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Abstract: Refractive index and density matching are essential for optical measurements of neutrally
buoyant liquid–liquid flows. In this study, we proposed a design of experiments (DoE) to develop
refractive index and density matching systems, including objective setting, candidates screening,
sampling and fitting, and a detailed matching process. Candidates screening criteria based on the
density and refractive index ranges of the aqueous and organic phases were used. Using the DoE,
we proposed a system with a ternary aqueous phase potassium thiocyanate (KSCN)/ammonium
thiocyanate (NH4SCN) solution and m-dichlorobenzene/tripropionin solution as the organic phase to
achieve the tuning of the RI and density simultaneously. Empirical correlations of the refractive index
and density with respect to the concentration and temperature for the three mixtures were obtained
by combining Latin hypercube sampling with binary polynomial fitting. Correlations were validated
with existing data in the literature and were found to align with deviations as low as 4 × 10−4 for the
refractive index and 2 × 10−3 g · cm−3 for the density. Using the correlations, the refractive indices
for the ternary aqueous phase, the binary organic phase, and the device materials were matched to be
equal. Density matching was performed for the liquid–liquid phases as well. Refractive index- and
density-matched recipes could be obtained for a wide range of temperatures (15–65 ◦C) and device
materials (PMMA, borosilicate glass, quartz, and silica gel). These recipes provide options for the
optical measurement of a liquid–liquid system required to neutralize buoyancy.

Keywords: neutrally buoyant; optical diagnosis; design of experiments; refractive index and density
matching; Latin hypercube sampling

1. Introduction

Neutrally buoyant liquid–liquid flows are widely studied experimentally in droplet
formation [1], jet flow [2], and centrifugal extraction [3]. To meet the requirements of neu-
tralizing buoyancy in these applications, density matching is usually necessary to eliminate
the density differences between fluid pairs. To examine the local hydrodynamic behav-
ior of the liquid–liquid multiphase flows, laser-induced fluorescence (LIF), laser Doppler
velocimetry (LDV), and particle image/tracking velocimetry (PIV/PTV) are widely used
as standard tools for flow characterization. These advanced non-invasive, spatiotempo-
rally resolved optical techniques have become standard tools for flow characterization.
However, the collection of reliable quantitative data has been dependent on developing
related systems for detection or imaging, including lasers, cameras, and photodetectors.
Indeed, all these inspection techniques require through-lighting and image acquisition
systems. Therefore, two main problems affect the implementation and accuracy when these
tools are used in the study of liquid–liquid flows with complex structures. First, optical
distortions caused by the reflection and refraction of light when passing through device
materials and fluids with different refractive indices (RIs). Second, optical distortions are
generated by the refraction of light passing through the flow domain with different RI
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fluids. When the RI difference is about 1%, the relative random errors of velocity are as
large as 2000% [4]. However, matched density and matched RI are usually not available
simultaneously between pure materials. Therefore, it is necessary to develop an RI- and
density-matched system consisting of an aqueous phase solution and an organic phase
solution. Importantly, to the best of our knowledge, no article to date has been published
about such a system.

To summarize, fluid pairs that can be used for optical measurements of neutrally
buoyant two-phase flow need to meet the following criteria:

• The RI of the immiscible fluid pairs and device materials need to match.
• The densities of the fluid pairs also need to match.

