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Abstract

We substantiate the need for a new method that can perform measurements in environments with low optical
transparency and high viscosity. Based on prior studies and device capabilities, we note that express hydrocarbon
monitoring requires instruments with broad capabilities to handle diverse media. We identify challenges that arise
when monitoring the condition of fuel and engine oils using refractometric measurements. A new method has been
developed to determine the composition of two-component fuel mixtures (component concentrations) in express
monitoring. The design of a refractometer operating on total internal reflection is proposed to implement this method.
Various cases can arise when monitoring mixtures of fuels, such as fuel with engine oil or two engine oils. We provide
measurement algorithms and reference tables to support implementation of the method. The results of studies of a
mixture of two gasoline grades and engine oil with gasoline at different temperatures are discussed and support the
method's validity. Directions for further development and research are outlined.
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1. Introduction vehicles."* ° This area also includes monitoring the
condition of engine oils and lubricants for ma-

. 7 .

In the modern world, considerable attention is paid ~ chinery.” There are many reasons for increased
to monitoring the condition of hydrocarbon media  condition monitoring of the above-mentioned hy-
(fluids) used across diverse areas of human drocarbon liquids. These drivers are mainly deter-
activity.' > A major application in the field of hy- mined by two factors: (i) the platform that uses the

drocarbons is fuel-quality —monitoring  for fuel and (ii) the mission or operating task.” Fuels
considered include gasoline, aviation kerosene,
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diesel fuel, and biofuels. Accordingly, key motiva-
tions are”'’:

1. Ensuring safe operation, especially for aircraft.

2. Estimating maximum range without
refueling,w*12 which is critical for aircraft,
seagoing vessels, and long-distance road trans-
port in sparsely populated areas.'>"*

3. Preserving engine service life.'"'” Low-quality
fuel causes valves to burn out more quickly, and
in some cases, pistons as well.'”""'® This may
necessitate major engine repairs.'®

Many methods and instruments have been
developed worldwide for controlling hydrocarbons
and products derived from them.>*'"" ' Devices
available on the market for measuring hydrocarbon
parameters vary in size, accuracy, functionality,
and operating conditions.*”**"**  Accordingly,
monitoring the quality of fuel and its composition at
bases, plants, terminals, airports, and other sta-
tionary facilities is less constrained — a number of
these methods are successfully used for this
purpose.'*'>?'"** This also applies to large research
laboratories and vehicle-diagnostics centers.'”'**>*°
Not all methods can be used for real-time, on-site
monitoring of hydrocarbons and their mixtures at
the sampling point, especially outside laboratory
environments without compromising instrument
functionality and measurement accuracy.'’***¢" %
These difficulties, only to a lesser extent, can be
attributed to the use of several methods in desktop
measuring devices, during the operation of which
it is necessary to ensure simpler operating condi-
tions than for high-resolution laboratory in-
struments.>>'%?%2%30 A1l this, as well as several
other factors, led to the fact that the preference has
shifted to several classes of instruments — NMR and
X-ray spectrometers and selected optical in-
struments (including spectrometers).”*'%>%1>
Separately, among the NMR instruments, it is
necessary to note NMR relaxometers, which are
used to monitor hydrocarbons both in steady-state
and flowing conditions.””'%**"%%

Problems with fuel quality deterioration arise
during transfer between containers — e.g., when
fueling an aircraft or at a filling station. The
container may contain residues of another fuel (e.g.,
gasoline or aviation kerosene) from prior transport.
Two grades may be mixed in unknown pro-
portions.****?3%%0 Hydrocarbon liquids generally
do not react chemically with each other; they form
miscible liquid mixtures (solutions).” 323243538 1¢
should be noted that if you mix gasoline and diesel
fuel, you can visually determine the presence of one

fuel in the other, since they differ in color. When
mixing two gasoline grades, it is impossible to
distinguish this mixture by color and smell from
one of them (detectable only via density/mass
measurement with samples of =3—5 L, depending
on the mixing ratio). Most portable scales are not
designed for such masses. This fuel (e.g., a mixture
of two gasoline grades or gasoline with kerosene)
can be delivered to a fuel station or a vehicle
(airplane, helicopter, seagoing vessel, or car, when
refueling on the highway). Mobile octane number
meters (various models), which allow measure-
ments in the range 75—99.9 with an error of
+1.5—2.0 units (operating temperature range
263—313 K, the required fuel volume is no more
than 100 mL) solve this problem up to a certain ratio
between the fuel grades when mixing it. When
using aviation kerosene or fuel for racing cars, even
a small concentration of another fuel (e.g., 1.5—2.0
% of the total volume) in the base fuel is critical. To
detect non-compliance of the fuel with the standard
in such cases, a refractometer (including a mobile
one) with an error in measuring the refractive index
n of the order of 0.0001 or less can be used.**’ **

Using a mobile refractometer’”** *’ also ad-
dresses cases of deliberate mixing lower-octane
with higher-octane fuel with subsequent restora-
tion of the octane number of the resulting mixture
using additives to increase the octane number of
high-quality fuel. The question of estimating the
octane number when blending two gasolines has
been studied for more than fifty years. Based on the
results of various studies, the following formula has
been proposed to determine the octane number,
A,,, of a mixture*® %%

Am == K1A1 + K2A2 (1)

where A; and A, are the octane numbers, for
example of gasoline grades (98 and 92), K; and K,
are the volume or mass concentrations in which
they are mixed (K; + K, = 1).

