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GENERAL DESCRIPTION OF THE DOCTORAL THESIS
Actuality of the theme

The refractive index (RI) of a liquid carries important information about its physical
properties, including concentration and density, thus making it possible to determine and monitor
the composition of the solution.

Purpose of the thesis was to create a refractometer and methodology to reach a higher as
compared to present devices resolution of RI measurements. For this purpose the RI is measured
as the deviation of a laser beam passed several times through a cylindrical cell containing the
tested liquid.

To provide RI detection of liquids, various types of measurement methods and measuring
devices [2, 3, 5, 6, 8, 9, 11, 17, 19] are conventionally used, in dependence on the measured
object diversity and specificity of the measurement tasks and measurement resolution required.

Currently available compact portable refractometers do not provide the RI measurement

with a resolution over 10~ of the RI.
There is an increasing demand for a compact and inexpensive Rl measuring devices that

provide the resolution of 10~ and higher.

The magnitude of the deviation, which depends on the RI, is measured as the
displacement of the transmitted beam’s projection on a linear measuring element, such as a linear
CMOS or CCD image sensor. In order to significantly improve the resolution of RI
measurements, an efficient solution has been developed, based on repeated reflection and
refraction of the light beam travelling through the cylindrical cell with liquid. A new method for
detecting the position of the projected laser beam on a linear optical sensor was developed, too.

The new refractometer provides more than ten times higher measurement resolution as
compared to the existing instruments, and has more than ten times smaller sizes and weight, and
does not depend on the stability of the structural elements of the device.

Goals and tasks of the research

The goals:
To develop a new physical fundamentals and approach to create and use a portable refractometer

with high RI resolution (~ 10 ).

The tasks:

1. To develop the physical fundamentals of the cylindrical cell based refractometer (CCR).

2. To develop the mathematical model of CCR to determine the properties of the refractometers.
3. To develop the CCR prototype, including optical, electronic, computing and mechanical
systems.

4. To develop the CCR calibrate methodology, its algorithm for measurements of the RI and
concentrations of the solutions.

5. To explore RI measurement resolution available from the CCR.

6. To verify of CCR practical applicability.

Research methods

In order to achieve the objectives of this work and realize the given tasks, the following research
methods have been used during the development of the dissertation:

Origin 6.1 — mathematical statistics (regression analysis);

Mathcad 14 - mathematical modelling and measurement data processing.

Tables, charts and images are used to ensure the obviousness of the research results.



Scientific novelty
For the first time:

1. The basic operating principles of the refractometers were developed, where an optical beam
refraction and multiple reflections in a cylindrical cell has been used, in such a way
increasing the RI measurement resolution by one power and achieving MR = 10~.

2. The mathematical model has been developed and analyzed, which takes into account the
temperature effect on the detection of resolution, the possibility to achieve the resolution up
to 107 has been demonstrated. It has been shown; that the multiple light beam passage
through cylindrical cell with test liquid increases the RI measurement resolution in line with
the number of the passage cycles.

3. The RI measurement algorithm and measurement method have been developed, where a
minimum place of the detectable beam interference pattern has been used, that allows to

achieve the RI measurement resolution 2-107>.

Practical application implementation

e CCR with a new physical principle of RI measurement and concentrations of the solution has
been used in the following projects:

- Project "Methanol fuel cell sensor adaptation and other control and measurement
systems" TOP 06-14. Institute of Physical Energetic, Riga, Latvia.

- ERAF project "Innovative bio-ethanol dehydration technology and design parameters
of the measuring device" 010/0281/2DP/2.1.1.1.0/10/APIA/VIAA/003. Institute of
Physical Energetic, Riga, Latvia.

e Company ELMI Ltd (Riga, Latvia) has commenced the manufacturing process of 6 CCR
prototypes for commercial use and market research. These prototypes were demonstrated at
the Pittsburg Conference (Pittcon) in Chicago, IL, USA on July 27 2014. Currently these
devices operate in the United States and Germany.

Theses to defend

1. The new refractometer has been designed and developed. It is equipped with the original
optical and control system, and these systems allow many times to increase the MR.

2. The mathematical model of the new CCR is created, that confirms the possibility of increasing
the resolution of the RI measurement by 3 powers as compared with the conventional
refractometers (from 10 ™ to 107).

3. The new RI measurement algorithm has been developed. This algorithm employs the
detectable beam interference pattern of the first minimum space, in such a way increasing the
RI measurement resolution (MR) up to 10>

4. The new CCR provides the improved resolution (by one power) of the concentration
measurements of the calibrated solutions (sugar, sodium chloride, ethanol-water solutions).

5. The new CCR has been created and calibrated, and the testing process of this device has been
provided.
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Content and structure of the doctoral thesis

The thesis is written in English. It contains of an introduction, 4 chapters and resume. It is

written on 118 pages, contains 52 figures, 9 tables, 116 references and 10 appendixes.



DESCRIPTION OF THE THESIS
Exploration of the terms and abbreviations used in this work

a optical element cylinder axis distance range exceeded the mid-point of the linear scale
measuring element;
speed of light in vacuum;
concentration;
density;
optical element cylinder radius ratio r;,7;.
cylinder axis of the optical element of the linear distance measured in the plane of the
element and the optical input-output center edge angle of intersection of the beginning
optical element beam output sequence number;
mass, kg;
refractive index;
ambient refractive index;
optical element material cell refractive index.
the liquid refractive index;
optical element cylinder outer radius;
an optical element inside radius of the cylinder;
the temperature;
optical element beam exit point;
angles;
angles;

ik N

the velocity of light in the respective medium

an optical element in the optical input-output center angle;
the wavelength of that light;

an optical element in the optical input-output center angle of the start edge angle relative
to the plane of the linear measuring element;

ADC analog-to-digital converter;

CCD charge-coupled device;

CCR the cylindrical cell based refractometer;

CMOS complementary metal-oxide semiconductor;

MCU microprocessor control unit;

MR  the RI measurement resolution;

RI the refractive index.
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Chapter 1. REFRACTION INDEX AND CONTENTS OF LIQUIDS

1.1. Refractive index measurement principle

This chapter is devoted to review of the literature about physical principles of
refractometers measuring the refractive index of light in liquids.