Previously, numerous relevant experiments reported in the literature were performed
with RI-matched liquid–liquid systems. Auger et al. [5] used a two-phase refractive index-
matching system with an aqueous glycerol solution with n-heptane to simultaneously
measure the velocity and concentration fields of the liquid–liquid system in a simple device
with a square structure and surface with no curvature. Morgan et al. [6] used a square
test section for horizontal liquid–liquid flow applications. In this work, the RI value of
Exxsol D80 was 1.444, which was matched with an 81.7 wt% glycerol solution. Since both
studies used a square test section, the RI of the observational solid was not considered.
Wright et al. [7] provided a detailed review of refractive index-matching techniques used
in liquid–liquid flow studies. They summarized 13 RI-matched liquid–liquid fluid pairs
with close RIs based on the study from Smedley and Coles [8]. However, all of the liquid
pairs involved single-component liquids and fine tuning of the refractive indices was
not possible. This problem can be solved by mixing a third component for both phases.
Helmers et al. [9] proposed a method of matching the refractive index using two immiscible
binary mixtures to enhance the flexibility of the whole system. Still, some researchers
proposed refractive-matching systems for liquid–liquid studies [10–13]. Although there are
many RI-matched systems available for liquid–liquid studies, the refractive index of these
matching systems is usually different from those of an observational solid. RI-matched
liquid–liquid–solid systems are rare and only a few studies have proposed such systems.
Burdett et al. [14] matched the refractive indices of silicone rubber (RI = 1.422) with two
immiscible fluids. The aqueous phase was a solution of 67.9 wt% glycerol, while the organic
phase was methylcyclohexane. Stöhr et al. [15] matched the RI of quartz (RI = 1.458) with
two immiscible fluid combinations. The first immiscible fluid was a mixture of silicone oils,
consisting of 98 wt% Dow Corning 556 fluid and 2 wt% Dow Corning 200 fluid. The second
fluid was an aqueous solution of 58 wt% zinc chloride (ZnCl2). It is surprising that there
are no refractive index-matching techniques available for a wider range of solid materials,
particularly for commonly used materials, such as PMMA (RI = 1.489) and borosilicate
glass (RI = 1.474).

Given that the refractive index is usually the only property considered in the reported
systems and other properties tend to be discrepant, the reported physical parameters of
RI-matched systems showed a significant density difference between the two phases of the
fluid pairs. Density matching for RI-matched fluids is not often taken into account in the
diversity and complexity of liquid–liquid matching systems.

Density matching was considered in several solid particle suspension studies. Baily
and Yoda [16] proposed a refractive index- and density-matched system for suspension in
which polymethyl methacrylate (PMMA) was suspended in a ternary aqueous phase con-
sisting of water, glycerol, and ammonium thiocyanate. They gave an empirical correlation
equation for the refractive index expressed in terms of the PMMA particle concentration,
chemical composition, and temperature. Wiederseiner et al. [17] reviewed refractive index
and density matching in solid particle suspensions and performed optical diagnosis exper-
iments. Nevertheless, density-matched systems have rarely been proposed in the study
of liquid–liquid flow. The matching procedure in liquid–liquid systems is more complex
than solid–liquid systems because both phases’ properties need to be tuned and matched
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in liquid–liquid systems. Moreover, a fluid pair’s RI needs to be matched to the transparent
device material’s RI.

For RI matching and density matching, it is important to know the RI and density
dependency with composition and temperature. Note that the effect of temperature on the
refractive index and density is significant. The problem reduces to determining the rela-
tionship between an independent variable (concentration, temperature) and a dependent
variable (refractive index, density), i.e., (RI, ρ) = f (c, T). By using a controlled variable
method, the relationships between (c, T) and (RI, ρ) can be fitted separately. This process
requires a huge number of experiments [18] and it is difficult to ensure that the values of
the controlled variables are invariant between design points. A stratified random sampling
was introduced to counteract such negative effects and included proposing a novel design
of experiments (DoE) by coupling Latin hypercube sampling (LHS) with binary polynomial
fitting (BPF) and validating the obtained correlations against published data.

To achieve refractive index and density matching with a wider range of applications
(temperature range of 15–65 ◦C, RI range of 1.452–1.489), we proposed a systematic pro-
cedure for a RI- and density-matched system that can be used for the optical diagnosis
of neutrally buoyant liquid–liquid flows. After a short description of the procedure, the
detailed matching process is presented step by step. Two aqueous thiocyanate solutions
and an organic binary mixture were selected as candidates. Correlations for refractive index
and density were obtained using LHS-BPF. Then, recipes and matching methods for four
different transparent materials at different temperatures were created. This procedure is
also suitable for developing a matching system for any physical property matching system
for liquid–liquid or solid–liquid systems to be studied.

