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Abstract

Natural gas quality assessment is a relevant issue. A critical analysis of calorimeter designs for measuring the calorific
value of natural gas was carried out. The most common methods for determining the calorific value of natural gas are
as follows: direct by gas calorimeters; indirect by gas chromatographs; indirect, based on correlations. The advantages of
isoperibolic calorimeters of measuring calorific value of natural gas directly in the consumer’s conditions are substantiated.
The design of a portable calorimeter containing a thermostated shell, calorimetric tank, Peltier element with tank, circulating
pump, gas burner, thermostat systems, metered supply of natural gas and air, fuel ignition, sensors, combustion analyzer and
control and measurement unit, was developed. The geometric dimensions of the calorimetric tank are optimized, materials
and technologies of manufacturing parts are specified. The metrological analysis of the developed portable calorimeter was
carried out. A method for measuring the calorific value of natural gas directly in the conditions of household consumers
and transport enterprises was developed. The results of testing the prototype calorimeter in the laboratory confirmed its
high performance and metrological characteristics, and the deviation of the measurement of the calorific value of natural
gas from that determined using a gas chromatograph was 0.6%.
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1. Introduction

European gas market deregulation and natural gas
pricing based on its energy value (rather than volume)
has sharply escalated the attention of natural gas sup-
pliers and consumers to specification of gas energy
characteristics. In Ukraine, on January 26, 2017, the
Resolution No 84 “On Approval of Amendments to
Certain Resolutions of the National Commission for
Regulation of Economic Competition on the Introduc-
tion of Units of Energy on the Natural Gas Market”
came into force. It obliges operators of local gas dis-
tribution networks in addition to the volume of natural
gas to indicate the value of the weighted average calo-
rific value of gas for the calculation period. Methods
of reproduction and transfer of the units of calorific
value and density of natural gas are presented in [1].

2. Analysis of the issue and problem statement
Determination of natural gas calorific value in

Ukraine is carried out according to the recommenda-

tions of DSTU (State Standard) ISO 15971:2014, using
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the following measurement methods: direct with gas
calorimeters; indirect with gas chromatographs; and
indirect based on correlations.

The calculation method to determine natural gas
calorific value is also used in regional gas distribu-
tion organizations. Accordingly, final gas consumers
for industrial or household needs do not have the op-
portunity to verify the assigned gas calorific value of
for the calculation period.

Currently, the main number of gas energy mea-
surements performance is carried out by chromato-
graphs of high cost, large size and weight, duration
of preparation for analysis, the need for special carrier
gases, as well as increased requirements for microcli-
mate in the workplace. This eliminates the possibility
of using chromatographs for regular monitoring of gas
performance directly by consumers.

The work [2] describes methods to determine the
natural gas calorific value and specifies methods in
addition to gas calorimetry providing procedure of gas
sample burning. They are analytical methods based on
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gas sample analysis; correlation methods to calculate
calorific value ability as a function of physical mea-
sured values; stoichiometric methods that use an al-
most linear correlation between the amount of oxygen
required for fuel combustion and calorific value by gas
supply network offline modelling.

The works [1, 3] present results of theoretical and
experimental studies in the field of natural gas calori-
metry and note that the absence of restrictions on the
component composition and physicochemical charac-
teristics of gas is a significant advantage for the use of
direct combustion calorimeters. The work [3] describes
the design of direct natural gas adiabatic calorimeter
and the method of determining the calorific value. Due
to its bulkiness and inertia, this device has limited use
in the national economy.

In various countries, works have intensified to
create new devices for monitoring the energy perfor-
mance of gas and to improve existing methods and
devices to minimize measurement uncertainty. The EU
PTB laboratories have developed reference calorimeters
with an uncertainty of 0.05% and 0.06%, respective-
ly [4]. It can be argued that in the EU the basis of
metrology in the field of calorimetry is chosen direct
measurement methods.

