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MN3MEPEHUE INTAOTHOCTHU JXUAKOCTHU _
B CUCTEME OBECITEYEHUNA EAVMHCTBA U3MEPEHVN

H. B. BAKOBEI[", E. H. KOHHYEBA”

YBenopyceruii 2ocydapemeennuiii uncmumym memponozuu,
ya. Cmaposunenckuii Tpaxkm, 93, 220053, . Munck, berapyco
Z)Hpad/w&wmex, yi. Kapna Jlubknexma, 66, nom. 62a, 220036, 2. Munck, berapyce

[IpuBeneHs! pe3ynbTaThl UCCIEA0BAHNS, HAPABICHHOTO HA CO3JAHUE HAIIMOHAJIBHOTO ATAJOHA IUIOTHOCTH JKUAKOC-
TH. DTaJIoH obecreynBaeT BOCIIPOM3BE/ICHNE, XPAHEHUE 1 TIepe/iady eIMHHIIBI TUIOTHOCTH JKHKOCTH B JIanazoHe ot 650
10 2000 kr/m’. Ha 0CHOBE METOJa IMAPOCTATHYECKOTO B3BEIIMBAHMS PEATH30BAHO M3MEPEHHE IUIOTHOCTH JKHAKOCTH
B cootBercTBUU ¢ [OCT OIML R 111-1-2009 «T'ocymapcTBeHHas cucteMa oOecniedeHnsT eANHCTBA n3MepeHuil. ['mpn
knaccoB E, E,, F,, F,, M, M| ,, M,, M, ; u M;. Hacts 1. MeTponorudeckue u TexHudeckue TpedoBanus». [lokasa-
HO, 9TO NPHUMEHEHHE MacC-KOMIapaTopa BBICOKON TOYHOCTH MO3BOJIET 3HAYMTEIBHO CHHU3UTh CHCTEMATHYECKYIO IO-
TPEIIHOCTh U3MEPEHUI U CpeHEKBaJpaTUYHOE OTKJIOHEHHE MPU BOCIPOU3BEACHUHM €AMHUIIBI MJIOTHOCTH KUAKOCTU
U ee mepeade ATaJTOHHBIM CPEJICTBAM M3MepeHuit 1-ro u 2-1o paspsiioB U pabounM cpercTBaM u3Mepenuil. PeannsoBan
METO/I IIepeIauyl €MHHUIIBI INIOTHOCTHU XKHUAKOCTH ITOCPEACTBOM ITATOHHOIN MephI INIOTHOCTH — KPEMHHEBOH c(hepbl 1 KK
KOCTH-KOMITapaTopa, 4To MMO3BOJIMIIO UCKITIOUUTH NIEPEJATOYHOE 3BEHO B BU/IE ATAJIOHHOTO PACTBOPA IFIOTHOCTHU JKHU/IKOCTH.
B nnamazone BOCIpOM3BEICHNUS, XPAHEHHS U TIEPEavn €ANHHUIIBI TNIOTHOCTH JKUIKOCTH TOJIydeHa CHCTEMaTHYeCKas 110-
rpemHocTs 2,1 - 107 ko/v?, CpeAHEKBaIpaTUYHOE OTKJIOHEHHE MTPU BOCIPOU3BEACHUU €IMHULIBI INIOTHOCTH KUJKOCTH
coctaBuio 4,0 - 10°* kr/m’, cpeiHeKBaapaTHIHOE OTKIOHEHHE CYyMMAPHOiT TOTPEIIHOCTH MPH TIepeIade ¢HHHIIB ILI0T-
HOCTH KMJKOCTH paBHsUIOCH 3,14 - 107 kr/n’,