2. Methodology
2.1. Design of Experiments

The DoE described in this paper is shown in Figure 1 and contained four steps, objec-
tive setting, candidates screening, sampling and results fitting, and properties matching.
The content within the dashed box represents the target property. The two parts connected
to the left and right represent the selection of aqueous and organic phases as candidate
solutions. This was followed by the data extraction and fitting process of LHS-BPF. Finally,
the target recipes of the required solutions were obtained through a matching process.

(1) Objective setting

In addition to determining the refractive index of the solid material, it is essential to
identify the properties that require matching. In this study, we planned to develop an RI-
and density-matched system consisting of an aqueous phase solution and an organic phase
solution, where the RIs of the fluid pairs are matched to PMMA (RI = 1.489), borosilicate
glass (RI = 1.474), quartz (RI = 1.458), and silica gel (RI = 1.452).

(2) Candidates screening

The commonly used refractive index matching choices for the aqueous and organic
phases are summarized in Tables 1 and 2, respectively. The aqueous phase was designated
as a three-component phase to ensure flexibility in the matching process. The organic phase
required the selection of two mutually soluble hydrophobic organics with both organic
densities between the upper and lower limits of the density of the salt solution.
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Figure 1. Flow chart of the matching procedure.

Table 1. Common refractive index matching aqueous solutions.

Aqueous Candidates Range of RI Range of Density, g/cm3 Reference

Glycerol (C3H8O3) 1.330–1.474 0.998–1.231 Takamura et al. [19]
Potassium thiocyanate (KSCN) 1.330–1.490 0.998–1.414 Jane et al. [20]
Sodium salicylate (C7H5NaO3) 1.330–1.490 0.998–1.031 Prasad et al. [21]

Sodium iodide (NaI) 1.330–1.499 0.998–1.283 Bai et al. [22]
Ammonium thiocyanate (NH4SCN) 1.330–1.503 0.998–1.149 Borrero-Echeverry et al. [23]

Table 2. Common refractive index matching organic liquids.

Organic Candidates Range of RI Range of Density, g/cm3 Reference

Heptane (C7H16) 1.395 0.684 Hibberd et al. [24]
Chloroform (CHCl3) 1.441 1.472 Bhatia et al. [25]

Dow Corning 556 1.460 0.980 Goharzadeh et al. [26]
Xylene (C8H10) 1.493 0.860 Richards et al. [27]

Methyl salicylate (C8H8O3) 1.526 1.180 Nguyen et al. [28]
Chloronaphthalene (C10H7Cl) 1.631 1.119 Koh et al. [29]
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In this study, the aqueous phase was designated as a three-component phase to
provide flexibility in the matching process. The selection of the organic phase required
the selection of two mutually soluble non-hydrophilic organics within the density range
of the salt solution. Two aqueous thiocyanate solutions with low toxicity and low money
cost were selected as candidate aqueous phases, namely, potassium thiocyanate (KSCN)
and ammonium thiocyanate (NH4SCN). NH4SCN was found to be an ideal refractive
index matching medium by several studies [23,30,31]. NH4SCN was chosen as the target
component of the aqueous phase. KSCN is the RI and density adjustment component.
Since the two salts have the same anion and similar properties, they provide more flexible
and controllable refractive index- and density-matching properties while also ensuring the
stability of the aqueous phase. The organics that were reported in the literature that can
be used for refractive index matching are all difficult to achieve a compromise between
refractive index and density. To this end, a binary organic mixture selection consisting of
tripropionin and m-dichlorobenzene was first proposed for RI matching after a simplified
calculation. The physical property range of the three solutions used in this study at 20 ◦C is
shown in Figure 2.
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Figure 2. The RI (a) and density (b) ranges of three fluid pairs at 20 ◦C.

Figure 2 illustrates the criteria for candidates selecting for the aqueous and organic
phases. To achieve a complete refractive index match, the refractive index ranges of both
aqueous and organic phase solutions must cover the refractive index ranges of the four
different types of solid materials, with overlapping parts. Regarding density, it is necessary
to ensure that the density range of the two aqueous phase solutions intersects with the
density range of the organic phase. Additionally, the upper limit of the density of one
aqueous phase should be higher than the upper limit of the organic phase, while the other
aqueous phase should not exceed the upper limit of the organic phase.

