nm and 585 nm, corresponding to er-
rors of 13 nm (2.5%),−20 nm (−3.8%) and 55 nm (10.4%), respectively.
Fig. 12(b) shows that themeasured volume concentrations at Dc ¼ 210
nm are 0.105%, 0.222%, and 0.347% respectively, and the corresponding



Fig. 10.Measured values and errors of (a) refractive index and (b) droplet diameter of the host dropletwith different droplet generator excitation frequencies for thewavelengths 655 nm
and 532 nm.
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absolute and relative errors are 0.005% (5.0%), 0.022% (11.0%), and
0.047% (15.7%). At Dc ¼ 530 nm, the volume concentrations of inclu-
sionsmeasured are 0.094%, 0.192% and 0.246%, corresponding to the er-
rors of −0.006% (−6.0%), −0.008% (−4.0%) and −0.054% (−18.0%)
respectively. The measurement accuracy of inclusion size is slightly
higher than that of volume concentration at both operating conditions.
This is mainly due to the fact that the particle size is determined first
during the estimation, and the error in size propagates further to the es-
timation of volume concentration. The measurement error of both pa-
rameters (CV and Dc) increases with increasing volume concentration.
At relatively low concentrations (CV ¼ 0:1%, 0.2%), the measurement
errors of CV are small and do not exceed 11.0%, which is an acceptable
error. However, the measurement errors at relatively high concentra-
tion (CV ¼ 0:3%) increase significantly (up to 18.0%), which is still an ac-
ceptable error for engineering applications. This is because the slope (i.e.
sensitivity) of the signal attenuation ratio to the volume concentration
(growth rate) decreases with increasing volume concentration, as
depicted in Fig. 11. Thus, with the same absolute error of the measured
attenuation ratio, the corresponding absolute error of the volume con-
centration increases with CV.
Fig. 11. Measured attenuation ratios of the scattering order intensity ratio R versus the
inclusion concentration.
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By substituting the exact values of inclusion particle size Dc or vol-
ume concentration CV and the measured value of extinction coefficient
shown in Table 1 into Eq. (10), the measured values and errors of the
other parameter are calculated, as depicted in Fig. 13. Themeasurement
errors of theDc shown in Fig. 13(a) are overall comparable to the errors
in Fig. 12(a)when CV is known.On the contrary, when inclusion particle
size is known a prior, the measurement errors of CV shown in Fig. 13
(b) are smaller than the error in Fig. 12(b). This verifies the conclusion
that the measurement error of CV in Fig. 12(b) is partly caused by the
propagation of the size measurement error. When the measurement
of CV is of more interest, the Dc should be known in advance to obtain
more accurate values of CV. Furthermore, it is evident that themeasured
values atλ ¼ 532 nmaremore accurate than those atλ ¼ 655 nmwhen
Dc ¼ 210 nm, but for Dc ¼ 530 nm the two are almost identical. This is
understandable, since when the extinction effect (factor) of the inclu-
sions is small, namely a small attenuation, then the measurement
error caused by the signal extraction accounts for a larger proportion.
To measure colloidal droplets with a high inclusion concentration, the
incident wavelength needs to be selected such that the extinction effect
of the inclusions at this wavelength is as small as possible; for the mea-
surement of colloidal droplets with low inclusion concentration, the in-
cident wavelength should be higher.

4.3. Measurement limits

Assuming that the inclusion particles are not agglomerated, the
measurable range of CV is determined by multiple factors, such as
the measurable extinction ratio of the p ¼ 2 rays, the properties of
the host droplet and inclusion particles, as expressed in Eq. (10). The
experimentally obtainable extinction ratio (i.e. attenuation ratio
Ip¼2=Ip¼2,CV¼0) of the rainbow primary peak, is considered to be about
Table 1
Measured values of the volume extinction coefficient μext at two wavelengths and their
ratios.

Dc (nm) CV μext,532nm (m−1) μext,655nm (m−1) Ratio

210
0.1% 957.6 499.4 0.521
0.2% 2026.4 1055.3 0.520
0.3% 2999.9 1541.2 0.513

530
0.1% 3393.3 2112.0 0.622
0.2% 6524.1 3989.1 0.611
0.3% 9451.9 5994.5 0.634



Fig. 12. Measured values and errors of (a) inclusion particle size and (b) volume concentration.
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5–90%.When the attenuation ratio is less than 5%, it is difficult to distin-
guish the signal attenuation from the signal noise. When it is greater
than 90%, themodel of light scattered by the inclusions is multiple scat-
tering. The suspension cannot be regarded as a dilute system and the
condition of Eq. (1) is thus no longer satisfied.