Refractive index (RI) is an important characteristic of liquid substances for analyzing,
monitoring, and identification of liquid substances in several industries nowdays. Accurate
determination of the concentration of the solution by measuring the RI is widely used in
chemical and physical studies, food technology, materials processing, medical diagnostics,
monitoring systems, fuel cells directly measuring pollution, and many other fields.



Refractive index (RI) relates to of the speed of light in a medium. The refractive index
(n) of a medium is defined as the ratio of speed of light in vacuum (¢=299 792 458 m/s) in to
that in the medium (v ):

n==- (1.1)
L

As the speed of light is highest in vacuum c¢>v, n is always greater than 1.

Snell's law states that the ratio of the sines of the angles of incidence and refraction is
equivalent to the ratio of phase velocities of light in the two media, or equivalent to the
reciprocal of the ratio of the indices of refraction:

sina, U, n
—L-_l=_2 (1.2)
smf3, v, n

with each «,, B, as the angle measured from the normal of the boundary, v as the velocity of
light in the respective medium (SI units are meters per second, or m/s) and n as the refractive
index (which is unitless) of the respective medium [16].

The speed of light in medium depends on the temperature and wavelength. Due to the
wavelength dependence on the speed of light, the refractive index is measured with
monochromatic light. The common practice is to use the yellow sodium D-line wavelength 589.3
nm. The refractive index measured at this wavelength is usually denoted by 7, . The standard

temperature is +20°C or +25°C [18].
P

=
E‘
I~
Q!
<

Fig. 1.1. Refraction of light at the interface between two medias of different refractive indices

1.2. Concentration of the components of the liquids, its density and refractive index

In general, the measured refractive index of a multicomponent mixture is a function of its
temperature 7, concentration C, and the wavelength of the incident light A [5]:

n=n(T,C,1) (1.3)

In sections 1.3 and 1.4 the dependence of temperature and wavelength of light on RI will
be considered in detail.

From Eq.(1.3)., the change of RI An of a multicomponent mixture is:

Anx AT+ DAL DA (1.4)
or  oc o
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for small changes of the temperature, concentration, and wavelength. Since laser light is highly
monochromatic and wavelength-stable, AA ~ 0 and wave length effects can be neglected. In this
work, the concentration is de fined on a mass basis for liquids A and B,

M
A:—A, (1.5)
M, +M,
M
B:—B, (1.6)
M, +M,

were M - mass, kg.

Usually RI increases with increasing density. Theoretical study of the relationship
between the density of matter and its RI, as well as the experimental data shows that there is a
direct proportion between some RI function f(n) and density d :

f(n)=rd (1.7)

The constant factor r that is specific for this substance is called as specific refraction.

Refractive index

3

5

2

1

2
w/_\
k/

Concentration

Fig. 1.2. Types of curves characterizing refractive index - concentration (composition):
1 - with a small curvature; 2 - with a big curvature; 3 - with the maximum; 4 - with a minimum; 5 - with the singular
point; 6 - to the point of inflection [18]

The concentration can be calculated from the refractive index and temperature when these
nonlinear functions are known. There are several possible temperature compensation algorithms.
In practical use, a simple 31 degree polynomial is typically used.

By applying data analysis program the experimental data were subjected to curve fitting
and the temperature coefficient of refractive index of water was found to be equal to
—1.853x10 *C°. For measurements with high resolution, the optical constants of the glass
container should also be taken in account because the light will pass through both the solution
and the container. According to the literature [ 18], the temperature coefficient of refractive index
of glass is of the order of 10 *C°. It is evident that very small error can occur if the temperature
dependence of the refractive index of glass is not taken into account while measuring the
temperature coefficient of refractive index of liquids.

11



1.3. The influence of temperature of liquids on the refractive index

The first created refractometers in the world were not equipped with any temperature
compensation. Therefore, they almost did not find any wide application in practice. And only
then, when it was possible to manufacture refractometers with thermal stabilization, and it
happened in the late 19th century, refractometers have been widely used in practice [16, 18].

The influence of temperature and pressure on the RI is determined by the following two
factors:

1) changing the number of particles per unit of volume when we have heating or pressure
(1.e., expansion coefficient and compressibility coefficient), and

2) dependence on the polarizability of the molecules according to the temperature and
pressure.

A linear extrapolation of the variables n is permissible for some small temperature
difference (10-20°C). Already in the temperature range of 40-60°C for organic liquids a clearly
expressed (and not strictly linear) dependence On/oOt on the temperature is found. Accurate
calculations n for a wide temperature range are made from the empirical formulas as follows:

n=n+a-t+b-t'.., (1.8)

where a, b - coefficients.
As an example we can use the empirical formula expressing the temperature dependence
of the benzol RI up to the boiling point:

n,=1.51431-6.44-10"¢+0.033-10°# —2.391-107 ¢’ (1.9

In liquids and solids, the compressibility is very small; the increase in pressure of 1 atm is
generally increasing n by several units of 10 .

It is shown that there is not any linear relationship between the RI and all of these
mentioned factors [18].

High sensitivity of the RI measurements in aqueous solutions depending on
concentrations and density makes these refractometers as highly sensitive devices. However, a
great influence of the temperature on the resolution of the RI measurements requires taking into

account the temperature change already from 10~ RI [18].
1.4. Refractive index in dependence on the wavelength

The refractive index can be seen as the factor by which the speed and the wavelength of
the radiation are reduced with respect to their vacuum values: the speed of light in a medium is
Eq.(1.1), and similarly the wavelength in that medium is:

a=to (1.10)
n

where A,1s the wavelength of that light in vacuum.