(3) Latin hypercube sampling and results fitting

Latin hypercube sampling (LHS) was proposed by McKay et al. [32] and has been used
in fluid flow studies [33]. LHS requires that the system being sampled has an invariant
underlying logic, and it just needs a few levels to achieve the same goal as a controlled
variable method. Since no level appears twice, the total number of experiments is reduced
significantly. In this study, every mixed solution is a system with an invariant underlying
logic. Temperature T (◦C) and concentration c (given by weight percentage) were selected
as variables, and correlations of density and refractive index were able to be fitted using
a binary polynomial. Python was used to create a 10-run LHS set. The specific sampling
results for three candidate solutions are shown in Figure 3, where the black dotted line
is the projection of the sampling point on the independent variable. The temperature
range for all three fluid pairs studied was 15–65 ◦C, the concentration range for NH4SCN
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was 0–0.65, the concentration range for KSCN was 0–0.6, and the concentration range for
m-dichlorobenzene of the organic phase was 0–1.
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2.2. Measurement

A METTLER AL204 high-precision electronic balance ensured the accuracy of the
mass weighing with an accuracy of 0.0001 g. The temperature-dependent refractive index
data were measured using a LICHEN Abbe refractometer at 589 nm with a measurement
accuracy of 0.0002. An external, temperature-adjustable circulating water bath controlled
the temperature variation in the solution and refractometer to within 0.02 ◦C. The refractive
index of each solution was measured at the design temperature five times and the average
value was taken as the measured refractive index for that temperature and composition.
The density of each solution at the design temperature was measured using a METTLER
DENSITY2GO densimeter with a measurement accuracy of 0.001 g·mL−1.

3. Results and Discussion

Based on the experimental data obtained for each solution, the dependence of the
refractive index and density on concentration by weight and temperature for each solution
was obtained using binary polynomial fitting. The results of the fitted three-dimensional
surfaces are shown in Figure 4a,c,e and Figure 5a,c,e. The relationships between the
properties and concentration at different temperatures, which were calculated from the
empirical correlations, are shown in Figure 4b,d,f and Figure 5b,d,f. The refractive index and
density correlations are described below, and the fitting coefficients are given in Tables 3–6.

Table 3. Coefficients of the empirical correlations for RI.

Fluid Pairs n0 λ10×102 λ20×102 λ01×104 λ02×107 λ11×105 R2

Water/NH4SCN 1.333 23.8 4.121 −1.238 0 −12.6 0.999
Water/KSCN 1.333 17.0 7.067 −1.138 0 −22.5 0.999

1,3-dichlorobenzene/Tripropionin 1.434 9.271 1.869 −4.613 8.201 −1.553 0.999
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Table 4. Coefficients of the empirical correlations for the density of the aqueous phase.

Fluid Pairs ϕ10 ϕ20×102 ϕ11×104 ϕ12×105 ϕ21×103 R2

Water/NH4SCN 0.2493 0 4.794 2.841 0 0.999
Water/KSCN 0.5459 6.216 −25.1 −2.924 4.899 0.999

Table 5. Coefficients of the empirical correlations for the density of the organic phase.

Fluid Pairs ρT φ10 φ20 φ30 φ01×104 φ02×106 φ11×104 φ12×105 φ21×104 R2

1,3-dichlorobenzene/Tripropionin 1.090 0.2348 −0.1275 0.1119 −6.647 −6.279 −4.838 1.410 −1.935 0.999

Table 6. Coefficients of the empirical correlations for the KSCN solution volume fraction.

Transparent Material b0 b1 b2×103 b3×105

Quartz 12.80 −0.2374 3.530 2.348
PMMA 26.22 −0.5441 8.140 −0.1184

Borosilicate glass 20.92 −0.4264 6.240 0.9598
Silica gel 9.125 −0.2374 3.530 2.348
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3.1. Refractive Index Correlations

The empirical correlations of the refractive index of three fluid pairs in the temperature
and concentration ranges mentioned above at a fixed measurement wavelength can all be
expressed as Equation (1), where the RI of the two aqueous phase solutions has a quadratic
relationship with concentration and a linear relationship to temperature. A second order is
used for both concentration and temperature for the organic phase. The linear cross-term
represents the coupling between concentration and temperature dependencies.