Knroueevie cnosa: >Tanon eqUHUIBI TIIOTHOCTH KUAKOCTU; METO T'MAPOCTAaTHICCKOTO B3BCIINBAHU A, DTaJIOHHAA
MEpa INIOTHOCTHU; BOCIIPOMU3BEACHUEC, XPAHCHHUE, TE€pEeaava €ANHNUIBI TNIOTHOCTH KUIKOCTH.
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The article presents the results of a study aimed at creating the national standard for liquid density. The standard
provides reproduction, storage and transmission of the liquid density unit in the range from 650 to 2000 kg/m’. Based
on the method of hydrostatic weighing, the measurement of liquid density was implemented in accordance with the
GOST OIML R 111-1-2009 «State system for ensuring the uniformity of measurements. Weights of classes E|, E,, F|, F,,
M,, M, ,, M,, M, ; and M,. Part 1. Metrological and technical requirements». It is shown that the use of a high-precision
mass comparator can significantly reduce the systematic measurement error and the standard deviation when reproducing
and transferring the unit of liquid density to reference measuring instruments of the 1% and 2" category and working
measuring instruments. A method for transferring a unit of liquid density by means of a standard density measure — a sili-
con sphere and a comparator liquid — has been implemented, which made it possible to exclude the transfer link in the
form of a standard liquid density solution. In the range of reproduction, storage and transmission of the liquid density unit,
a systematic error of 2.1 - 10~ kg/m’ was obtained, the standard deviation in the reproduction of the liquid density unit was
4.0 - 10* kg/m’, the standard deviation of the total error in the transmission of the liquid density unit 3.14 - 10~ kg/m”.

Keywords: liquid density unit standard; hydrostatic weighing method; density standard measure; reproduction; storage;
transfer of liquid density unit.

Introduction

Since 13 January 2020, Belarus is a full-fledged member of the Metre Convention — an agreement to ensure
uniformity of metrological standards, the signatories to which are currently 62 states all around the world.

Signing the Metre Convention imposes certain requirements on signatory states. One of the requirements
is to establish and develop a country-wide system for ensuring uniformity of measurements. The origins of the
national system for ensuring uniformity of measurements in the Republic of Belarus date back to the 1990s,
the time of the early creation of the national system of measurement standards for physical quantities. The cru-
cial role in these activities has been played by the Belarusian State Institute of Metrology, which, in accordance
with the Law of the Republic of Belarus «On ensuring uniformity of measurements», has the mandate by the
State Committee for Standardisation of the Republic of Belarus to act as the country’s National Metrological
Institute. When working on establishing measurement standards, BelGIM cooperates closely with the National
Academy of Sciences of Belarus and leading domestic universities. Now, there are a total of 65 national mea-
surement standards representing units of physical quantities.

Development of new cutting-edge technologies drives a need for using measuring instruments that have a sub-
stantially better resolution, for reducing measurement errors of methods and instruments, as well as for stronger
automation and higher operation rates of the latter. The metrological characteristics of measuring instruments im-
prove continuously, so the accuracy of measurements. This, however, poses a general question regarding highest
available accuracy of determination of values of various physical quantities when using high-precision instru-
ments and urges for verification and demonstration of their proper metrological characteristics.

Liquid density measurements are widely applied across industries, since density represents not only a quan-
titative, but also a qualitative characteristic of a raw material. Density data are fundamental for investigation
of properties of liquids, their identification, and determination of their purity grade. These are also required
for indirect evaluation, with a certain degree of accuracy, of some other liquid properties, like specific weight,
thermal expansion or contraction, mass of a known volume of liquid, etc.

A unit of density is a physical indicator of a characteristic determined for substances of a homogeneous na-
ture (liquid, solid, gaseous) using their mass per unit volume. According to the International System of Units,
a unit expressed in kilogram per cubic meter is used to determine density indicators. Density values for various
materials are in fairly wide measurement ranges. The ability to determine the density of substances in liquid
and solid states is called densimetry.

The density characteristic of any substance depends on the mass of atoms that are part of this substance and
on the density of the arrangement of compounds of atoms, as well as molecules in this substance.
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For liquids, the determination of density is important for two reasons. The first is to assess the liquid from
the qualitative side, when checking its density, they look at the compliance of the liquid with the standards of
quality indicators. Such changes are made in the laboratory. The second reason for determining the density is
to calculate the mass of the liquid. Since when the temperature changes, there is no change in the mass of the
liquid, it is customary to take into account the amount of liquid not by volume, but by mass.