The refractive index varies with the wavelength of light.

In the reference literature for the media materials the data n are mainly referred. These
data correspond to the standard wavelength. In these developed refractometers a laser with a
non-standard wavelength is employed and for mathematical calculations empirically obtained
approximation formulas are used. The resolution of the RI measurements obtained in this manner
can reach to 10”. There is an extensive database of RI depending on the wavelength of the laser

[7].
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Chapter 2. REFRACTOMETERS. STATE OF THE ART

This chapter includes an overview of the basic structures of classical refractometers
(Abbe refractometer, Pulfrich refractometer), including a special class of cell based
refractometers used as a measuring element of the wall of the cell with the test solution.

Despite the fact that the refractometry research methods are used already a very long
period of time, all the time there are new publications describing some innovative approaches in
refractometry, because the old classical refractometers are not available to cope with the growing
demands of modern technologies. Therefore, there is a demand of constant search for new design
ideas and technologies in a refractometry.

In the modern world, there is a great need for precision refractometers with small
dimensions and weight, because sensors very often must be build into a variety of technological
systems for chemical and biological industries, where placement of sensors with large
dimensions and weight is a big problem. Refractometers made by the classical scheme can not
always be used here.

For medical practices, it is necessary to have more and more accurate refractometers to
provide a remote analysis of the patients’ conditions. In addition to the traditional use of
refractometry as a method of analyzing the content of sugar in the blood and urine of patients,
serological blood tests, determination of protein in urine, measurement the density of urine,
analysis of the brain fluid, density determination of the intraocular liquid, etc, constantly there
are new ways of the possible use of the refractometer, requiring simpler operating principles and
more suitable construction for mass production.

Additionally there is a great need for small sensors for quality control in the bio-fuel
industry.

Portable and precise refractometers are necessary to ensure the safety and protection of
the environment and for use in household.

Very important is the price of a refractometer and a power consumption of this device.

CCR have a special place in the field of refractometry. They play a unique role in the
control of a real-time fundamental research, in chemical analysis and medical diagnostics, as
well as in the processing and manufacturing of various substances. Opportunity to get maximally
close to the test solution, simple design of the refractometer, ability to easily solve the problem
of creating a flow measuring cells makes them beyond the competition with well-known
classical refractometers.

Considered the design and specifications of modern refractometers in this chapter and the
advantages and disadvantages of the known refractometers are discussed.

The first and the second chapters included the information about goals and tasks of the
research.

Chapter 3. MULTIPLE LIGHT BEAM REFRACTION AND REFLECTION IN THE
CYLINDRICAL CELL WITH THE TEST SOLUTION

This chapter is devoted:
- to the development and investigation of the physical fundamentals of the cylindrical CCR,
- to the research and development of the mathematical model of CCR to determine the properties
of the refractometers.

3.1. The physical approach of the cylindrical cell based refractometers

One of the ways to increase the sensitivity of the refractometer can be multiple passage of
the light beam through the sample when the light beam passes each time through the following
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system: [wall] - [the sample for investigation] - [wall] - [the sample for investigation] - and so
on. It greatly increases the exiting angle of the beam at the end from the cell.

The more are these reflections; the bigger is the angle of the outgoing light beam, going
from the cylindrical cell. Below it will be shown that the deflection angle of the light beam
coming from the cylindrical cell increases as many times as the number of reflections of the
beam inside the cell.

All classical type Abbe or Pulfrich refractometers employ only one pass of the light beam
through the sample, because multiple passages through the sample are impossible because of the
design features of these refractometers.

Turning back the light beam and passing it again through the sample is an unsolvable and
complex problem. In order to increase the sensitivity of the refractometer it is possible to use
special lenses, which makes the construction of the refractometer very complicated and
expensive. Moreover, it will increase the resolution of measurements.

But it is very easy to redirect the light beam in a cell with a cylindrical cell, where the
cylinder works as the measuring element and the element that redirects the light beam back into
the cell. It is possible many times to repeat measurements and redirect the light beam back to the
cylindrical cell.

Refractometer with the testing sample area in the form of a cylinder has a lot of
advantages as compared to the refractometers with straight walls (for example, triangle,
rectangle, and so on). Besides technical simplicity of the cylinder in a cylindrical cell is much
easier to remove the sample after measurements are complete, as compared to the refractometers
with straight walls, because it is very difficult to remove the sample from the corners.

The corners of the refractometers are typically gas bubble formation zones, which are
usually dissolved in the test samples, and by changing the pressure in the sample liquid; gas
bubbles begin to form immediately in the corners of the cell.

Big volume of air bubbles can completely block the work of the refractometer. Even fast
pumping of the testing liquid does not always help, as tearing the gas bubble from the corner of
the cell is even impossible sometimes. The cylindrical cell’s refractometers do not have these
problems.

If the outer side of the cylindrical cell is coated by the reflective coating of the light, then
the light beams, repeatedly passing through the walls will completely come back in the testing
sample [15].

3.2. Influence of the refractive index on the light deviation in the exit of the refractometer

A schematic cross section of the cylindrical cell (cuvette) showing a simplified route of
the beam in the measuring system is exhibited in Fig. 3.1. The refractometers measuring system
consists of a laser diode, a cylindrical thin-walled cell with its cross section perpendicular to the
axis O of the cylinder and a linear image sensor. The cell is filled with either immobile or
flowing liquid. The position a of the beam is identified using a linear CMOS image sensor, the
graduated screen with readable divisions being in use for the simplest device design.

The laser beam axis is lined up with the cell’s outer wall tangent and is perpendicular to
the axis of the cylinder. The laser beam after refraction at point 1 crosses the medium of the
cell’s wall and arrives at point 2 on the boundary between the material of the cell’s inner wall
and the liquid. The experiments evidenced that in the vicinity of the critical angle the beams
intensity of light is the highest [13].