When mixing two gasoline grades AI-98 and
AI—92 in a ratio of 0.8 to 0.2, the value A,,, = 96.8. An
octane number meter may not detect this difference
(the changes are within its measurement error). It is
feasible to restore the octane rating to 98 using oc-
tane-boosting additives. If a vehicle is designed for
AI-98 or higher, operating on a lower effective
octane may increase fuel and oil consumption,
accelerate valve/piston wear, and lengthen accel-
eration times.

An elevated octane number achieved by using
additives can be retained in gasoline blends for
more than two days; thereafter it slowly decreases



326 V. Davydov et al. / Egyptian Journal of Petroleum 35 (2026) 324—337

toward the true value. The mobile refractometer
allows one to determine, based on the change in n,
the deviation of a given mixture of two gasolines
from the standard corresponding to AI-98 gasoline.

Several problems arise when monitoring hydro-
carbon liquids if they are a mixture (e.g., a mixture
of two gasoline grades or gasoline—kerosene). In
industrial mobile refractometers, n measurements
are taken at temperature T = 293 K.>*%*3~%7°152 [n
the case of express outdoor fuel monitoring, the
device requires time t, for the appropriate temper-
ature to be established for the medium under study.
During time f;, in the mixture under study, con-
sisting of different types of fuel (especially if it is not
well mixed before measurements), there may be a
movement of components (e.g., gasoline grades or
kerosene) placed on the measuring prism of the
refractometer. The heavy fraction will sink to the
measuring prism face where the probing beam is
incident, and the light fraction will be located on
top of the heavier fraction (the lighter fraction will
almost not interact with the radiation used for
measurements). Table 1 presents the values of
density p of the main types of fuel used for vehicles
and various devices (diesel generators, handheld
tools with gasoline engines, burners, camping
stoves). The measurements of p were made for
T = 288 K. The range of density values given in
parentheses takes into account different concen-
trations of aromatic hydrocarbons in the fuel.

If the component stratification occurs before the
measurement of the refractive index, e.g., a mixture
of AI-98 and AI-92 gasoline grades, then reliable
determination of the mixture's condition becomes
difficult. We consider the main issues below. In the

Table 1. Values of fuel density p at temperature T = 288 K.
Fuel type

Average density, kg/L

0.530 + 0.001
0.72467 + 0.00002
0.73034 + 0.00002
(0.74027-0.74121) + 0.00002
(0.74893-0.75088) + 0.00002
0.75497 + 0.00002
(0.75408-0.75876) + 0.00002
0.76026 + 0.00002
(0.76892-0.77154) + 0.00002
0.77789 + 0.00002
(0.77832-0.78234) + 0.00002
0.78033 + 0.00002
0.85027 + 0.00002
0.81023 + 0.00002
0.81887 + 0.00002
0.84012 + 0.00002
0.84031 + 0.00002
0.87022 + 0.00002

Liquefied gas

A-76 (unleaded)

AI-80 (unleaded)

AI-93 (unleaded)

AI-95 (unleaded)
Straight-run aviation kerosene
AI-95 Premium

AI-92

AI-96 (unleaded)
Aviation kerosene TS2
AI-98 (unleaded)
Aviation kerosene TS
Dearomatized kerosene
Kerosene

Fuel T1

Diesel fuel
Illuminating kerosene
Biodiesel fuel

mixture presented in the example, at the prism face
the denser component (AI-98) contacts the prism,
with the lighter (AI-92) above. A refractometer
measures the n value for AI-98 gasoline, which
may match the standard value. The mixture will be
identified as pure AI-98 gasoline, which does not
correspond to reality. Express monitoring may be
unreliable under such stratification. Therefore, the
test sample must be thoroughly mixed before
measurement, which is not always feasible during
express monitoring.

Gasoline grades pose an additional challenge
when monitoring their mixtures using a refrac-
tometer, especially for a mixture of AI-95 and
AI—-92 gasolines. The higher the octane number of a
fuel usually means the higher its density. An
exception here is that the density of AI-92 gasoline
is higher than that of AI-95 (Table 1). When
studying this mixture (in the case of a large value of
time £;), the layer of AI-92 gasoline will be located
on the edge of the prism used for measurements,
and the layer of AI-95 will be located on the layer
of AI-92 (from above). Using a refractometer, the
value of n will be measured, corresponding to pure
AI—-92 gasoline (even if its volume concentration in
the mixture is 2—3%). In this case, the result of the
device's measurement of the octane number will
show that the mixture is pure AI-95 gasoline. This
apparent contradiction arises because the refrac-
tometer probes only the interface in contact with
the prism, whereas the octane meter reports a bulk-
averaged value.

In other cases, AI-95 gasoline may be sold as
AI—-92 gasoline (the company will suffer losses). An
ordinary fuel buyer, after checking its quality with a
refractometer, may file a claim. The measurements
showed that fuel of lower quality (AI-92 gasoline)
was mistakenly poured into his car's tank. The
consumer ordered AI-95 gasoline. Time will be
spent on investigating and determining the truth,
which is also money and a person's nerves, which
are difficult to restore.