Taking the dual-wavelength light source, deionized water, and in-
clusion particles from this study as examples, the measurable range of
CV, varying with the Dc under different host droplet diameters
(D ¼ 30, 100, 200 μm), is calculated and shown in Fig. 14. The upper
and lower limits of the measurable CV both decrease with increasing
D and the Dc. Especially when Dc is less than 200 nm, the decrease is
even exponential. Since the extinction level of our tested inclusion par-
ticles is high, the investigated number concentration in our experiment
is relatively low. However, the DERR can measure higher solid holdup
levels (up to tens of percent), if the size of inclusion particles and the
host droplet are reduced to tens of nanometers and micrometers
Fig. 13. Provided that (a) volume concentration or (b) size of the inclusion
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respectively, as shown in Fig. 14. In fact, the upper limit of CV is simulta-
neously affected by particle agglomeration, which remains to be stud-
ied, and of course less than the value shown in Fig. 14. Since the
inclusions are more likely to be polydispersed, based on the applicable
conditions of Eq. (10) and the minimum measurable concentration is
not higher than 100%, the measurable range of the Dc is roughly esti-
mated to be 22–677 nm. Taking into account that the ripples must be
distinguished from the Airy rainbow pattern, and demanding a certain
minimum signal-to-noise ratio, the minimum droplet diameter that
can bemeasured is estimated to be about 30 μm. Large droplets will be-
come non-spherical more readily and the maximum measurable drop-
let diameter will be limited, since sphericity is a fundamental pre-
requisite of dual wavelength rainbow refractometry. Thus a conserva-
tive estimate of the largest measurable droplet diameter is 200 μm.

In the implementation and application of DERR, two further limiting
factors should be noted. One is the above-mentioned measureable
s is known, the measured value of the other parameter and its error.



Fig. 14. Measurable volume concentration range varies with the inclusion size under
different host droplet diameters of D ¼ 30thinmathspaceμm, 100 μm, and 200 μm.
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concentration range, since at higher concentrations agglomeration of
the inclusion particles may become significant. Another issue is the
non-spherical droplets, arising from a multitude of sources: droplet/
droplet collisions, droplet oscillations just after the atomization process,
partial drying of droplets in spray drying scenarios. As rainbow refrac-
tometry is sensitive to the droplet shape, non-spherical droplets exhibit
irregular rainbow patterns which can be recognized during the post
processing and rejected from further analysis. However, the directmea-
surement of non-spherical droplets is currently beyond the scope of the
present study.

5. Summary and concluding remarks

Dual-wavelength extinction rainbow refractometry (DERR) has
been proposed to optically characterize colloidal droplets. Under com-
bined dual-wavelength (λ ¼ 532 nm, 655 nm) light illumination, vali-
dation experiments using deionized water droplets containing
standard polystyrene nanoparticles with different volume concentra-
tions (CV ¼ 0%, 0.1%, 0.2%, 0.3%) and particle sizes (Dc ¼ 210 nm, 530
nm) were conducted. Important conclusions are summarized below.

• A background intensity, caused by the internal scattering of the inclu-
sions, overlays the measured rainbow patterns. Its intensity, most
clearly seen in the angular region of Alexander's dark band, increases
with CV (almost zero when CV ¼ 0%).

• The droplet diameters measured at λ ¼ 532 nm, 655 nm are very
close to one another and agree well with theoretical values. The max-

imum measurement error of refractive index is about 4� 10−4. The
CV and Dc of the inclusions can be simultaneously estimated. In the
case of Dc ¼ 210 nm, the maximum absolute and relative errors of
Dc are−23 nm (−11.0%), and that of CV are 0.047% (15.7%). For Dc ¼
530 nm, the maximum errors of Dc are 55 nm (10.4%), and that of CV

are −0.054% (−18.0%). The above measurement results confirm the
feasibility and accuracy of DERR. The errors of CV andDc, both increase
with CV. At relatively low concentrations (CV ¼ 0:1%, 0.2%), the errors
of CV are small (no more than 11.0%); but the error at relatively high
concentration (CV ¼ 0:3%) increases significantly (up to 18.0%). This
is because the sensitivity of the signal attenuation ratio to CV de-
creases with CV.

• When CV is known a prior, the error for Dc is comparable to that in
cases with two unknown parameters. However, when Dc is known,
the error of CV is smaller. The measured values at λ ¼ 532 nm are
more accurate than those at λ ¼ 655 nm when Dc ¼ 210 nm, but for
Dc ¼ 530 nm the two are almost identical, which is because the
error caused by the signal extraction dominates the overall
10
measurement error when the extinction of the inclusions is relatively
weak.

• Assuming that the inclusion particles do not agglomerate, the upper
and lower limits of themeasurable CV, jointly determined by themea-
surable extinction ratio of the signal, the properties of host droplet
and inclusion, both decrease with increasing D and Dc. When the Dc

is less than 200 nm, the decrease is even exponential. Themeasurable
range of Dc is roughly estimated as 22–677 nm, and that of D is
30–200 μm.

The present simultaneous measurement of inclusion concentration
and size relies on the approximate range of inclusion size, which can
be circumvented by a light source with three different wavelengths
being considered in future work. The agglomeration of nanoparticles
tends to be more severe as the size decreases, and one possible way to
overcome this is to add surfactants. However, the measurement limits
of colloidal droplets with inclusion size less than 100 nm and the effect
of the surfactants remain to be investigated. Compared with the tradi-
tional extinction method, themost notable advantage of DERR is its on-
line measurement capability, facilitating future applications in the in-
situ characterization of suspension sprays.
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