Therefore, to illustrate the trajectory of the coherent light beam in the cylindrical cell,
Fig.3.1 shows only the path of beams that are close to the critical angle, which is equal to the
highest intensity on the distribution of intensity of the laser beam. After being refracted at the
boundary point 2, light beams travel through the test liquid and, having crossed it, fall upon the

14



inner wall of the cylinder at point 3, where they are refracted again and reach the point Q,
through the medium of the cell’s wall.

Because the outside surface of the cylinder is coated with a reflective film the beams
falling on this unit area of the boundary surface are reflected and intersect the cell’s wall and the
liquid several times in a similar way.

LINEAR MEASURING ELEMENT
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Fig. 3.1. Schematic cross section of the cylindrical cell that
illustrates a simplified path of the laser beam in the measuring system

Thereby the light beams hit the outer boundary surface of the cylinder at points Q,, Q,, .
.., Q, (m is the number of consecutive exits of the light beam). If the outer wall of the cell is
not coated, Fresnel’s equations of light reflection and transmission imply that just a part of the
beam gets reflection at each of these points and the rest of the beam is refracted and transmitted
into the outer medium as shown in Fig.3.1 with dashed linesa,,a,,a,,....

For a given change in RI, a greater change in the position a of the projection of the
exiting beams on the distant linear image sensor is obtained for greater m. Therefore, as an exit
with m>4 is used, the obtained sensitivity of the measuring system is several times higher than
in the case of conventional cell devices [3, 5, 6,9, 11, 17, 19].

If optical exits Q, with high m are used for measurements, the light intensity of the
exiting beam decreases with each subsequent m. In order to provide light intensity sufficient for

accurate detection of the position a, the outer wall of the cell is covered with a reflecting layer,
such as vacuum deposited aluminium. The coating covers several or all of the potential beam

exits Q,, Q,, ... Q,,_,on the outer wall of the cell prior to the exit Q , , which is used for taking

the measurement. In the example shown in Fig. 3.1, the exit of the beam is created at the point
Q , on the boundary between the cell’s wall and the air.
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In addition, the coating of the outside surface also prevents the potential decrease of the
intensity of the reflected beams due to condensed moisture or dirt on the outer wall. For this
reason, the intensity of the light beam exiting at point Q, is increased. Accordingly, the

reasonable resolving contrast of the beam projection on the linear image sensor is obtained at a
higher m [14-15]. Consequently, the limits of the sensitivity and resolution of the refractive index
measuring system are extended.

3.3. Cylindrical cell based refractometers and fundamentals of the theory

According to Snell's law Eq. (1.2) (Fig.1.1), we can write for the angles of incident
refracted rays at point 1 - o, and f,, respectively respectively (not shown in Fig.3.1):

n, sina, =n,sin f3. 3.1)

From here we find

sin B, = sina, (3.2)

n,

Since o, =n/2 andRlofair n, =1, [16, 18]

sinﬁlzi. (3.3)

n,

Angle f, of the completely refracted ray with respect to the normal of the outside wall of
the cylindrical drawn at point 1 expressed as

B, = p., =arcsin(1/n,). (3.4)

No light 1s passed to the other medium (e.g., cylindrical glass optical cell) at angles larger
than the critical angle S .

As the angle of incident ray approaches its limits, o, =7 /2, the angle of refracted ray
approached its maximum - the critical value S .
From Eq. (3.2) it follows that n, =1 :

B, = arcsir{sm % j (3.5
n,

Derivative of the Eq. (3.5) with respect to «; is

op, _ cosq, (3.6)
da, sin at,”
n,.|1-

2
n,
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Under the given circumstances it is possible to use the region around the critical ray for
accurate identification of the angle of deflection depending on the RI of the liquid as the ray
travels through the optical system of the cylindrical cell. As this critical ray arrives at point 2,
we may write a relation between the angle of incidence «,and the angle of refraction f,

similar to that at point 1:

n,sineo, =n,sinf,, 3.7
wherefore it follows that
B, = arcsin(n—2 sin azj , (3.9
n;

hold for the ray refracted at point 2. At a certain value of RI n, of the optical cell material and
sufficiently small inner radius 7,

inner wall of the cylinder.
The critical radius of the inner wall is:

it is possible that a ray refracted at point 1 does not cross the

min

Pymin = 1/ 810 ;. (3.10)
With account for (2.1), r, . =r/n,,and r,/r, . =n,.
From Eq. (3.5) the ratio
k=nlr, (3.11)
must satisfy the inequality:
k<n,. (3.12)

A ray refracted at point 2 passes travels through the liquid and arrives at a point on the
inner surface of the cylindrical cell under condition that

ny,<n, (3.13)

It is very important to take into consideration these formulas (2.10), (2.12) and
(2.13) when choosing the size of the projected measuring cell of the refractometer!
This condition puts limits to the smallest measurable value of the RI. A ray is refracted at

point 3, travels through the cell wall and reaches the outer wall at point Q, .
The analytical calculation of the RI of liquids contained in the system described above is
provided by applying the laws of light refraction and reflection and using a simple trigonometric
formulae, the central angle 1, (see Fig. 3.1 for the case when m =4 ) was calculated as:

Nm = 2m[(1/2 — arcsin(k/n3) + arcsin(k/ny) — arcsin(1/ny)+« |, rad, (3.15)

where k = r /r, is the ratio between the outer and inner radii of the cylindrical cell; n, and
n,are the refractive indices of the material of the cell and the liquid, respectively; o - central

angle of the laser impact position in the tangential line on the lateral surface of the cell.