Another situation may arise when testing this
mixture (AI-95 and AI-92 gasolines) if it is not
mixed well. The mixture that forms when mixing
two hydrocarbons can be heterogeneous.””*"*>%3 7>’
A film with a heterogeneous structure (with spots
from the two gasolines AI-92 and AI-95) may form
on the edge of the prism where the mixture being
tested will be placed. The refractive index n of the
medium being tested is determined based on the
interaction of radiation with this film using the
phenomenon of total internal reflection
(TIR).**14%4755755 At the stage of measurement
from the structures of two gasolines on the edge of
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the prism at the wavelength of visible radiation
A =589.3 nm several clear light-shadow boundaries
can be formed. It is extremely difficult to obtain
reliable measurements in this case. In the worst
case, one very wide fuzzy light-shadow boundary is
formed. This will lead to a large error when
measuring the refractive index n. The reliability of
measurements will be low.

Another challenge is unambiguously determining
component identities and concentrations from a
single n measurement. The measured value of the
refractive index in industrial designs of re-
fractometers from the mixture is insufficient to do
so. It is necessary to determine the composition and
concentration of the components in the mixture so
that in the future it would be possible to make an
informed decision on using this mixture as a stan-
dard fuel (deciding whether an AI-95/AI-92
mixture is acceptable as AI-95). Operational expe-
rience (e.g., vehicles, motorboats, diesel generators)
suggests that some mixtures may be usable without
evident engine issues under certain conditions. In
addition, the safety of operating the vehicle and
other devices is not violated.

All of this indicates the need for a new real-time
method for assessing hydrocarbon media and their
mixtures — one that resolves the above issues for
fuels and enables unambiguous determination of
their composition and component concentrations.

1.1. New method for measuring composition and
component concentrations in hydrocarbon mixtures

The following should be considered during the
development of the new method: the samplers
(dispensers) used for on-site control typically
accumulate 5—15 mL of the test medium in a
replaceable tip. Our experiments show that 10 mL
of the test liquid (e.g, a mixture of AI-92 and
AI-95 at 1:99) is sufficient to form an AI-92 layer
on the prism face, allowing its refractive index to be
measured. Determining the composition of gasoline
(or other fuel) mixtures is generally not practically
useful when the minor component is below about 1
% (=1:99), unless deliberate adulteration is
suspected.

Consider, for example, the case in which 1 L of
AI—-80 is accidentally added to 120 L of AI-95.
Using equation (1), the octane number of the
mixture is (120 x 95 + 1 x 80)/121 = 94.88, which an
octane-rating meter may not detect.

An unpleasant possibility in such a situation is
the following: at some moment, the engine cylinder
may receive a portion of fuel in which the share of
AI-80 is high (e.g., 20 %) with 80 % AI-95. The

octane number of such a mixture would then be 92.
If the engine is not designed for this octane rating,
burn-through may occur and the piston will
perform poorly. Over a long operating cycle, how-
ever, this would be a similar case (the valves will
not burn out). On the other hand, our calculations
show that the probability of such an event is less
than 0.02 %. For an aircraft, such deterioration in
the properties of aviation kerosene is highly unde-
sirable even at this probability during use: during a
maneuver, the resulting engine disturbance could
cause problems. Therefore, in developing the new
method, this must be considered to expand its
functional capabilities wusing the results of
measuring .

The method must also consider sampling con-
straints: at the point of express fuel monitoring, the
use of a dispenser may be volume-limited — or a
dispenser may be unavailable. We therefore pro-
pose using a plastic sample container with a lid
(Fig. 1).

To ensure reliable measurements, the container
volume should be at least 10 mL. Such containers
are easy to store and transport in a vehicle or bag.
Using this container permits vigorous mixing of the
test mixture (by shaking). The mixture is then
placed on the illuminated prism face of the refrac-
tometer and covered with an airtight cap to mini-
mize evaporation. In our laboratory refractometer
design, the test mixture is covered by a second
prism. We perform measurements at the ambient
temperature T,, after allowing the sample and
prism to reach thermal equilibrium; under these
conditions the temporal drift is typically 0.1-0.2 K.

Based on experience with various refractometer
designs and on studies of liquids performed
outside stationary laboratories,”' ¥
conclude that an opto-mechanical refractometer is
preferable for express monitoring at T,,. This design
can measure n using daylight as the illumination

Fig. 1. Sample containers used for on-site fuel collection.
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source. Measurements are made at the yellow line
of the spectrum, A = 589.3 nm.

Before loading the prism, the mass of a 10 mL
sample is measured. Modern portable electronic
scales provide an uncertainty of +0.02 g. The tem-
perature T, is also recorded. After placing the
mixture on the measuring prism face, the first
measurement of its refractive index, n,, is taken.
Two scenarios are common:

(i) The gasoline grade is declared (e.g., AI-95)
but contamination by another grade is
possible;

(ii) Smell and color indicate gasoline, but the
grade is unknown and, if a mixture, so is the
composition. The same logic applies to other
fuels.