Theoretical studies, as well as systematic analy-
sis of calorimeter designs have shown that the most
effective is the isoperibolic principle of natural gas
calorific value measuring, which allows to perform
measurements of higher calorific value with the lo-
west possible uncertainty [4]. The isoperibolic principle
of measurement envisages the most exact account of
heat losses as an integral of a difference of tempera-
tures between a calorimetric capacity and a cover with
known temperature. In an isoperibolic calorimeter, the
shell temperature is maintained at a constant level and
the temperature of the calorimetric measuring system
changes. Since heat transfer depends on the tempera-
ture difference and the shell temperature is stable, the
heat flux is only a function of the temperature of the
calorimetric system. This dependence is linear and
can be determined during calibration. In addition, it
is necessary to take into account external sources of
thermal energy — energy for mixing calorimetric li-
quid and self-heating of temperature sensors. Algo-
rithms for accounting for these heat fluxes are described
in [4—6]. The designs of most modern calorimeters [4,
5, 7] are practically a modified design of the Rossini
calorimeter [6] and are intended for use in laboratories.
Their main unit is the combustion chamber with the
output of combustion products through a helical tube.
Since these devices are not equipped with a system
of forced cooling of the calorimetric liquid, they are
characterized by high thermal inertia. The preparation
time for the first and subsequent measurements can
be tens of hours.

Therefore, there is a need to develop a portable
gas calorimeter, which uses the isoperibolic principle of

natural gas calorific value to measure it directly in the
household and CNG gas station consumer conditions.
The study aims at development of a portable gas
calorimeter design to implement the isoperibolic prin-
ciple of natural gas calorific value for household and
CNG gas station conditions providing relative error of
no more than 1%, significantly reduced calorimeter
preparation time, and metrological analysis.

3. Research results

Design of a portable gas calorimeter. The main en-
ergy indicator of natural gas is its higher calorific value,
which differs from the lower by the amount of heat
condensation of water vapor caused by combustion: for
higher calorific value water is in the liquid state, and
for the lower — in the gaseous state.

A significant factor that complicates the design
of direct combustion calorimeter is the flue gas tem-
perature, which should not exceed 30 °C to meet the
conditions of condensation. Because the flue gas tem-
perature is always higher than the temperature of the
coolant to provide heat is transfer, the upper value
of the coolant temperature, for example, in the LNE
calorimeter [4] is selected at 26 °C. As far as labora-
tory devices operate in ambient temperature 20+2°C,
it imposes significant restrictions on the lower tem-
perature of the coolant, which is 23 °C for the LNE
calorimeter [4]. Thus, the change in temperature in
typical designs of isoperibolic calorimeters is only 3°C,
and the accuracy of measuring this temperature, as
well as the uniformity of its distribution in the vo-
lume of the coolant is decisive for this calorimeter.
Thus, the error of temperature measurement of only
0.1 °C, or non-uniform distribution of temperature by
the same value, causes an increase in the deviation of
the results of measuring the calorific value by 3%. The
LNE calorimeter uses thermistors with an accuracy of
0.02°C, and 18 thermistors are used simultaneously to
increase accuracy. This combination provides a stan-
dard deviation of the temperature measurement results
at 0.0009°C. This technical solution is acceptable only
for reference devices.

Analysis of ways to reduce requirements of tem-
perature measurement accuracy while maintaining full
condensation of water vapor, showed that heating ini-
tial temperature reducing can significantly reduce the
requirements for the accuracy of temperature measure-
ment with little effect on other characteristics of the
calorimeter. The introduction of a calorimetric liquid
cooling system into the design of the device allows re-
ducing the lower temperature from 23 °C to 15 °C. This
preserved thermal resistance between the calorimetric
system and the thermostated shell [8]. When the upper
temperature is set at 25 °C, the temperature range is
10°C, or 3.33 times more. The requirements for the ac-
curacy of temperature measurement reduces the same
way, and, the uneven distribution of temperature in
the volume of the calorimetric liquid reduces the same
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Fig. 1. Scheme of the portable calorimeter: 1 — thermostated shell; 2 — external calorimetric tank; 3 — internal calorimetric tank;

4 — Peltier element with a tank; 5 — circulating pump; 6 — gas burner with ignition unit; 7 — thermostat; 8 — natural gas volume

meter; 9 — air volume meter; 10 — air blower; 11 — sensor of excess gas pressure; 12 — sensor of excess air pressure; 13 — gas

temperature sensor; 14 — air temperature sensor; 15 — liquid temperature sensor; 16 — analyser of combustion products; 17 — control

and measurement unit; 18 — inlet pipe for air; 19 — inlet pipe for natural gas; 20 — outlet pipe for combustion products; 21 — sensors

of pressure, temperature and humidity of the environment

too. The change in heat capacity of the calorimetric
liquid from temperature does not affect the accuracy of
the device, because the range of temperature changes
is always the same, and the average heat capacity is
set when calibrating the calorimeter using pure gases.