The angle a must be taken into account in Eq.(3.15) for adjusting the laser beam entering
the sensitive surface of the linear optical element, to cover the whole measuring range of the
refractometer. If the laser beam enters the sensitive area of the linear optical element, it is
necessary to provide the deviation of the angle in a clockwise direction, the sign is positive;
when the deviation of the angle is contraclockwise, this sign is negative. See Fig. 3.2.
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Fig. 3.2. « - central angle of the laser impact position in the tangential line on the lateral surface
of the cell

The measuring sensitivity is characterized by the derivative of the function (3.15) with

respect to the refractive index of the liquid, (#,):
(3.16)

dn m /dns = 2mk/[(n3) > (1 — K*/(n3) "]

It is shown in Eq.(3.16) that the projection’s position a on the linear image sensor for the
beam outgoing from the exit Q, in respect to n,, optical and geometrical parameters of the cell

and the parameters of the measuring system y and L, can be calculated as:
(3.17)

_ Lcosn, —
) costr, +y) ™

Dependence of angle 7, on the refractive index of the liquids n, with respect to the

choice of exit points Q,, Q,, Q,and Q,, i.e., value of m (m =1, 2, ... 4), according to Eq.(3.15)

is illustrated in Fig.3.3.
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Fig. 3.3 Angular positions 7, ,1,,n;and n,, of the respective output points Q,, Q,, Q,and
Q, as functions of refractive index n,

Each subsequent reflection of the laser beam (inside in the cell) significantly increases the
sensitivity of the refractometer. If at the point Q, have barely noticeable inclination
characterizing the movement of the central angle n,, than at the point Q , the central angle n, has
a very significant slope that shows how much increases the sensitivity of the refractometer.

Analysis of Eq.(3.16) shows that the multiple angular sensitivity of the outlet point
on ,/0on, and, consequently, the equal growth in sensitivity of the refractometer can be achieved

by optimising the ratio of outer and inner radii k=r/r,, that is, the wall thickness of the
cylindrical cell.
An illustration of that at 7, =7,, (m=4) is shown by on,/0n, (n3) diagrams in Fig. 3.4.
These diagrams are crucial because they demonstrate the importance of determining the
ratio of the outer and inner radius of the cell. For very thin cell walls (k = 1,15) we have a little
gradient, and when the walls are thick (k = 1,30) we have a very big gradient that is not linear.
The optimum would be £ = 1,25.
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Fig. 3.4. Angular sensitivity 0n,/0n, of output beam of the optical cell as function of refractive

index nj at different outer-to-inner radius ratios k =#/r,
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By using Eq.(3.15) and Eq.(3.17) and maintaining the notation used earlier, the function
x(n ) can be expressed as:

L-cos| 2m| * —arcsi K + arcsir{k - arcsir{l +a|-r
2 n, n, n, , (3.18)
Ap- COS|:!// + {Zm(” - arcsir{kJ + arcsir{kJ —arcsir\(lj + aJ:H
2 n, n, n,

-15.6
-16
-16.4
-16.8
172
-17.6
-18
-18.4
X (”3)1 mm _jz3
-19.2
-19.6
-20
204
208

-21.2

x(n3):

=21.6

1.331 1.333 1.334 1.335 1.337 1.338 1.339 1341 1.342 1.343 1.345 1.346

1,

Fig.3.5. The calculated position of the exiting laser beam projection on the CMOS linear image
sensor, as a function of the refractive index of the liquid contained in the cell

In addition to the notation used previously, we introduce the sensor position
parameter x(n,), equal to the distance between the point P and the coordinate a of the linear
measuring sensor on the line Pa (see Fig.3.1). Therefore, it is possible to assign the sequential
number 1 to the initial pixel of the linear image sensor.

Therefore, it is possible to assign the sequential number 1 to the initial pixel of the linear
image sensor. By using Eq.(3.15) and Eq.(3.17) and maintaining the notation used earlier, for
CMOS linear image sensor, if known pixel dimensions Ap, you can determine the number of

pixels on the move - p(n ).

plo) =2, (3.19)

Theoretical the resolution of the measurements of the future refractometer can be
calculated using the formulas Eq.(3.19) .

_ M3~ M7 = ar T sy (3.20)
p(nsry) — p(nyg,) Ap

20



where:
ny, - the refractive index of the liquid where the temperature t; is taken from the reference
literature,
ny, - the refractive index of the liquid where the temperature t; is taken from the reference
literature,
Ap = p(nyp,) — p(nsr,)

Formulas Eq.(3.15), Eq.(3.18), Eq.(3.19), Eq.(3.20) are basic and sufficient in

mathematical modelling and are suitable for all cases of the new design of the cylindrical
cell based refractometer.

Using Eq. (3.15), Eq. (3.18), Eq. (3.19), Eq. (3.20) in the thesis a mathematical
simulation of some multiple design options of refractometers is made.

Table 3.1 shows the approximate input data of physical and geometrical parameters of the
simulated refractometers and expected parameters of these parameters.

3.4. Mathematical simulation of the refractometers

By using Eq.(3.15), Eq.(3.18), Eq.(3.19), Eq.(3.20) It is possible to completely
preliminary calculate all the basic parameters of the newly designed refractometers.

We can mathematically simulate several types of the refractometers, and then in the 4th
chapter of this work we will give a comparison of the calculated parameters with the real
experimental data (for some of these new types).

Table 3.1
Initially stated and expected parameters of the refractometers
Parameters The simplest Refractometer Refractometer Refractometer
refractometers A B Fig.3.6.
A,nm 635 635 635 635
7, mm 5.1 5.5 5.5 5.98
7, , mm 4.5 4.5 4.5 4.5
n, 1.515 1.515 1.515 2.185
, mm 117.1 10.5 10.5 10.98
[, mm 112 5 5 5
a -46.6° -28.6° -68° +6°
¥ 90° 90° 90° 90°
m 4 4 4 22
Ap, um Scale 35.6 mm 7.8 7.8 1.12
Temperature No Yes Yes Yes
compensation
RI 1.3312...1.3651 | 1.33167...1.36454 | 1.33167...1.34583 | 1.3318...1.3324
5, RI 10° 5.7x107 2x107° 2x107

If window into the evaporated surface of the cell is sufficient only to enter the laser beam
and when we have a large number of multipath reflections m inside the cell, we let the beam go
spiral, as shown in Fig.3.6. Then, the number m theoretically may be multiple, and it is
possible to have nearly infinite sensitivity of the refractometer.
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Fig.3.6. The laser beam go spiral

3.5. Approach to analyse the image by cylindrical cell based refractometer

Projected on a linear measuring element (for example, on a CMOS linear image sensor),
the beam forms an image area containing a front, namely, a transition region from darkness to
light (as shown in Fig. 3.7.). The position of the front is determined by the critical angle of the
optical system comprising the cell and the liquid being measured. Usually this front is used to
define and detect the projection position of the beam passed through the cylindrical cell [14, 15].