After measurement, n,, is compared with refer-
ence n(T) values for fuels at the corresponding
temperature T,,. This introduces a practical
requirement: users need access to a reference table.
Preparing such a table is the instrument manufac-
turer's responsibility to enable routine use of the
method. As an example, Table 2 provides one
fragment of such data for AI-92 gasoline. If the
measured refractive index n,, matches the standard
value n within the measurement uncertainty, ex-
press monitoring can be concluded.

Another situation may occur. The value n,, agrees,
within the measurement uncertainty, with a refrac-
tive-index value for the declared gasoline grade, and
glare (specular highlights) is observed in the optical
image near the light—shadow boundary. This may
indicate that the gasoline contains a small amount of
different grade. In this case, wait 3—4 min and
perform a second measurement. During this time,
the mixture should re-equilibrate and the glare
should disappear. The lighter component will rise
above the denser one. This indicates the presence of
a lower-grade gasoline than the declared grade.

This demonstrates that an optical system with visual
readout for measuring n has advantages over a fully
automatic electronic system.

Subsequently, depending on the intended use of
the fuel, it is either approved or sent for additional
testing to confirm suitability. For motor vehicles, no
operational issues are expected when using such
fuel. For aviation — especially long-range flights —
the fuel should be examined with high-resolution
instruments in a laboratory. After verification, a
decision is made on further use.

If, after the sample has been on the prism face for
3—4 min, the glare persists, this indicates the pres-
ence of a small amount of a higher-grade gasoline
than the declared grade (its fraction remains at the
measurement interface where the probing radiation
is incident). In this case, no issues are expected with
using the declared gasoline grade.

Let us consider the case when the value n,, does
not correspond to any of the n values associated
with standard fuel. We proceed as follows:

1. Repeat the measurement: After the first reading,
wait 4—5 min, then measure the refractive index
again.

2. Evaluate the second reading: Three outcomes
are possible:

A. Change observed. The new value (denoted n?,
i.e., the second-stage reading) matches the
declared gasoline grade being tested. Stop
measuring. Using the equations developed
for the new method determine the mixture
composition and component concentrations.

B. Change observed, but mismatch. The new
value nj does not match the declared grade
(e.g., the sample is a two-gasoline mixture
such as AI-95 and AI-92). The lower layer is
AI-92, and nj equals its standard refractive
index; the sample, however, was declared as
AI-95. Stop measuring. Use the developed

Table 2. Temperature dependence of the refractive index n of AI-92 gasoline.

n (A = 589.3 nm)

n (A = 657.2 nm)

T, K n (A = 436.4 nm)
275.1 + 0.1 1.4378 + 0.0001
279.2 + 0.1 1.4358 + 0.0001
283.0 + 0.1 1.4339 + 0.0001
287.2 + 0.1 1.4317 + 0.0001
291.0 + 0.1 1.4296 + 0.0001
293.1 + 0.1 1.4282 + 0.0001
295.2 + 0.1 1.4275 + 0.0001
299.0 + 0.1 1.4253 + 0.0001
303.1 + 0.1 1.4231 + 0.0001
307.0 + 0.1 1.4210 + 0.0001
311.2 + 0.1 1.4191 + 0.0001
315.0 + 0.1 1.4174 + 0.0001

319.1 + 0.1

1.4158 + 0.0001

1.4258 + 0.0001
1.4237 + 0.0001
1.4216 + 0.0001
1.4195 + 0.0001
1.4174 + 0.0001
1.4161 + 0.0001
1.4154 + 0.0001
1.4132 + 0.0001
1.4111 + 0.0001
1.4091 + 0.0001
1.4072 + 0.0001
1.4057 + 0.0001
1.4042 + 0.0001

1.4231 + 0.0001
1.4210 + 0.0001
1.4189 + 0.0001
1.4168 + 0.0001
1.4147 + 0.0001
1.4134 + 0.0001
1.4127 + 0.0001
1.4105 + 0.0001
1.4084 + 0.0001
1.4065 + 0.0001
1.4046 + 0.0001
1.4030 + 0.0001
1.4014 + 0.0001
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relations to compute the mixture composition
and component concentrations.

C. No meaningful change. Within measurement
uncertainty, n,, is unchanged; no glare line
appears or shifts, and the optical image shows
no changes. Classify the gasoline as non-
compliant and send a sample to a fixed (sta-
tionary) laboratory for chemical or spectral
analysis.

In practice, two-component hydrocarbon mix-
tures dominate — especially with fuels and engine
oils. Three-component fuel mixtures occur mainly
during tanker transport when handling rules are
violated. Intentional blending of three grades or
octane boosting with additives is not practiced. In
15 years of hydrocarbon-control work, such mix-
tures were encountered only twice. Accurately
determining their composition requires separate
treatment: both specialized data-processing
methods for refractive-index measurements and
appropriate refractometer designs.