The metrological analysis of the direct combustion
calorimeter showed that main contribution to the accu-
racy of measurement is made by two components: the
accuracy of gas volume measurement and the accuracy
of measuring the average temperature of the calori-
metric tank. The accuracy of measuring the average
temperature is significantly affected by the efficiency
of heat transfer. During the work on the LNE calo-
rimeter [4], the identified problems with the uniformity
of the temperature field and fluid flow rates inside the
calorimetric tank were separately noted.

Therefore, when designing the portable calori-
meter, special attention was paid to the use of tech-
nical solutions that would provide an effective solution
to these problems, namely — helical flow of liquids
and gaseous combustion products, and measuring time
reducing (Fig. 1). The design and geometric para-
meters of the calorimeter are optimized using nume-
rical-analytical methods for calculating inhomogeneous
shell structures [9—11], pipes [12] and vibration pro-
tection [13]. The results of computer simulations of
heat transfer using numerical methods have shown that
the temperature difference between the liquid and the
combustion products does not exceed 1 °C. Various

technologies of hardening and coating by microarc
oxidation and chromium plating [14—16], as well as
soldering [17] were used during the production of parts.
At the same time, special attention was paid to the
accuracy of the formation of notches to ensure the
tightness of pipelines [18, 19] and the rational choice
of process equipment [20].

Flexible branch pipes are used to connect the por-
table calorimeter to a house gas network for household
measurement and to a gas filling station through gas
reducer (not shown).

The air blower is a centrifugal fan. The volume
and air flow rate are measured by a rotary counter.
The air is supplied to a gas burner installed inside
the thermostated shell and equipped by burning unit,
where it mixes with natural gas, which enters through
the inlet pipe and the rotary gas meter, forming a com-
bustible mixture. Combustion products fall into the gap
between the cylindrical walls of the outer and inner
calorimetric tanks, in which hollow helical shells are
formed, and move up the two-west helical channels,
pass through the combustion products analyser.

The outer and inner calorimetric tanks are jointed
through reservoir of the Peltier element and are filled
with liquid (e.g., distilled water), which is pumped to
the lower part of the inner calorimetric tank, passes
through a two-way screw channel to its upper part,
and from there through the pipe located at the top,
the calorimeter enters the outer part. The first chan-
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nel of the two-way helical channel directs the liquid
down, and from there on the second helical channel,
this liquid moves in the opposite direction, and en-
ters the reservoir of the Peltier element. The distance
from the surface of the liquid in the tank to the lower
surface of the Peltier element corresponds to the size
of the gap between the outer calorimetric tank and
the thermostated shell. The thermostated shell also in-
cludes a helical channel to direct the flow of fluid and
ensure the same temperature throughout the shell. The
temperature of the thermostated shell is maintained at
a constant level of 20 °C by the thermostat.

The control-measurement unit provides constant
temperature control inside the outer and inner calo-
rimetric tanks (by 4 temperature sensors); air and gas
volume measurement; combustion stoichiometric ratio
calculation; combustion product composition control
by combustion product analyser signals; combustion
stoichiometric mode by automatically adjusting the
performance of the air supercharger, controlling all
calorimeter processes (exposure, ignition, combustion,
temperature stabilization, preparation for repeated
measurements); and calculation and display the re-
sults of natural gas calorific value measuring. There
is also a calorimeter calibration mode using pure gases
as a reference fuel. The control and measurement unit
is based on the Atmel microcontroller and allows to
control the operation of the device in accordance with
the requirements by changing the software.

The maximum value of the natural gas calorific
value of is achieved for the stoichiometric ratio of gas
and oxygen. The excess oxygen coefficient is deter-
mined from the ratio of the actual amount of air and
gas burned, to the theoretical amount of these com-
ponents which provide stoichiometric combustion of
the mixture:

A =(V0/VG )/(V()ST/VGST)’

where V, and V, are the volumes of oxygen and
natural gas used, respectively, m*; V, . and V. are
the volume of oxygen and the volume of natural gas,
respectively, for which stoichiometric combustion is
ensured, m’.

To control the combustion products in the por-
table calorimeter, a system of automatic regulation of
the stoichiometric composition of the mixture is used:
natural gas — air with a lambda probe based on ZrO,
and a controlled air blower, which maintains the op-
timal combustion mode of the gas burner.