Various methods exist for characterising the densities of liquids. A large group consists of float-weight
methods based on determining the buoyancy force acting on a body or an auxiliary element — a float and,
according to the Archimedes’ principle, having a directly proportional dependence on the density of the me-
dium. This group includes measurements with a hydrometer, by means of hydrostatic weighing, float, flotation
methods for determining density.

The next group includes hydrostatic methods for determining the density characteristic, which determines
the dependence of the static pressure of a liquid or gas column of constant height on their density.

The following measurement methods are typical for determining the density of liquid substances:

e buoyancy method (areometric)'. To implement these methods, the body, which is pressed by a force equal
to the weight of the fluid displaced by the body, is partially or completely immersed in the fluid. This method
is implemented using float density meters (hydrometers):

— having a floating float and measuring the depth of its immersion;
— equipped with a submerged float and measuring the force acting on the float.
The basis of the hydrometer is Archimedes’ principle.

There are hydrometers with constant volume and hydrometers with constant mass. Density is determined
by the mass of the load (weights) and based on the volume of liquid displaced.

The above method is widely used in practice in order to determine the relative density of ethyl alcohol and
acids (sulfuric, nitric and hydrochloric). Analyses using this method are performed quickly, which refers to its
positive aspects. It can also be used to analyse liquids with a fairly high viscosity. However, the measurement
accuracy of this method leaves much to be desired, which refers to its disadvantages, and a relatively large
amount of liquid is also required for measurements;

e hydrostatic weighing method”. This method is used for mass determination of density in cases where
simplicity of the process and speed of its implementation are preferred, or in the case when work is carried out
at high pressures. Hydrostatic balances are widely used to determine the density of liquids. The advantage of
these devices is the fact that a rather small amount of liquid or substance is required to determine the density
characteristic with their help;

e flotation method for determining the density®. This method is characterised by the fact that a float
immersed in a liquid is brought to a state of equilibrium, the so-called flotation equilibrium. He won’t be able
to float and he won’t be able to sink. Flotation equilibrium is characterised by the equality of the densities of
the float and liquid. When determining the density of the float and the corresponding temperature of flotation
equilibrium, the density of the liquid at a given measurement temperature is also determined. The magnetic
float flotation method is currently being developed and mastered as part of the use of electronic tracking
systems that automatically maintain the float at the desired height. Keeping the float stationary relative to the
cuvette prevents the viscosity of the liquid and the walls of the cuvette from being affected. A fairly small
volume of liquid is needed for the density determination process;

e pycnometric method*. In laboratories of chemical industries and pharmaceutical plants, when conducting
technical analyses, pycnometers (volume-weight density meters) are usually used along with hydrometers.
The principle of operation of these meters is that the mass of a substance is directly proportional to the density
at a constant volume of this substance. To determine the density, it will be sufficient to continuously weigh
a certain volume of liquid flowing through the pipeline. The advantages of these devices are that they can
determine the density of pulps, suspensions, liquids (high degree of contamination, viscous and volatile);
readings do not depend on the flow time of the liquid and its properties; they can determine the density at
high pressures (maximum 2.5 MPa); the measuring cavity of the device has a constant cross section, which

'GOST 3900-85. Petroleum and petroleum products. Methods for determination of density. Interstate standard. Introd. 01.01.1987.
Mosc. : Stand. Publ. House, 2000. 140 p. ; GOST 8.428-81. State system for ensuring the uniformity of measurements. Areometers.
The values of coefficients of surface tension of liquids (amendment 1). Introd. 01.07.1982. Mosc. : Stand. Publ. House, 1986. 10 p. ;
GOST ISO 3675-2014. Crude petroleum and liquid petroleum products. Laboratory method for determination of density by hydrome-
ter. Introd. 01.01.2017. Mosc. : Standartinform, 2019. 12 p.

>0IML G 14. Guide. Edition 2011 (E). Density measurement. Introd. 01.09.2011. Paris : OIML, 2011. 29 p.