For engine oils, three-component mixtures are
more common, typically due to human error (e.g.,
oil diluted with gasoline, followed by accidental
addition of a different oil grade). After the first
reading of n,, users often recognize the mistake
and either adjust the blend or discontinue
use. Because real-world problems with three-
component mixtures are rare, this article does not
address them further. For two-component mixtures
of engine oils, or oil—gasoline mixtures, the
approach to identifying composition and compo-
nent concentrations is the same as for two-fuel
mixtures (gasolines, kerosenes, etc.). In the pro-
posed control method for determining the compo-
sition of a mixture consisting of two non-reacting
components, it is suggested to use the refraction
equation proposed by Ernst Karl Abbe””®’:

nm= n1K1 + nzKZ (2)

where n; and n, are the refractive indices of the
hydrocarbons that make up the mixture, and K; and
K5 are coefficients in relative units corresponding to
the concentrations of these components in the
mixture, K; + K, = 1.

In (2), the value n,, is determined in the first
measurement. The value n; = n;, corresponds to the
refractive index measured at the prism surface for
the lower layer of the mixture during the second
measurement. The value n, must be determined, as
well as K; and K. This corresponds to case 1.

For case 2, the two gasoline grades forming the
mixture under study are known. In that situation,
the values K; and K, are uniquely determined by

solving a system of two linear equations with two
unknowns:

Ny = nlzKl + n,K, (3)
Ki+K,=1

For case 1, the situation is more complex. In
system (3), the known quantities are n,,, and n;%. The
system still contains three unknowns, which creates
a problem for obtaining an unambiguous answer
for K;, K5, and n,. Therefore, the new method pro-
poses using, together with (3), an additional mass
equation:

Mm = Vm (lel + szZ) (4)

where M,, is the mass of the mixture placed in a
volume of 10 mL; p, is the density of the gasoline
corresponding to nj; and p, is the density of the
gasoline corresponding to n, (the wunknown
gasoline).

Analysis of the fuel density data (Table 1) makes
it possible to identify the gasoline grades that
could be located above the gasoline contacting the
prism face. This yields several candidate gasoline
grades. Next, we consider the following system of
equations:

1, = n, Ky + 1K,
Kl +K2 - 1 (5)
Mm = Vm (P1K1 + Psz)

In system (5) there are three unknowns (K;, Ky,
and ny). The density of a gasoline corresponds
uniquely to its refractive index. Given that the
number of possible gasoline grades that could lie
above the gasoline at the prism face will not exceed
three, using (5) allows, by considering these up to
three cases, an unambiguous solution for the
mixture composition and the concentration values
Kl and Kz.

Similar reasoning applies when the mixture con-
sists of two fuels and the specific grade of the gas-
oline(s), kerosene(s), etc. under control is not
declared. It is assumed only two hydrocarbon
components are present in the mixture. In this case,
N, is measured; after some time, the refractive
index n;, at the prism face is measured, which
identifies one of the mixture components. Then
system (5) and the associated reasoning are used.
The values K;, K5, and n, are determined. From the
value of n,, the second component in the mixture is
identified.

1.2. Experimental results

Studies of various hydrocarbon mixtures were
conducted using a modified laboratory
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refractometer based on TIR. Fig. 2 shows the in-
strument schematic and the optical ray paths.

In the refractometer, the test mixture is placed
between two prisms with gaskets that seal the
sample chamber. Fuels (gasolines, kerosenes, etc.)
are volatile hydrocarbons; therefore, not every TIR
refractometer design is suitable for such studies. In

(a)

shadow

(b)

shadow

Fig. 2. a. Schematic for refractive-index measurement at the interface
between the upper prism face and the test hydrocarbon: 1 — lower
prism, on whose upper face the test medium is placed; 2 — upper prism
covering the test medium; its base contacts the medium; 3 — gaskets
forming a sample chamber; when the upper prism is lowered, the
chamber is sealed; 4 — prism-rotation couplings; 5 — movable opaque
shutters; 6 — reflective coating; 7 — eyepiece; 8 — objective lens; 9 —
tilting (pivoting) mirror; 10 — reticle (crosshair) plate used to register
the light—shadow (critical-angle) boundary; 11 — test hydrocarbon or a
mixture thereof. b. Schematic for refractive-index measurement at the
interface between the lower prism face and the test hydrocarbon: 1 —
lower prism, on whose upper face the test medium is placed; 2 — upper
prism covering the test medium; its base contacts the medium; 3 —
gaskets forming a sample chamber; when the upper prism is lowered,
the chamber is sealed; 4 — prism-rotation couplings; 5 — movable
opaque shutters; 6 — reflective coating; 7 — eyepiece; 8 — objective lens;
9 — tilting (pivoting) mirror; 10 — reticle (crosshair) plate used to
register the light—shadow (critical-angle) boundary; 11 — test hydro-
carbon or a mixture thereof.

the design shown in Fig. 2, light can reach the
prism—sample interface in two ways: through the
top cover plate (Fig. 2a) or through the bottom cover
plate that carries reflective coating 6 (Fig. 2b). The
refractive index of the test medium in contact with
the prism is determined from Snell's law and the
position of the light—shadow boundary:

1 SIN Olerip = Ny SIN 0 (6)

where n, is the prism refractive index, n,, is the
refractive index of the test medium, a4 is the
incidence angle at which total internal reflection
occurs (the light—shadow boundary forms), and o,
is the refracted angle (at the critical condition
oy = 90°, so sin a, = 1).