Rapid cooling of the calorimetric liquid to 15 °C is
provided by the Peltier element with the tank installed
between the outer thermostated shell and the calori-
metric volume, which is integrated into the design
of the calorimeter and does not change the principle
of its operation. To ensure heat transfer parameters
at alow level during the measurement and at a high
level during forced cooling of the calorimetric tank, it

is proposed to control the heat transfer by changing
the calorimetric tank vertical position by rotating it at
an angle of 90 degrees (horizontal position). In the
vertical position of the thermostated shell, the liquid
level is lower than the cooling surface of the Peltier
element, and in the horizontal position, the liquid
completely washes this surface. An additional advantage
of the proposed method of heat exchange control is
a significant reduction in the preparation time of the
portable calorimeter for re-measurement, because the
forced cooling of the calorimetric liquid is much faster
than during natural cooling.

The main performance of the calorimeter. The
amount of energy E required to heat the calorimetric
tank is determined by the formula:

E=cy-my (T, -Ty,), (1)
where ¢,, — the heat capacity of the heated calorimeter
components, J/kg'K; m,, — mass of heated calorimeter
components, kg; T, — final internal temperature of
the calorimeter, K; 7, — initial internal temperature
of the calorimeter, K.

Expressing energy as the product of combustion
power N at combustion time f:

E=N-t

and using expression (1), for the selected parameters:
¢, = 4180 J/(kg'’K); m, = 4 kg, (T,, — T,)=10K;
N = 2000 W, and determined the heating time ¢ of
the developed calorimeter, s:

t=c, m, (T, — T,)/N=4180-4-10/2000=86.3s.
Gas consumption Q for the average calorific value

of natural gas in Ukraine H = 32.73 MJ/m?® and burner
combustion power N = 2000 W is:

0=N/H=2000/(32.73-10°)=0.00006116 m*/s.

The volume of gas used was defined as the
product of the consumption of natural gas at the time
of combustion:

V. =0Q-t=0.00006116-83.6 =0.005113 m’.

Metrological analysis of the developed calorimeter.
The calorific value of the studied natural gas, with
reduction to standard conditions and taking into
account the heating of the components of the device,
was determined by the formula:

CW'mW'(TWZ_TW])

- [(P+P)Tj’ 2
VG. M4 76 T4
P T

A G

where P, — atmospheric pressure, Pa; P, — excess
pressure of natural gas, Pa; 7, — ambient tempera-
ture, K; 7, — temperature of natural gas, K.
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Table 1
Calorimeter mode and absolute measurement errors of input parameters
Parameter Value Parameter Value
m,,, kg 4.0 Am, kg 0.001
¢, Jkg K 4183.0 Ac,,, kg K 1.000
T,,K 298.15 AT, K 0.05
T,,.K 288.15 AT, . K 0.05
V., m 5.113x1073 AV, m’ 0.00001
P, Pa 101325 AP, Pa 50.0
P, Pa 1300.0 AP, Pa 50.0
T,K 293.15 AT, K 0.1
T.K 293.15 AT, K 0.1
The mass of water is more than 90% of the total OH _ —my ¢y (T, —Ty) (7)
mass of the heated calorimeter components, and the oV, , [(P+PR) T, ’
heat capacity of water is about 10 times higher than Ve P, E
the heat capacity of stainless steel, so the mass of other
; ; oH _mW.CW'(TWZ_TWl) P -T
components was neglected for metrological analysis. - = . G 4
Coefficients of influence on the result of measuring P, Ve (P, +F;) T,
the calorific value of natural gas were defined as partial my, - Cy - (Tyy = T00) - T, (8)
derivative functions (2): V,-(P,+P)-T,
aiz my, (T, =T,,) 3) a_H:_mW'CW'(TWZ_TW1).})A'TG )
acy V.. P +F) T, ’ OF; Vo (Pi+Fp) T,
‘Lor T
a_H:_mW'cW‘(Twz_TWl).PA'TG (10)
oH _ CW-(TWZ_TWI) , (4) 6TA VG'(P,4+P(;) TA2 ’
Omy, y (P+F) T,
¢ P, T, a_Hsz'cW'(TWZ_TWI).i (11)
o7, V.- (P +PF,) T,
oH my, -cy,
or = PPy T ®) The absolute error of the measured natural gas
w2 v, -[(AJFG)-AJ calorific value caused by the input parameter measuring
P, e was determined due to the absolute error of their
oH —m. e measurement (Table 1) and the corresponding coefficients
or = P ZPW) Y (6) of influence (3) — (11). Table presents the absolute error
" Vs ~(“G~A] of the input parameters measured by the available sensors
P, e and devices and calorimeter operation modes.