3GOST 15139-69. Plastics. Methods for the determination of density (mass density). Introd. 01.07.1970. Mosc. : Stand. Publ.
House, 1988. 17 p.

*ISO 2811-1:1997. Paints and varnishes. Determination of density. Part 1. Pyknometer method (MOD). Introd. 01.07.2014. Geneva :
International Organization for Standardisation, 1997. 9 p.
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prevents the deposition of solids from the flow, they have high sensitivity parameters and high measurement
accuracy; the measurement range of these devices is adjustable over a wide range (100-2000 kg/m?);

e method based on the determination of pressure’. The pressure difference between two liquid levels is
determined. When maintaining a constant liquid level, the pressure below the surface of the liquid indicates
its density. It is possible to measure the pressure difference between two different liquid levels. This
difference is directly proportional to the density of the liquid. This method is called the «wet-pipe» method,
which contains a separating fluid whose density is higher than that of the working fluid being measured. If it
is not possible to use a separation fluid, a pressure repeater is used to reproduce the pressure in the upper level
and allow the instrument to monitor the pressure difference between the liquid levels;

e vibrating methods®. A mechanical vibrator in the shape of a U-tube oscillates at its resonant frequency,
which depends on its mass. When the device is introduced into the sample of the investigated liquid, the
resonant frequency of oscillations changes. The instrument should be calibrated using two standard liquids of
known density. Standard fluids are selected so that their densities cover the range within which the expected
density of the test fluid falls;

e ultrasonic methods’. Ultrasound is used to determine the density of a substance. An ultrasonic vibration
in a medium can be created by any oscillating body that is in contact with this medium. To determine the
density index in this medium, it will be necessary to determine the speed of propagation of ultrasound in it.
This is a highly sensitive method, almost completely inertialess and eliminates contact with the controlled
environment, which means it can work in aggressive environments.

Newly mastered measurement methods are gaining great popularity, associated with the use of certain physi-
cal phenomena and the use of quantities that uniquely depend on density, for example, the attenuation of radio-
active radiation, the speed of sound propagation in a substance, the frequency and amplitude of oscillations
of a vibrating auxiliary body, parameters occurring in a fluid flow or vortex gas.

The accuracy of parameters in determining the density characteristic is of great importance in the develop-
ment and production of measuring instruments in various industrial fields, such as instrumentation and metro-
logy, which are closely related to the analysis of the properties of certain substances and materials.

A wide variety of methods for measuring the density of a liquid raises the question of creating a stan-
dard for the density of a liquid, which can reproduce, store and transmit a unit of liquid density to measu-
ring instruments and standard samples, ensuring the uniformity of liquid density measurements with high
accuracy.

Materials and methods

To ensure uniformity of measurements in the field of densitometry pursuant to task 2.14 «Establishing
a new national measurement standard for liquid density» within the scope of the sub-programme «Measure-
ment standards of Belarus» of the state scientific and technical programme «Development and manufacture
of Belarusian measurement standards, proprietary instruments and facilities for scientific research (national
measurement standards and scientific instrumentation)», BelGIM in the years from 2018 to 2020 established
a new National measurement standard of liquid density (NE 61-21). The standard is designed for realisation
and maintenance of the liquid density unit (kg/m?), and its further dissemination to appropriate 1* grade wor-
king standards. There is a large variety of methods to determine liquid density nowadays. Basically, these can
be divided into two main groups, i. e. indirect and direct ones. The most known indirect methods are the pyc-
nometric and the hydrostatic weighing method. The difference is that when applying the pycnometric method
the liquid density is being determined by using a container of a constant capacity, while for the hydrostatic
weighing a constant mass reference measure shall be used.

We have chosen the hydrostatic weighing as the preferred method for liquid density determination.
The essence of the method is that the density of a liquid is being measured based on the Archimedes’
principle. When measuring the liquid density, a body of known mass and volume is being weighed while
immersed in the liquid.