n = n0 + λ10c + λ20c2 + λ01∆T + λ02∆T2 + λ11c∆T (1)

where n is the RI; c is the mass concentration of the target compound in each solution;
temperature is given by ∆T = T − T0, where T0 = 20 ◦C; and λij is the fitting coefficient.
The value n0 represents the RI of water at 20 ◦C with a value of 1.333 for the aqueous phase
or the RI of tripropionin (i.e., m-dichlorobenzene at a mass concentration of 0) at 20 ◦C with
a value of 1.434 for the organic phase. The regression coefficients R2 were all more than
0.999, indicating that the data fit well.

The high R2 values not only demonstrated the accuracy of the fitting method utilized
in this study but also highlighted the crucial role of Latin hypercube sampling (LHS).
The LHS method not only significantly reduced the total number of experiments but also
ensured that the sampled data points were more representative in the variable space. As a
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result, the association results obtained were strongly correlated. Thus, the combination of
LHS and BPF was well-suited for use in physical data correlation applications.

3.2. Density Correlations

The density of an aqueous phase solution can be correlated with the density of pure
water versus temperature, superimposed on the term of concentration effect and some series
of temperature and the concentration interaction term. The NH4SCN aqueous solution
density and concentration exhibited a linear relationship, while a KSCN aqueous solution
showed a second-order relationship. The general formula of the empirical correlation is
expressed as Equation (2):

ρA = ρ0 + ϕ10c + ϕ20c2 + ϕ11c∆T + ϕ12c∆T2 + ϕ21c2∆T (2)

ρ0 = 0.9982 − 2.056 × 10−4∆T − 4.851 × 10−6∆T2+1.588 × 10−8∆T3 (3)

where ρ0 is the density of pure water at atmospheric pressure versus temperature, as shown
in Equation (3). The value 0.9982 [34] represents the density of water at 20 ◦C.

The density of the organic phase had a cubic relationship with the concentration of
m-dichlorobenzene (weight percentage) and a quadratic relationship with temperature,
as shown in Equation (4), where ρT is the density of tripropionin at 20 ◦C with a value of
1.090 g·cm−3, which is similar to the results of Smedly et al. [8].

ρO = ρT + φ10c + φ20c2 + φ30c3 + φ01∆T + φ02∆T2 + φ11c∆T + φ21c2∆T + φ12c∆T2 (4)

3.3. Validation of Fitting Correlations

The validity of the LHS-BPF method was evaluated along with the accuracy of the
experimental measurements. First, the empirical correlations obtained using the LHS-BPF
method were compared with the data acquired via the controlled variable method. As
shown in Figure 6a,b, the difference between the measured and predicted refractive index
values of all points at this temperature was less than 4 × 10−4. Subsequently, correlations
were verified using the refractive index and density data published by Agrawal et al. [35].
The results showed that the refractive index difference was lower than 4 × 10−4, and the
difference in the densities was less than 2 × 10−3 g · cm−3 in Figure 6c,d. The minimal
difference in the above results also showed the effectiveness of the LHS-BPF method
proposed in the physical property correlation of hybrid solutions. Furthermore, all the data
obtained in this study versus the value calculated using empirical correlations shown in
Figure 7 demonstrated the accuracy of the correlations.

3.4. Process for Refractive Index and Density Matching

The empirical correlations for the RIs of the three fluid pairs could determine the
composition of the mixture that matches the RIs of the different transparent materials at
different temperatures, as shown in Figure 8. The densities of the three mixtures at a certain
temperature could be obtained through the density empirical correlations. When the RIs of
two phases were matched with transparent materials, the density difference between the
NH4SCN solution and the organic phase at different temperatures is shown in Figure 9.
Four commonly used transparent materials were analyzed, and their RIs in descending
order were 1.489 (PMMA), 1.474 (borosilicate glass), 1.458 (quartz), and 1.452 (silica gel). As
shown in Figure 9, the lowest value of the density difference between the two phases existed
along with temperature when matching the same material in the studied temperature range,
which followed the polynomial law. When comparing transparent materials, the greater
the material’s RI, the greater the density difference between aqueous and organic phases
was. The density difference between the two phases could be reconciled by introducing a
certain amount of RI-matched KSCN aqueous solution into the water phase. The ternary
mixture readily achieved the compromise between the refractive index and density.
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Usually, the physical properties of ternary mixtures present a ternary triangular
relationship. Clement et al. [36] investigated non-linear effects when mixing RI-matched
binary solutions. The results showed that the density and RI of the ternary mixed solution
follow a linear model. Therefore, the densities of RI-matched NH4SCN and KSCN aqueous
solutions after mixing could be calculated according to Equation (5):