The absolute error of the developed calorimeter was calculated by the formula:

H

2 2
+ a—HAVG + aﬁAPA +
ov, OP,

w2

2 2
oH oH
—ATWZ] + (GTATWIJ +

2 2
(a—HAij + a—HAcW +
om ocy, o7,
2 2 2
aiAPG + a—HATA + a—HATG
OF, o7, o7,

w1

(12)
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Using the numerical values presented in the Table,
partial derivatives (3) — (11) were calculated and
substituting them in expression (12) the absolute error of
natural gas calorific value measurement A, = 2.38:10° was
determined.

The relation (12) to calculate A, shows that the
errors in measuring the initial and final temperatures
of device parts to be heated contribute maximally in
the result of natural gas calorific value measuring as
well as the error in measuring the volume of flue gas.

The relative measurement error for the average
natural gas calorific value of H = 32.73 MJ/m? is:

A 2.38-10°

8, =—%-100% = ————-100% = 0.73%.
H 32.73-10

Thus, the relative error is 0.73%, i.e. it does not
exceed 1%. It indicates a sufficiently high accuracy of
the developed portable isoperibolic calorimeter. For
comparison, having performed similar calculations
to change the temperature in the calorimetric
tank by 3 °C, as in typical designs of isoperibolic
calorimeters, the error of the developed device is
2.2% with the same accuracy of all applied sensors.
Tests of calorimeter prototype have confirmed its high
operational and metrological characteristics and have
shown the calorific value of natural gas of 32.5MJ/m?.
A Chromatec Crystal 2000M chromatograph deter-
mined the same gas calorific value of 32.7 MJ/m’.
Accordingly, the deviation of the measurement result
of the chromatograph was 0.6%.

4. Discussion of research results

Researchers in works on energy measuring usually
focus on the accuracy of determining the volume of
liquid [21] and gaseous hydrocarbons during their
accounting [22], but do not always pay due attention to
determining their calorific value. In addition, to justify

the rational use of alternative fuels in transport and
in everyday life [23] it is also necessary to determine
their calorific value.

The work [24] considered the technical aspects of
natural gas calorific value measuring and accounting
taking into account the volume of gas consumed, the
air temperature around the gas meter and metrological
assessment. However, this method has limited
functionality.

The developed device has a simple design and
allows to determine the calorific value of natural gas
directly in consumer conditions with a rather low error.
However, it should be noted that this device is intended
to perform rapid measurements of the calorific value of
natural gas directly by consumers. The results of the
research serve as a basis for the industrial production
of portable devices.

5. Conclusions

1. Legislative stipulation of natural gas pricing
based on its energy value requires developing portable
devices to control its calorific value in household or
transport conditions.

2. The developed portable isoperibolic calorimeter
for calorific value of natural gas provides high-precision
results. The control of heat exchange between the
calorimetric tank and the thermostated shell using
the Peltier element expands the operating temperature
range and reduces the preparation time for repeated
measurements.

3. Metrological analysis of the calorimeter
confirmed the high accuracy in determining the
calorific value of natural gas. The relative error of
the device is 0.73%. The calorimeter — chromatograph
calorific value measuring deviation was 0.6%.

Further research plans to expand the functionality
of the calorimeter to determine the Wobbe index for
natural gas.
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AnoTaujis