In our instrument, n,, is measured as follows.
Rotating plate 10 (on which the light—shadow
boundary is registered) changes the angle of inci-
dence by the optical design (Fig. 2). The n,, scale is
calibrated using (6) so that, when the boundary is
aligned with the plate crosshair, (6) holds with
sin oy = 1, and n,, is read from the critical angle.
The lower scale visible beneath the boundary in the
eyepiece is illustrated in Figs. 3—5 for measure-
ments of neat gasolines and their mixtures.

As an example, demonstrating the new method's
ability to determine mixture composition and
component concentrations, we present results for a
gasoline mixture of AI-92 and AI-80 in a 7:3 ratio
(10 mL sample). Such mixtures commonly arise
from improper storage (container changes) or

Fig. 3. Eyepiece view of the light—shadow boundary and the mea-
surement result for the gasoline mixture (first measurement).
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Fig. 4. Eyepiece view of the light—shadow boundary and the mea-
surement result for the gasoline mixture (second measurement).

tanker transport. We consider the case in which the
mixture has not been declared as a specific gasoline
grade and the composition and usability must be
established. Figs. 3—5 show the eyepiece view of the
ny, scale and the light—shadow boundary at the
crosshair.

Following the developed method, a 10 mL portion
of the mixture in the container (Fig. 1) was shaken

Fig. 5. Eyepiece view of the light—shadow boundary and the mea-
surement result for AI-80 gasoline (control measurement).

and placed on the upper face of the lower prism
(part 1) of the refractometer (Fig. 2). It was then
covered with the upper prism (part 2). The initial
reading was n, = 1.4121 + 0.0002 at T = 300.3 K
(Fig. 3). The obtained value does not correspond to
any refractive-index value of standard fuels. After
waiting 260 s, the second reading was
ny = 14235 + 0.0002 at the same temperature
(Fig. 4), which corresponds to AI-92 gasoline. For
verification, a control measurement of AI-80 gas-
oline was also taken, yielding n, = 1.385 + 0.0002 at
T = 300.3 K (Fig. 5).

Based on our method and the density data in
Table 1, the possible second component in the
mixture could be one of the following: A—76 (un-
leaded), AI—80 (unleaded), AI—93 (unleaded),
AI-95 (unleaded), straight-run aviation kerosene,
or AI-95 Premium. In principle, using equation (5),
all candidate second components can be evaluated
and the actual component present can be identified
unambiguously. As a practical strategy, begin with
grades whose octane number is lower than AI-92,
the grade identified in the mixture. If higher-octane
grades such as AI-93 (unleaded), AI-95 (un-
leaded), or AI—95 Premium are added to AI—92, the
resulting fuel is generally acceptable for engine
operation. Straight-run aviation kerosene is un-
likely to be present in AI-92 gasoline.

Express monitoring is performed over a wide
temperature range. Therefore, density values must
be available for that range. Numerous studies have
addressed this need,'”'”?*°"®" enabling the
following empirical relation for gasoline density as
a function of temperature:

p(T)=p, +ApAT (7)

where p, is the density at T = 293.0 + 0.1 K,
Ap is the temperature coefficient of density
(see Table 3), and AT is the deviation of the
measurement temperature T,, from 293.0 + 0.1 K
(293 — Tw).

To apply equation (7), the Ap value is used
together with the density data from Table 3. Table 3
was compiled by representatives of Russian oil
companies and producers of various hydrocarbons.
Similar tables are used in other countries.

As an example, Fig. 6 shows the temperature
dependence of density p for AI-80 and AI-92
gasolines used to prepare the test mixture.

To validate our method, we used equation (5) and
relation (7) with the data in Table 3 and evaluated
all previously listed gasoline candidates that could
serve as the second component in the mixture
(straight-run aviation kerosene was excluded; in
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Table 3. Temperature corrections to the density of petroleum products relative to T = 293.0 + 0.1K.

Density (p, g/cm3) Temperature
correction per

1K (Ap, g/cm3)

(0.6500—0.6598) + 0.0001 0.000962
(0.6600—0.6698) + 0.0001 0.000949
(0.6700—0.6798) + 0.0001 0.000936
(0.6800—0.6898) + 0.0001 0.000925
(0.6900—0.6998) + 0.0001 0.000910
(0.7000—0.7098) + 0.0001 0.000897
(0.7100—0.7198) + 0.0001 0.000884
(0.7200—0.7298) + 0.0001 0.000870
(0.7300—0.7398) + 0.0001 0.000857
(0.7400—0.7498) + 0.0001 0.000844
(0.7500—0.7598) + 0.0001 0.000831
(0.7600—0.7698) + 0.0001 0.000818
(0.7700—0.7798) + 0.0001 0.000805
(0.7800—0.7898) + 0.0001 0.000792
(0.7900—0.7998) + 0.0001 0.000778
(0.8000—0.8098) + 0.0001 0.000765
(0.8100—0.8198) + 0.0001 0.000752
(0.8200—0.8298) + 0.0001 0.000738

Density Temperature
(p, g/cm3) correction per
1K (Ap, g/cm3)

