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Method for refractive index detection for
emulsion concentration
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The existing approaches to the determination of the oil concentration in the oil-water emulsion
(where the dispersed phase is o0il) are analyzed in accordance with the theory of light scattering
and the change in the refractive index in the suspension. Based on the CCD method, an automatic
measuring device was developed to measure the refractive index of the emulsion, the relationship
between the concentration and the refractive index of the emulsion was determined.
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1. Introduction

Oil-in-water emulsions with a concentra-
tion between 3-5% are extensively used as
the transmission media in hydraulic supports
and single hydraulic props in underground
coalmines. The mass percentage of oil in an
emulsion, 1.e., the emulsion concentration, is a
crucial indicator for evaluating the performance
of the emulsion, and has a significant impact on
the service life and operational performance of
supporting devices in coalmines. An excessively
low concentration would affect the performance
of emulsion in terms of capacity of hard water
resistance, stability, corrosion resistance, and
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lubricity, reducing the service life and overall
performance of the supporting devices. On the
other hand, an excessively high concentration
would increase the costs and decrease the de-
foaming and swelling properties. Therefore,
the rationality and stability of emulsion con-
centration have gradually become increasingly
important indicators for the evaluation of coal
production efficiency [1].

High-precision detectors capable of measur-
ing real-time emulsion concentration are desir-
able in practical coal production. Based on the
measured results, emulsion concentration in
the tanks can be sustained in reasonable rang-
es by adding water or oil [2].
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2. Status quo of methods for emulsion
concentration detection

The primary method of emulsion concentra-
tion detection traditionally used in actual coal
production is the refractometry approach. This
approach requires manual sampling and read-
ing by conducting regular sampling inspections,
which, therefore, cannot be used for automatic
real-time detection.

Moreover, due to the variety of emulsified
oils used in coal mining processes, measuring
the concentration of emulsions prepared from
different types of emulsified oils using a certain
type of refractometer can hardly reflect the ac-
tual emulsion concentration.

In addition to the manual handheld concen-
tration meter method that is widely used at
coalmines, a large number of emulsion concen-
tration detection approaches have also been de-
veloped in China. Wang Zhengliang proposed
a capacitance-resistance approach for detecting
the concentration of emulsion[3,4]. In this ap-
proach, a measurement is conducted based on
the basic trend that different values of concen-
tration correspond to specific values of permit-
tivity and resistivity. However, this approach
has not been widely used due to the low reli-
ability of detection. Currently, there are sev-
eral frequently used methods of concentration
measurement. Ultrasound detection measures
emulsion concentration according to the fact
that ultrasound exhibits different transmission
speeds and attenuation levels in different me-
dia [5-8]. Infrared transmission measurement
detects the concentration of emulsions based on
the principle that infrared light demonstrates
different degrees of attenuation when travers-
ing emulsions with different concentrations[9].
Another method of concentration detection
was developed based on the principles of the
Venturi tube in fluid mechanics [10]. In recent
years, optical methods of emulsion concentra-
tion detection have grown into a primary topic
of study in this field, which mainly involves
two methods—a refractive index detection ap-
proach based on the fact that light transmitted
in emulsions with different concentration val-
ues has different refractive indices [11], and a
turbidity detection approach based on the fact
that emulsions with different values of turbid-
ity have different turbidities [12, 13].

A key component of a high-precision, real-
time emulsion concentration monitoring instru-
ment is the sensor. The approaches mentioned
above are all associated with various types of
sensors. However, there still exists a lack of
commercially available sensors for detecting
the concentration of emulsion.
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Let us analyze the relationship between the
concentration of the emulsion and the refrac-
tive index. Oil drops in emulsions have sizes
varying from several micrometers to tens of
micrometers with a scattering distribution fol-
lowing the theories of Rayleigh scattering, Mie
scattering, and Fraunhofer diffraction.

When the diameter of an oil drop is closely
related to the wavelength of incident light, by
assuming that the oil drop sizes are uniformly
distributed, Rayleigh scattering can be used for
analysis. Under the condition of Rayleigh scat-
tering, a relationship between the nonlinear
refractive index and the concentration of the
medium can be derived, as shown below,
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where a, denotes the diffraction loss per unit
length, n, is the refractive index of a pure water
medium, n is the ratio of refractive index be-
tween an emulsified oil and water medium, r is
the radius of an oil drop, A is the wavelength of
incident light, and N is the number of particles
per unit volume.