Since the transition between the dark and light parts of the image is gradual, it is
necessary to define the position of the boundary. This position is usually defined as the point
where the light intensity distribution graph is the steepest and is calculated for each RI value, an
ordinal number of a pixel (a position) on the image sensor is thus assigned.

Such an approach, however, has some disadvantages. The distribution of the light
intensity on the front depends on the slope of the light intensity graph, the intensity and stability
of the light source and the presence of some colloidal particles or small gaseous bubbles in the
measured liquid. Consequently, the detection of the front position is indeterminate and
sometimes even impossible, particularly in the case of flowing liquids.

I 4

.

: 4
1V iWaa,

X 1024 i
] / »

161 197

Fig. 3.7. Overall image on a linear optical sensor p=number of pixels (Hamamatsu CMOS
monochromatic linear 1024 pixel image sensor S9226), /- intensity of the light

The Fig. 3.8 (only the part of the images Fig. 3.7 is shown) presents diagrams of the beam
for image position detection due to the developed [14, 15] and conventional techniques [2, 3, 5,
6, 8,9, 11, 17, 19], the cell contains the distilled water. The solid vertical lines shown in Fig.3.8.
represent the positions detected by the developed technique, while the dashed vertical lines
correspond to the positions determined by the conventional technique.

Another method for determining the position of the illuminated area of the light beam
projection on the linear image sensor has been developed in to increase the resolution and the
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resolution of the measuring device and to practically eliminate the bulk of the effects caused by
the varying intensity of the light source and the influence of gas bubbles or admixtures of
particles on the quality of measurements. This method is based on the detection of the location of
the beam projection image, which is fixed by Eq.(3.17). The whole width of the image is several
tenths of a millimetre. A narrow area of each entire image is scanned by the sensor and
characterizes the light intensity distribution of the cross section of projected beam over the area
of the sensor. Waveform of the images shows that the interference of laser light after it is
reflected from different regions in the cell generates an interference pattern, as described in more
detail in [14, 15].

The image position is determined by the position of the first or any subsequent minimum
following the position of the maximum intensity of distribution. From the whole image of the
beam projected on the linear sensor, the location of the minimum intensity is used as a
conveniently and precisely detectable position.
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Fig.3.8. Detection of the position of the image at two different light intensities of the laser beam

projection on the linear image sensor
I — intensity of the laser beam; p-number of pixels

Chapter 4. CYLINDRICAL CELL BASED REFRACTOMETERS FOR
MEASUREMENTS OF REFRACTIVE INDEXES OF LIQUIDS

In this chapter the following tasks are described:

- elaboration of CCR prototypes, description of the stand for studies of the physical parameters
for the CCR,

- the RI and concentrations of solutions measuring methodologies by new CCR and the
calibration methodology,

- investigation of the physical parameters for the prototype.
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4.1. Scheme of the refractometers

For the purpose to maintain the experimental integrity, e.g., to use a common cylindrical
cell, laser and a linear optical element, as well as to reduce the cost of the experiment, the new
design of the refractometer has been developed, in which both options A and B was
implemented in the single constructive device.

On Fig.4.1 shows the optical block of the precision electronic unit cells refractometer.

From a laser diode pos.4 a laser beam pos.3 passes a collimator pos.5 (which is made as
a simple aperture) and enters in the cell pos.8, passes inside the cell (Fig.3.1) and after passes
out of the cell pos.7, and falls on a photosensitive surface a Hamamatsu CMOS where a
monochromatic linear image sensor S9226 pos.2.

Since the distance from the laser diode is less than 8 mm, it was experimentally
determined that collimator device pos.5 may be formed as a simple aperture with a gap of 1
mm. The aperture is parallel to the central axis of the cell. The wavelength of the laser diode is
635 nm, the power is 5 mW.

As we can see on Fig.4.1, we can invert PCB (pos. 1) upside down, and by changing the
inclination angle of the laser & we can obtain the version A and version B.

Fig. 4.2 shows one of the developed RI measurement devices.

Version A Version B

~
|
|

Fig.4.1 Schemes of the optical systems of precision refractometers and inside views for versions
A and B

Fig.4.2. The device is used for the experimental tests mentioned in the note
(dimensions 49 mm x 35 mm x 8 mm)
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4.2. Algorithm of processing of measurements results

Fig. 4.3 and Fig. 4.4 show an algorithm for measuring the concentration of the solution
and the RI. This algorithm consists of two parts: sensor unit (A) and the information processing
unit and the display unit (B). When you turn on the device, in the block (A), the minimum of the
laser beam intensity I = 0 is settled and the counter of the pixel numbers is reset to p = 0.

After the laser impulse, begins the reading process of the accumulated charges U(p) from
each of the 1024 pixels of the linear optical element by using microcontroller (MCU internal
ADC). In the block (A), data U(p) for each pixel of the sensor does not accumulate, they are
immediately transmitted to the remote device through USART or USB (computers, mobile
phones, tablets, or to some specialized remote units with visual indication) — the block (B).

At the same time is looking for the maximum value U(p), this is compared with the
threshold U ..., and the intensity of the laser beam I is adjusted, regulating the laser pulse

duration on the sensitive surface of the sensor. This is necessary to obtain a high-quality graphics
of the intensity distribution of the laser beam on the sensor pixels, when determining the number
of pixel p , of the first minimum in the chart.