(0.8300—0.8398) + 0.0001 0.000725
(0.8400—0.8498) + 0.0001 0.000712
(0.8500—0.8598) + 0.0001 0.000699
(0.8600—0.8698) + 0.0001 0.000686
(0.8700—0.8798) + 0.0001 0.000673
(0.8800—0.8898) + 0.0001 0.000660
(0.8900—0.8998) + 0.0001 0.000647
(0.9000—0.9098) + 0.0001 0.000633
(0.9100—0.9198) + 0.0001 0.000620
(0.9200—0.9298) + 0.0001 0.000607
(0.9300—0.9398) + 0.0001 0.000594
(0.9400—0.9498) + 0.0001 0.000581
(0.9500—0.9598) + 0.0001 0.000567
(0.9600—0.9698) + 0.0001 0.000554
(0.9700—0.9798) + 0.0001 0.000541
(0.9800—0.9898) + 0.0001 0.000528
(0.9900—0.9998) + 0.0001 0.000515
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Fig. 6. Temperature dependence of density p for AI—80 and AI—92 gasolines.

applications where it is used, AI-95 or higher is
specified rather than AI-92). This yielded
n, = 138 + 0002 (at T = 3003 K),
K; = 0.7021 + 0.0015, and K, = 0.2979 + 0.0015. The
value n, corresponds to AI-80 gasoline and differs
from the control measurement in Fig. 5 by less than
the refractometer's measurement uncertainty
(0.0002). The coefficients K; and K, agree, within
measurement uncertainty, with the intended
composition of the prepared mixture (AI-92 and
AI-80).

Additionally, we examined how the refractive
index of a Group III, SAE 5W-30 engine oil changes
over a small temperature range in two states. The
results are shown in Fig. 7. The observed trends
agree with earlier studies on various oils.””?>%*%

1.3. Measurement uncertainties of the new method

Modern instruments provide high-precision
measurements under laboratory conditions. To
measure the density of fuel and other



V. Davydov et al. / Egyptian Journal of Petroleum 35 (2026) 324—337 333

1.4752
1.474

1‘4728\

1.4716 +\

~1.4704

1.4692

Ny, rel. un

1.468 —

1.4668 -

1.4656 —

1.4644 -

1.4632
283 285 287 289 291

293 295 297 299 301 303

Fig. 7. Temperature dependence of the refractive index n,, of engine oil. Curves: 1 — oil containing AI—80 gasoline (oil:gasoline = 9:1); 2 — neat oil.

hydrocarbons, we used a DSA 5000 M density meter
with an uncertainty of 0.00002 g/mL. When using a
mobile density meter, density measurements can
be performed with an uncertainty of 0.0001 g/mL
(we used this value in Table 3).

An analysis of fuel-density data for fuels with
different aromatic-hydrocarbon contents allows us
to conclude that the relative uncertainty of the
density measurement p, which is on the order of
0.01%, does not have a significant effect on the
uncertainty in determining K; and K, using re-
lationships (5).

The temperature of the medium under study is
controlled with an uncertainty of +0.1 K (a standard
value for measuring instruments). When the tem-
perature T changes by 0.1 K, the refractive index of
the liquid medium changes in the fifth decimal
place, which is not relevant for express monitoring.
These changes in n can be monitored only with a
stationary laboratory refractometer.

The density of the liquid medium, as shown by
our measurements using the DSA 5000 M density
meter, changes (when T changes by 0.1 K) in the
fifth decimal place as well. Therefore, the uncer-
tainty in measuring T does not affect the uncer-
tainty in determining the coefficients K; and K,.

To determine the uncertainty with which the co-
efficients K; and K, are established, let us consider
two equations from relationships (5):

Ki+K, =1 (8)

M =V (p1K1 + poK>) )

In the method, the mass M,, of a 10 mL container
is measured wusing portable scales (mass-
measurement uncertainty is +0.02 g). The relative
uncertainty of mass measurement, provided that an
object with a mass greater than 10 g is being
measured, is less than 0.2%.

When filling the control volume wusing a
dispenser, the uncertainty of volume formation
(measurement) is +0.05 mL (0.5%). In accordance
with relationship (9), the main contribution to the
uncertainty in determining K; and K, will come
from the uncertainty of the ratio My,/Vp,.

The values K; and K, are determined in relative
units with respect to the value 1. Therefore, to es-
timate the uncertainty, one can use the formula for
the uncertainty of a quotient:

a\ _ 8(a)+o(b)
o(5) < 1—o(b) (10)

In the considered example of determining the
composition of the medium and the concentration
of components, 3(a) = 3(b). The uncertainty in
determining the coefficients K; and K, is on the
order of 0.7% (third decimal place).

The refractive index n, is computed with the same
uncertainty, because the uncertainty in determining
Ny, is almost an order of magnitude smaller. For n,,,
the third decimal place is guaranteed. This
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information is sufficient to determine the fuel grade
and the condition (status) with respect to aromatic
hydrocarbons.

The uncertainty in determining K; and K, can be
reduced by using a vessel with a volume of 50 mL for
measurements. In this case, according to (10), the
uncertainty will be determined by the error in filling
it with fuel (there is no 50 mL dispenser). It is difficult
to say how much fuel will be lost to evaporation (this
depends on experience working with hydrocarbons).
The uncertainty of the mass measurement will
decrease by almost a factor of five. In the future, the
uncertainty of measuring K; and K, can be reduced to
0.01%. For express monitoring it is enough.