ρm = θρP + (1 − θ)ρA (5)

where ρm is the density of the solution after mixing; ρP and ρA are the densities of KSCN
and NH4SCN aqueous solutions with matched RI, respectively; and θ is the volume fraction
of the KSCN aqueous solution required for mixing. Thus, as shown in Figure 10, we could
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obtain the volume fraction of KSCN aqueous solution for different transparent materials at
different temperatures. The volume fraction as a function of temperature for transparent
material could be expressed as shown in Equation (6). The coefficients for the different
transparent materials considered are summarized in Table 6. The recipe of the aqueous
solution could be adjusted according to the transparent material of the experimental setup
and the experimental temperature.

θ = b0 + b1T + b2T2 + b3T3 (6)
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The matching process described above allowed for the determination of matching
requirements based on the material of the device and the temperature of the experiment.
The composition of the three required solutions could be determined separately by using the
correlation equations for refractive index and density. The volume ratio of the two aqueous
phase solutions could be calculated using Equation (6). Afterward, the aqueous phase
solutions are blended based on fixed ratios. The goal was to achieve a liquid–liquid two-
phase system with matching refractive indices and densities, where both refractive indices
matched those of the device materials. This design of experiments (DoE) covered almost
the full range of temperatures and refractive indices required for equipment materials
in hydrodynamic experiments. Furthermore, this method is easily replicable in common
experimental conditions.

4. Conclusions

This study proposed a novel DoE to develop a RI- and density-matched system for
neutrally buoyant two-phase flows. An RI- and density-matched system was success-
fully obtained with a KSCN/NH4SCN aqueous solution as the aqueous phase and an
m-dichlorobenzene/tripropionin solution as the organic phase. The system can be flexibly
tuned for a wide range of experimental temperatures (15–65 ◦C) and the type of differ-
ent solid materials (RI = 1.452–1.489). The use of three-component aqueous solutions to
reconcile the refractive index and density was shown to be effective.

The method combining Latin hypercube sampling with binary polynomial fitting was
used to acquire accurate empirical correlations of refractive index and density with a mini-
mum number of experiments. The generated empirical correlations were validated using
the results of previous studies, as the results showed that the refractive index difference
was lower than 4 × 10−4, and the difference in densities was less than 2 × 10−3 g · cm−3.
This method of obtaining accurate correlations of physical properties data with limited
data points can serve as a reference for other physical properties studies.

The matching procedure and DoE proposed in this study can be applied not only to the
development of liquid–liquid systems that match the refractive index and density but also
to the more complex matching of multiple properties, such as particle–liquid–liquid–solid
systems. This provides new ideas for more diverse property matching requirements and
more complex matching processes.

Author Contributions: Conceptualization, J.T.; methodology, C.W.; software, C.W.; validation,
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Nomenclature

Symbols
b Fitting coefficients in correlations of the KSCN aqueous solution’s volume fraction
BPF Binary polynomial fitting
c Concentration by weight (weight percentage)
LHS Latin hypercube sampling
ni The symbol for refractive index
n0 Refractive index of water at 20 ◦C
R2 Correlation coefficient squares
RI Refractive index
T Temperature, ◦C
T0 The initial temperature, 20 ◦C
∆T Temperature difference
Greek symbols
ρi Density, g · cm−3

µ Viscosity, mPa · s
θ Volume fraction of KSCN aqueous solution required for mixing.
λij Fitting coefficients in correlations of refractive index
ϕij Fitting coefficients in correlations of aqueous phase’s density
φij Fitting coefficients in correlations of organic phase’s density
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