The measure we use to realise and maintain the liquid density unit by means of the hydrostatic weighing me-
thod is a Si-sphere (hereafter called the «spherew) (Hdfner, Germany). The sphere is made of 1 kg of high-purity
silicon.

>ISO 2811-4:2011. Paints and varnishes. Determination of density. Part 4. Pressure cup method. Introd. 01.03.2011. Geneva : Inter-
national Organization for Standardisation, 2011. 16 p.

®GOST 33453-2015. Testing of chemicals of environmental hazard. Determination of the density of liquids and solids. Introd.
01.09.2016. Mosc. : Stand. Publ. House, 2016. 6 p.

"Shaverin N. V. Development of an ultrasonic method and means of automated control of the density of petroleum products : abstr.
of a dissertation ... candidate of technical sciences : 05.11.13. Tomsk : Natl. Res. Tomsk Polytech. Univ., 2003. 20 p.
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The algorithm applied for the realisation of the liquid density unit is implemented in accordance with the
conventional scheme by using an AVG-1000 high-precision hydrostatic weighing mass-comparator (hereafter
called the «comparator») (Radwag Wagi Elektroniczne, Poland)®. The sphere is first weighed in the air on the
comparator pan. For temperature conditioning, a CCK-0/7702m test chamber (Dycometal Equipos de Control
de Calidad, Spain) is used, namely in conjunction with a THB-Box communicator with THB P sensors (Rad-
wag Wagi Elektroniczne), which allows very accurate measurements of the environmental parameters.

After that, the sphere is placed on the lower weight holder of the comparator; then a TV7000DC thermostatic
bath (hereafter called the «bath») (Tamson Instruments B. V., Netherlands) is lifted up towards the comparator
by means of a lifting gear. The coaxial measuring basin of the bath contains the liquid under investigation.
Once temperature stabilised, the sphere is weighted in the liquid. The temperature of the liquid under investi-
gation is monitored by E20 Thermometer temperature meters (Radwag Wagi Elektroniczne).

A diagram depicting the set-up for the realisation of the liquid density unit is shown in figure.

AVG-1000 Climatic chamber
comparator
Granite
base plate

‘ | |

T

Poles

=P
Sphere =)
support

i

Temperature
= P
Sensors

C: TV7000DC
thermostatic bath

I si-

sphere Coaxigl
Lsphere | v+ measuring
basin

Laboratory lift

Implementation scheme of the standard

¥GOST 8.428-81. State system for ensuring the uniformity of measurements. Areometers. The values of coefficients of surface
tension of liquids (amendment 1). Introd. 01.07.1982. Mosc. : Stand. Publ. House, 1986. 10 p.
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The density of the liquid under investigation is calculated by the formula

(Ca mg, + An/lwa —Camy — Am )pt + pa(Ca my + AWlwl)
(Ca mg, + AWlwa)(l + Bsphere( vl tcl)) ’

where C, is the correction for the effect of buoyancy in air (air density) at the time of weighing the sphere in the
air; m,, is the mass of the sphere, kg; Am,, is the mass difference when weighing the sphere in the air, kg; C,; is
the correction for the effect of buoyancy in air (air density) at the time of weighing the sphere in the 11qu1d

My is the mass of the technical welght kg; Am, is the mass dlfference when weighing the sphere in the liquid, kg;
p, is the dens1ty of the sphere, kg/m’; p, is the air density, kg/m?; Bphere 18 the volume expansion coefficient of
the sphere, K'; t, is the actual temperature of the liquid the density of which is being determined, °C; ¢, is the
certification temperature of the liquid the density of which is being determined, equal to 20 °C.

The liquid density value resulting from the measurements and calculations above is compared with a standard
set of reference values to allow for identification of the liquid under investigation.

When disseminating the density unit to 1* grade working standards, a XA210/Y laboratory hydrostatic
weighing balance with a lower weigh holder (hereafter called the «balance») (Radwag Wagi Elektroniczne) is
used.