2. Discussion

The example presented for a mixture of two
gasolines (AI-92 and AI-80) extends directly to
other two-grade mixtures. The sequence of actions
and measurements, guided by intermediate results,
remains unchanged — this illustrates the broad
applicability of the method.

Placing the test mixture on the refractometer's
lower prism remains straightforward across mix-
tures (including gasoline—motor-oil mixtures).
Under our procedure, evaporation was minimal
during sample loading and did not materially affect
refractive-index measurements or the subsequent
determination of mixture composition and compo-
nent concentrations.

The proposed relation (7) for calculating density p
as a function of temperature T, together with the
correction tables, yields p(T') values that agree well
with our measurements for AI-80 and AI-92 using
a density meter with a temperature-controlled bath.
For these grades (Fig. 6), calculated and measured
p(T) agreed within the measurement uncertainty.

For the dependences in Fig. 7 (engine oil and its
mixture), the slope of curve 1 increases with tem-
perature. This is consistent with the mixture's
composition and thermal-expansion behavior
(density change with T). We also applied the
composition-determination procedure to this
mixture. After a settling period, the engine oil oc-
cupies the measurement interface at the prism face,
with AI-80 gasoline above it. The inferred fractions
were K; = 0.901 + 0.007 and K, = 0.099 + 0.007. The
inferred refractive index for AI-80 differed from the
refractometer reading by less than the instrument's
uncertainty. The errors in determining the co-
efficients K; and K; are <0.5%, which fully satisfies
the express monitoring requirements across
different media. These results further confirm the
validity of the developed method.

As part of the discussion of the proposed method,
it is worth considering various cases in which the
fuels forming the mixture have different concen-
trations of aromatic hydrocarbons. In the Russian
Federation, different aromatic-hydrocarbon con-
centrations are encountered in gasoline grades Al-
95, AI-95 Premium, AI-96, AI-98, and AI-100.

Gasoline grade AI-92 has an aromatic-
hydrocarbon concentration that classifies it as having
medium aromatic content. When fuel is supplied to a
consumer, its grade and the data on its aromatic
content are declared. A problem may arise only when
it is necessary to perform express monitoring of an
unknown fuel that may be a mixture.

From the measured value of the refractive index
of one of the hydrocarbons (the one that will be at
the lower level), one can determine one of three fuel
states: low aromatic content, medium aromatic
content, or high aromatic content. As the concen-
tration of aromatic hydrocarbons in the fuel in-
creases, the value of n increases. There is a
minimum and maximum percentage of aromatic
hydrocarbons for each fuel grade.

For each gasoline grade, changes in refractive
index occur in the second decimal place when the
aromatic-hydrocarbon content changes (low aro-
matic content, medium aromatic content, high ar-
omatic content). After determining the fuel grade,
following the second refractive-index measurement
there is information about the other component of
the mixture, whose density must be lower than that
of the identified fuel. Next, density values are
selected for possible variants of this component,
considering the possible aromatic-hydrocarbon
concentration for that fuel grade.

For gasoline grades AI-96, AI-98, and AI-100,
three fuel-state variants must be considered (low
aromatic content, medium aromatic content, high
aromatic content). For AI-95 Premium and AI-95,
two fuel-state variants must be considered (me-
dium aromatic content and high aromatic content).
For AI-92, only the medium aromatic-content state
is required. This also applies to gasoline grades Al-
93, AI-80, and A-76. For all possible variants, using
(5), the coefficients K; and K, are determined, and
then n, is computed. Considering the additional
cases will increase calculation time by at most
2—3 s, which is not critical for express monitoring.
The principle of applying the new method does not
change.

It should also be noted that the data on aromatic-
hydrocarbon concentrations in different gasoline
grades refer to fuel produced within the territory of
the Russian Federation. These data may differ from
those for fuels produced in other countries.
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3. Conclusions

Analysis of studies conducted over a range of
temperature (including sub-zero values) using our
previously developed laboratory refractometer
design, together with the obtained data on the
composition of various hydrocarbon mixtures and
their component concentrations, confirms the
rationale for implementing the new method to
achieve unambiguous real-time control of fuels and
motor oils at the sampling point.

The same laboratory refractometer design can
also be used to:

(i) monitor the state of most liquid media
(excluding a few aggressive liquids, chiefly
acids such as hydrofluoric acid);

(ii) measure refractive indices of solids; and
(iii) assess homogeneity in transparent
materials.

Finally, with minor modifications to equation (5),
the method can be extended to three-component
hydrocarbon mixtures. This requires upgrading the
optical readout so that refractive indices from two
layers (light and heavy fractions) can be read on a
single instrument scale. Field deployment then
becomes practical. The first measured layer at the
lower prism face corresponds to the densest frac-
tion; the second layer, contacting the upper prism
face, corresponds to the lightest fraction. From
these two n values the grades of the outer layers
(gasolines, kerosenes, or oils) can be identified; the
third, intermediate fraction can then be inferred
using Table 1. With these inputs, a modified three-
equation system (unknowns Kj; K, K; with
K; + K; + K3 = 1) yields a unique solution. If two
candidates are plausible for the intermediate frac-
tion, the system is solved twice; only one solution
will be consistent. This underscores the method's
functional breadth, which we plan to expand
through further studies.
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