In the algorithm the temperature 7 parameters from the cell with the test solution are
acquired and they are immediately transmitted via USART or USB to the remote device—the
block (B).

The algorithm of the block (B) provides the procedure of work of the remote device.
Here, the data U (p) are collected in the data array M(p). Further, from the array of M(p) the
number of pixel p, for the first minimum in the plot of the intensity distribution of the laser

beam is determined. According to the number of the first minimum pixel p, and data of the

temperature 7, by using the mathematical formulas (from Eq.(4.1) to Eq.(4.5)) RI and the
concentration of the test solution are detected. The calculated data are displayed on the display.

By combining two algorithm blocks (A) and (B) in one block, without remote USART or
USB communication, we can obtain a compact hand-held, self-powered refractometer.

( START )

A
1=0, p=0

y

Impulse of
laser

A
¢ Up) Transfer of the
p=p+l1 —» Read Up) data Ufp) and T

T I on USART-USB

No

Yo I=1+1

argmaxUp)<U, o

A
—

=I-1

>
A 4

argmax U(p) r

No Yes -0 . | Measurement of
P | _temperature T’

Fig. 4.3. Algorithm for solutions concentrations and RI measurements, sensor block (A)
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Fig.4.4. Algorithm for solutions concentrations and RI measurements, information processing
and the display block (B)
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4.3. The calibration of the refractometers

To verify the derived formulas Eq. (3.15), Eq. (3.18), Eq. (3.19), Eq. (3.20) and the
results of mathematical modelling the simplest refractometer, the refractometer with a large RI
measuring range, the accurate refractometers with a small RI measuring range (see Table 3.1)
have been made and calibrated with the ethanol, NaCl and sucrose aqueous solutions. Also has
been made the special technological stand for testing and calibration.

The solutions have been prepared by using a precision hydrometer (for calibration of
ethanol aqueous solutions) and precision weighing instrument (for calibration of NaCl and
sucrose aqueous solutions), at standard temperature of 20°C (concentration -% weight/vol.).
Refractometer has been placed in a specially made thermostat with the temperature setting of
+0.1°C.

For the temperature measurements a platinum thermal sensor (resolution £0.02°C) was in
use. The mathematical computation of the temperature-compensated (ce7c) concentration (%
weight/vol.) of a given liquid sample is based upon a polynomial calibration equation (obtained
as shown below). In order to illustrate the proposed computations, an example for thermo-
compensated measuring device was provided (see below an example of calibration of the
refractometer with a large RI measuring range for ethanol aqueous solution).

Calculation of the thermo-compensated volume concentration of a binary liquid sample
was carried as follows:

e By splitting of the measurement range of sample concentration into smaller. The range from
0% to 70% weight/vol.

e By preparation and arranging of the measured data p, (Table 4.1) by ascending percentages of
concentration. Recording of the measured concentration of the reference sample co;z (number
of pixels) p, at the measured temperatures # 15°C, 20°C and 25°C.
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Table 4.1
Measured p; values according to the reference sample concentration co,z and the measured
sample temperatures ¢ by using refractometer A

Ethanol concentration, ¢, , Temperature, ¢, Ds
0% 15°C 220
20°C 208

25°C 196

2.5% 15°C 249
20°C 238

25°C 226

5% 15°C 283
20°C 272

25°C 260

7.5 % 15°C 319
20°C 308

25°C 298

10 % 15°C 355
20°C 345

25°C 334

20 % 15°C 497
20°C 487

25°C 478

30 % 15°C 610
20°C 601

25°C 592

40 % 15°C 690
20°C 682

25°C 673

50 % 15°C 743
20°C 734

25°C 726

60 % 15°C 776
20°C 768

25°C 759

70 % 15°C 797
20°C 789

25°C 781

e Using the p,; values (measured at the sample temperature of 15°C) to perform a regression
analysis. Similarly, using the appropriate values at the sample temperatures of 20°C and 25°C
the calibration equations were obtained.

e Refractometer was designed as a multi-purpose device, it was necessary to provide the
calibration process by taking into account the 3 order polynomials [18]. When using a non-
linear mathematical regression analysis, ethanol volume percentage concentration (c%),
depending on the calibration equation p values were calculated as follows:
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Coy15= -51.39972 +0.36626-p -7.53542-10*p* +6.03566-107-p’ (t=15°C), (4.1)
Coo0=-43.23919 +0.31635p -6.51164-10™-p*+5.39917-107-p (t=20°C), (4.2)
Cosos= -41.97363 +0.32174-p -6.8533-10™p* +5.79868-107-p’ (t=25°C), (4.3)

The quadratic values of the correlation coefficients curves corresponding to equations
(4.1), (4.2), (4.3) are R*=0.99676, R*=0.99839, R*=0.99687.

Because p — the linear optical element number can vary from 1 to 1024, its raising to
the 3" power can obtain a significant value, therefore the third-order polynomial can not be
ignored.

Calculation of the thermo-compensated volume concentration C,, ;.

For +15°C<¢, <20°C:
Coze = Cous T [(Coys— Copy) (2012, ))/AL, (4.4)
where At =20-15=5.

For +20°C<¢, <25°C:
Core = Cont [(Copg— Cops) (2012, ))/AL, 4.5)
where At =25-20=5.

Doing exemplary calculation of the thermo-compensated volume concentration C,,,. ofa

given ethanol-water mixture sample:
a) For the actual sample temperature t;, and concentration p (expressed in notional units
p) measured and fixed using the developed measuring device.