Nonlinear refractive index of the medium,
n,, can be calculated using Eq. (2),
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where V represents the volume of a single oil
drop. It can be seen from Eq. (2) that refractive
index of the medium is directly proportional to
the number of oil drops per unit volume, N, i.e.,
directly proportional to the volume of oil drops
per unit volume of emulsion, VN. Therefore, it
can be inferred that the refractive index of the
emulsion is directly proportional to the emul-
sion concentration.

Research on diffraction and refraction of
comparatively large spherical drops of emulsi-
fied oil in the emulsion needs to be conducted
according to the Mie scattering and Fraunhofer
diffraction theories. Due to the complexity of
the associated theories, research on the rela-
tionship between equivalent refractive index
and concentration has not yet been reported
and needs further exploration. Nevertheless,
we can still predict that the refractive index
of an emulsion should be intensively associ-
ated with the size distribution of emulsified oil
drops in the emulsion and the number of drops
per unit volume.
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Fig.1 Relation curves of concentration and re-
fractive index of emulsions in various types

Researchers in China obtained the concentra-
tion-refractive index curves for emulsions of the
commonly used types from experimental studies
[15]. According to the operational requirements
on emulsion concentration specified in coal pro-
duction, emulsions with eight values of concen-
tration (0.5%, 1%, 2%, 3%, 4%, 5%, 6%, and 8%)
were prepared using concentrated solutions and
emulsified oils in seven types (MS10-5 G, MS10-
5Y, ME10-2, ME10-4, ME10-5, ME15-5, and
ME40-5), as shown in Fig. 1.

It can be observed from Fig. 1 that the re-
fractive indices of emulsions in various types
all monotonously ascend with the concentra-
tion. Variations of refractive index are fairly
small; from the lowest concentration level, 0.5
%, to the highest concentration level, 8 %, the
maximum and minimum variations are 0.1418
and 0.0541, respectively. MS10-5G, ME10-2,
and ME10-4 exhibit superior linear properties
within the whole range, while ME15-5, MS10-
5, ME10-5, and ME40-5 show good piecewise
linear characteristics.

In order to more accurately measure the
concentration, table lookup and linear interpo-
lation methods were adopted for processing the
detected signals. In other words, a concentra-
tion-refractive index table was established with
an interval of 0.5 % concentration. Concentra-
tion in each interval was inversely deduced
by conducting linear interpolation on detected
refractive index piecewise-point data (already
saved 1n the table).

3. Approach of refractive index detec-
tion for emulsion concentration

Figure 1 illustrates that there exists a cer-
tain relationship between emulsion concentra-
tion and refractive index. Given the type of a
certain emulsion, the emulsion concentration
can be obtained by using look-up table or inter-
polation methods based on the experimentally
measured refractive index data.
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Fig.2 The schematic of refraction of the laser
beam traversing the sample cell

The refractive index of liquids can universal-
ly be measured using five methods: laser radia-
tion, diffraction grading, optical fiber Young’s
interference, surface incidence, and CCD-based
detection [16]. Moreover, the refractive index
can also be calculated based on the detected
critical angle of total internal reflection [11,
17], which, however, is comparatively compli-
cated in practice.

In this study, the concentration of emulsion
was calculated according to the concentration—
refractive index curve, where the refractive in-
dex of the emulsion was detected using CCD.
The principle of refractive index detection us-
ing CCD is illustrated in Fig. 2 [18].

When a laser beam is obliquely incident into
a rectangular sample cell filled with liquid, an
offset of transmitted light, 61, will occur. Under
the same angle, another offset of transmitted
light traversing the empty cell, 60, will be pro-
duced. The refractive index of the liquid to be
detected is actually related to these two offsets,
but not to the refractive index or thickness of
the sample cell wall. In the CCD-based detec-
tion method, the refractive index of the liquid
to be measured is generally calculated based on
the laser beam offsets that are automatically
detected by CCD [16], as shown in Fig. 2.

2%
cosf . 3
n,=14|——— sin@ s 3
sinQ—Ad
2
A:51-50 ’ (4)

where n, —refractive index of the emulsion,

6 — incident angle of the laser beam,

d, — distance from the front wall to the back
wall of the sample cell,

A — offset difference of the laser beam between
traversing the empty sample cell and travers-
ing the sample cell filled with emulsion.
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Table. Refractive indices of ME10-2 with different values of concentration

0 100
0,
C, % (Water) 0.5 1 2 3 4 5 6 8 (Oil)
Abbe 1.3316 | 1.3324 | 1.3331 | 1.3344 | 1.3359 | 1.3370 | 1.3378 | 1.3390 | 1.3419 | 1.4603
refractometer

CCD Method | 1.3314 | 1.3321 | 1.3329 | 1.3340

1.3355 | 1.3367 | 1.3375 | 1.3386 | 1.3416 | 1.4599
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Fig.3 The schematic diagram of a refractive index detection device for concentration of emulsion based on