A 1% class working standard is secured at lower weigh holder of the balance and weighed in the air. Then,
further weighing is carried out in the liquid, the density of which is given by formula (1). By means of a lift
gear, the container is raised gradually until the liquid level is aligned with the lower mark of the hydrometer
scale. When the set-up has been thermally stabilised, weighing in the liquid is conducted sequentially at all
numbered scale points of the 1% grade Worklng standard.

The actual density value p ,.r (in kg/m’) at a given scale point is calculated by the following formula:

(MHA +m )(pvl - el)
((MHA - MHL) + m)(l + Bhe(tcal -y ))

where M,;, is the mass of the hygrometer in the air, kg; m” is the mass of the meniscus around the hydrometer
rod at the given scale point in the liquid for which the hygrometer is routinely used, kg; p,, is the liquid den-
sity, kg/m’; e is the air density when weighing the hygrometer in the liquid, kg/m’; My, is the mass of the
hygrometer in the 11qu1d kg; m is the mass of the meniscus around the hydrometer rod at the glven scale point
in the liquid, kg; PB,. is the volume expansion coefficient of the hydrometer glass, K™'; 7., is the calibration
temperature of the hydrometer, equal to 20 °C; ¢ i is the actual temperature of the liquid, °C; e is the air density
when weighing the hygrometer in the air, kg/m’.

The mass of the meniscus around the hydrometer rod at the given scale point in the liquid m (in kg) is cal-
culated by the formula

pi= )

Pact = +e,

Tdo

g
where d is the diameter of the hydrometer rod at the glven scale point, m; ¢ is the surface tension coefficient
of the liquid, mN/m; g is the gravitational acceleration, m/s”.
Also the mass of the meniscus around the hydrometer rod at the given scale point in the liquid for which the
hydrometer is routinely used m” (in kg) is calculated by the formula

ndc’
g b

where 6’ is the surface tension coefficient of the liquid for which the hydrometer is routinely used, mN/m.

The approprlate surface tension coefficient values are thoroughly established and well known for various
liquid types

The liquid density standard is operated by custom software that has been developed as a part of the task
activities.

When determining the residual systematic error of the measurement standard for liquid density, the following
components are considered:

— expanded uncertainty of mass measurements of the sphere;

— expanded uncertainty of volume measurements of the sphere;

— expanded uncertainty of temperature measurements of the liquid.

’

m =

*GOST 8.024-2002. State system for ensuring the uniformity of measurements. State verification schedule for means of measuring
density. Introd. 01.03.2003. Mosc. : Stand. Publ. House, 2003. 9 p.
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The residual systematic error © (in kg/m®) of the liquid density standard is calculated by the formula

where ©,; is the limit of the i residual error component, 10 kg/m®; m is the number of residual systematic
errors added together.
The root-mean-square deviation of the measurement results is calculated by the formula

where p; is the i observation of the j input quantity, 107 kg/m’; p_ is the result of the measurement of the j
input quantity (arithmetic mean of corrected observations) determined by formula (in 10~ kg/m’)
2 Pi
_i=l

i )
/ n

where 7 is the number of observations of the j input quantity, n = 10.

Results and discussion

The outcomes of the investigation of the metrological characteristics of the liquid density standard are
given in table.

Metrological characteristics of the standard

Characteristic Value, kg/m’
Liquid density measurement range 650 to 2000
Residual systematic error of the realisation 21107
of the liquid density unit :
Root-mean-square deviation of the realisation 4010
of the liquid density unit :
Root-mean-square deviation of the total error 314107

of the dissemination of the liquid density unit

The results obtained prove that the metrological characteristics of the recently developed liquid density
standard fulfill the requirements prescribed in the design specification and are also in line with the similar
metrological characteristics of the liquid density standards used in other countries.

Conclusion

The present extension of the measuring capabilities of the standard is due to ongoing investigation of its
characteristics, enlargement of the list of liquids to be examined, participation in international comparisons,
and imprl(o)vement of the method of how the liquid density unit can be disseminated to a 1% grade working
standard .
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GOST OIML R 111-1:2009. State system for ensuring the uniformity of measurements. Weights of classes E,, E,, F,, F,, M,
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