50

C%25°C C%21.7°C

N\

45

_________________________________________________________________________

C15(p)
7 C20(p) 40
C25(p)

35

600 620 640 660 680 700 720 740
P

Fig. 4.5. The calculated thermo-compensated weight concentration C,, for a given ethanol-water

mixture sample at the actual measured sample temperature ¢, (p-number of pixels)
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For the chosen sample the values ¢, =21.7°C and p =688 are measured and recorded.
b) Using Eq.(4.2) and Eq.(4.3) and assuming p =688, the following volume percentages
are obtained:

Cyp =42.015%, and C,,, = 43.827%

c) Substituting the above C,, values, for ¢ =21.7°C the thermo-compensated liquid
measured concentration is calculated by the Eq.(4.5), as a result, will have: C,, ;. =42.631%

The microcontroller of the sensor unit performs the calibration and recording of measured
data as well as processes the data of the previous example, and records the final results.

Table 4.2
Measured p; values according to the reference sample concentration co,z and the measured
sample temperatures ¢ by using refractometer B

Ethanol concentration, ¢,,, | Temperature, ¢ Ds
0% 15°C 230
20°C 197

25°C 164

5% 15°C 397
20°C 368

25°C 339

10 % 15°C 578
20°C 552

25°C 526

15 % 15°C 747
20°C 724

25°C 701

20 % 15°C 895
20°C 874

25°C 854

4.4. Approach to properties of the refractometers

To determine the resolution of RI for each refractometer option, it is necessary to use Eq.
(3.20).

For the refractometer with a large RI measuring range (refractometer
A) for ethanol aqueous solutions, accordingly, at #,=+15°C, n;=1.33264, and at #,=25°C,
n,=1.33158 [4, 7]. Measurements show that the first minimum of the optical intensity
distribution changes its position from pixel p,=220 at #,=+15°C to pixel p,=196 at t,=+25°C.

In accordance with the given parameters of the optical system, the resolution of the
measuring device 0=on/dp (where on=|n;—n;|is the difference in refractive indices, dp =|p;—p2|
the difference in detected positions) before mathematical processing of the data is about
5 =5.6-107RI per pixel.

Analogue, for the accurate refractometer with a small RI measuring range (refractometer
B): t,/=+15°C, n;/=1.33247, and at £,=25°C, n,=1.33113 [4, 7], p,/=230 at #,=+15°C to pixel
pr=164 at t,=+25°C when we substitute in Eq.(3.20), we will obtain & ~2-107RI per pixel.
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Similarly it is possible to obtain the resolution per pixel for concentrations of ethanol,
NaCl and sucrose aqueous solutions (see Table 4.3).

Table 4.3
Initially stated and expected parameters of the refractometers
Parameters Refractometer A | Refractometer B
RI 1.33167..1.36454 | 1.33167..1.34583
Ethanol, &,,,,mn» R 57x10° 2% 107
Ethanol, &, , RI 5.6x10” 2% 107
Ethanol, % weight/vol 0-70 0-20
O pranot » Yo Weight/vol. 0.12 0.03
NacCl, % weight/vol 0-25 0-9
OrucrsYo Weight/vol 0.032 0.012
Sucrose, % weight/vol 0-25 0-10
0, erose 370 Weight/vol 0.036 0.014

In order to test the resolution of this measuring system, two images were detected on the
linear measuring sensor at two different light intensities of the beam exiting the cylindrical cell.
Distilled water in the cylindrical cell was maintained at a temperature of +20°C =+ 0.02°C.
Fig.3.8.

The accurate refractometer option with a small RI measuring range has been used (see
Table 4.1. Refractometer B).

The images shown in Fig.3.8(a) at the nominal light intensity /, of the exiting beam (in

relative units), while demonstrates the distribution of the optical intensity of the incident beam
over the area of the linear image sensor.

The position of the image is detected using the position of the first minimum of the
waveform light intensity distribution over the image sensor, which in this case corresponds to the
pixel number 197 marked by the solid vertical line shown in Fig.3.8(a). The dashed line marks
the pixel’s position 125 residing on the steepest part of the light intensity distribution at the
boundary between illuminated and dark transition regions, and corresponds to another method of
image detection [14, 15].

Figures Fig.3.8(b) illustrate the case when the laser intensity was increased 2.5 times and
show the light intensity distribution over the linear sensor. It follows from Fig.3.8(a) and Fig.3.8
(b) that such a change of measuring conditions has no effect on the image position marked by the
pixel number 197.

The conventional method of image detection [2, 8, 16, 18] under the same conditions
leads to the image position shift by 125-111=14 pixels.

Considering the resolution of the device mentioned above and used in the
measurement § ~ 2107 experimentally determined with no mathematical processing and

averaging, a deviation of & x14 pixels leads to a measurement error of 2.8-10 *RI.
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CONCLUSIONS

1. The basic operating principles for CCR were developed, where an optical beam refraction and
multiple reflections in a cylindrical cell are used; thereby increasing the RI measurement
resolution by one power and achieving MR = 107,

2. The mathematical model has been developed and analyzed, which takes into account the
temperature effect on the detection of resolution, the possibility to achieve the resolution up
to 107 has been demonstrated. It has been shown; that the multiple light beam passage
through cylindrical cell with test liquid increases the RI measurement resolution in line with
the number of the passage cycles.

3. The RI measurement algorithm and measurement method have been developed, where a
minimum place of the detectable beam interference pattern has been used, that allows to
achieve the RI measurement resolution 2-107. The calibration and verification of CCR
prototypes for ethanol, NaCl and sucrose aqueous solutions have been provided. The RI
measurements (with the resolution of 2-107) for all the above mentioned solutions have
been achieved. The applicability of CCR to identify concentrations of ethanol, NaCl and
sucrose were tested. The corresponding resolutions of the following weight/vol. were
achieved: 0.03%; 0.012%; 0.014%.

4. CCR prototypes have been designed and developed (including optical, electronic, computing
and mechanical systems) to verify practical applications-possibilities of the refractometers.

5. CCR were implemented for practical use at 8 research and industrial institutions (3 in Latvia,
2 in Germany, 3 in USA).
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