CCD testing technology

Emulsion concentration can be obtained
using CCD by following the specific steps be-
low—1) arrange the CCD linear array detectors
along the direction perpendicular to that of the
laser beam for detecting the intensities of light
traveling through different positions; 2) input
the digital signals that are transformed from
the CCD output analog video signals under the
action of A/D conversion into the micro-comput-
er, and calculate the position of the optical axis
6 using curve fitting; 3) solve for A using Eq. (4)
based on the practically measured optical axis
positions 6, and §,, and substitute A into Eq.
(3) to calculate the refractive index of the emul-
sion; 4) acquire the emulsion concentration us-
ing the look-up table or interpolation.

In practical measurement, refractive index
is also related to the emulsion temperature.
Therefore, temperature compensation needs to
be considered for a calculation that is more ac-
curate.

4. Experimental

According to the CCD-based detection
method of refractive index measurement, a set
of devices for detecting the refractive index of
emulsions used in coalmines, based on the CCD
detecting technique, were proposed in this re-
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search, whose schematic of detection is shown
in Fig. 3.

In this setup, a R650D5-3 red dot laser
module with a wavelength of 650 nm was ad-
opted as the semiconductor laser. A Toshiba
TCD1304AP with a pixel size of 8 pm x 200 pm,
a total pixel number of 3648, and a wavelength
response range of 300-1100 nm was used as
the CCD linear array detector. The high-reso-
Iution CCD detector uses a USB connection to
transfer images to a computer, with the option
of 16-digit A/D conversion. A Type-72 glass col-
orimetric cell manufactured by the Shanghai
No. 4 Industrial Glass Factory was adopted as
the sample cell to keep the emulsion, with an
optical length d2 =10 mm and incident angle of
30°. For the optical amplification, a double-lens
confocal optical system was used to magnify the
offset of the laser beam passing through the col-
orimetric cell. The confocal optical system was
composed of two plano—convex lenses (GL11-
010-016 and GL11-050-160) manufactured by
Beijing Golden Way Scientific Co., Ltd.

In this research, the proposed method of
emulsion refractive index detection was veri-
fied by conducting experiments on prepared
ME10-2 emulsions with eight concentration
values, 1.e., 0.5 %, 1 %, 2 %, 3 %, 4 %, 5 %, 6 %,
and 8 %.
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Results of experiments conducted at an am-
bient temperature (20 °C) are listed in Table.

It can be seen from the table that:

— Refractive index can be measured using
CCD. Because concentration of an emulsion is
related to its refractive index, this approach
can be used to determine the concentration of
the emulsion.

— There are some discrepancies between re-
fractive index values measured using CCD and
Abbe refractometer, which is potentially result-
ed from the distinct light sources used.

— In order to obtain the concentration of a
certain emulsion by using look-up tables or in-
terpolation based on the CCD-detected refrac-
tive index, the specific type of emulsion as well
as the corresponding relationship between its
concentration and refractive index needs to be
acquired a priori.

— For an emulsion of an unknown type, due
to the fact that emulsion concentration and re-
fractive index essentially have a linear correla-
tion (shown in Fig. 1), the refractive index of an
emulsion with a given concentration prepared
from the emulsion to be measured can be de-
tected by solving the linear equation of concen-
tration and refractive index. On this basis, con-
centration of emulsions of this type can be cal-
culated in the future using the linear equation
based on the detected refractive index data.

5. Conclusion

Existing methods for emulsion concentra-
tion measurement were analyzed in this study.
According to the concentration-refractive index
curve, an approach to determining concentra-
tion by detecting the refractive index of the
emulsion was proposed. An automatic detec-
tion method based on CCD-detected refractive
index was developed and experimentally veri-
fied.

— The major achievements of this effort can
be concluded as follows:

— Existing emulsion concentration detection
approaches frequently adopted in coal mining
were analyzed.

— Based on optical refraction theories, calcu-
lating the concentration of emulsions by mea-
suring the refractive index was verified to be
feasible.

— An automatic detection method of emul-
sion refractive index using CCD was proposed,
and experiments were conducted on the emul-
sions with eight different concentration levels
prepared from a certain type of emulsified oil.
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Experimental results demonstrate that the re-
fractive index of a certain type of emulsion can
be acquired using the CCD measuring method,
and, based on which, the concentration of the
emulsion can be obtained by referring to the
relationship between refractive index and con-
centration for this particular type of emulsion.

— The proposed method can be realized in
practice by developing an intelligent emulsion
concentration sensor based on single chip mi-
crocomputer (SCM).
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