AKTyaJIbHUM TUTaHHSIM € OlliHKa SIKOCTi MPUPOAHOTO ra3y Mil yac Horo TpaHCMOPTYBaHHS, PO3MOMiTY, MOCTaYaHHS,
30epiraHHsI Ta CMOXMBAHHS, a TAKOX PO3poOKa MPUCTPOIB /UISI BUMipIOBaHb TEIJIOTBOPHOI 3naTHOCTI. [IpoBeneHo Kputuu-
HUI aHajli3 KOHCTPYKILil KaJIOPUMETPIB I BUMIPIOBAHHSI TEIUIOTBOPHOI 34aTHOCTI MPUPOMHOro rasy. BcraHosneHo, 1o
HalOIbII MOIIMPEHUMU METOJAMU BU3HAUYEHHSI TETUIOTBOPHOI 3[aTHOCTI MPUPOAHOTO a3y €: MpsSMU, i3 BUKOPUCTAHHSIM
KaJIOpUMETPiB; HEMpPsIMUIA, 3a IOMIOMOTOIO0 Ta30BMX XpomarorpadiB; ormocepenkoBaHUI, Ha OCHOBI KOPEJSIIIHUX 3a1ex-
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HocTeit. OOrpyHTOBaHO TiepeBarv KaJOPUMETPIB, Y SKUX BUKOPUCTOBYETHCS i30TIEpUOONIYHUI TMPUHIIMIT BUMipIOBaHHS
TEIUIOTBOPHOI 3AaTHOCTIi, JIsI OMEPaTUBHOIO KOHTPOJIO SIKOCTI MPUPOAHOTO ra3y Oe3nocepeHbO B yMOBaX CIOXHBayiB.
Po3pobieHo KOHCTPYKIIil0 MOPTATUBHOTO KAJIOPUMETPA, SIKMil MiCTUTh TEPMOCTATOBaHY OOOJOHKY, KaJOPUMETPUYHY €M-
HicTb, esieMeHT [lenbThe 3 pe3epByapoM, LMPKYISALIMHUI HAcoC, Ta30BUi MajJbHUK, CUCTEMU TEPMOCTATYBaHHS, 1030Ba-
HOI Tojayi NMPUPOIHOro rasy Ta MOBITPsI, 3alajlOBaHHsSI FOPOYOl CyMillli, JaBayi, aHaIi3aTop IMPOAYKTIB 3rOpsIHHS i OJIOK
KepyBaHHS Ta BUMiptoBaHHsA. ONTUMi30BaHO T€OMETPUYHI PO3MIpU KaJOPUMETPUYHOI €MHOCTI, BUOpaHO MaTepiaiud Ta
TEXHOJIOTii BUTOTOBJIEHHs neTtajeii. [IpoBeaeHO MeTpoJIoTiyHMiA aHali3 MOPTaTUBHOIO KajopuMeTpa. Po3pobieHo MeToauKy
BUMipIOBaHHSI TETUTOTBOPHOI 3MATHOCTI MTPUPOIHOTO Ta3y 0e3MOoCcepelHhO B YMOBAX TTOOYTOBUX CIIOXWBAYIB Ta TPAHCIIOPTHUX
nianpuemcTB. Pe3yabTaTy TeCTyBaHHSI MPOTOTUITY KaJOpUMMeETpa B JIaADOPATOPHUX YMOBAX IMiATBEPAMIN MOTO BUCOKI METPO-
JIOTIUHI XapaKTepUCTUKU, a BIIXWUJIEHHSI pe3y/bTaTy BUMipIOBaHHSI TEIIOTBOPHOI 3MaTHOCTI NMPUPOIHOIO a3y Bif BUZHAYEHOL
3 BUKOPMCTaHHSIM ra3oBoro xpomarorpada craHosuio 0.6%.
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AHHOTaIMS

AXTyaJIbHBIM BOTIPOCOM SIBJISIETCSI OIIpeNieieHNe TeTUIOTBOPHOW CIIOCOOHOCTH TMpupoaHoro rasza. [IposemeH aHaim3
KOHCTPYKIIMi KalopuMeTpoB. OOGOCHOBAaHbI IPEMMYILECTBA MCIIOAb30BAaHUS W30IEPUOOINIECKUX KATOPUMETPOB Ul W3-
MEpeHUSI TEIJIOTBOPHOM CITOCOOHOCTH TIPUPOTHOTO Ta3a HEIMOCPEICTBEHHO B YCIOBUSX MOTpeOuTeneil. PaspaGoTaHHBIN
KaJIOPUMETP COAEPXKUT TePMOCTATUPOBAHHYIO 000JIOYKY, KATOPUMETPUUECKYIO eMKOCTb, 3JeMeHT [lesbThe ¢ pe3epByapoM,
LMPKYJISIHUOHHBIA HACOC, ra3oBYIO IOPEJIKY, CHUCTEMBI TEPMOCTATUPOBAHUS, ITO3MPOBAHHOM IIOAAa4YM IIPUPOIHOrO Taza u
BO3IyXa, 3aXKUTaHMs, HaTYMKM, aHAJIM3aTOP MPOMYKTOB CropaHust M OJIOK yIpaBieHMs W u3MepeHHs. ONTUMU3MPOBaHbI
reoMeTPUYECKHUE pa3Mephl, BRIOPAHbI MATEPUAIbl M TEXHOJOTMHU M3TOTOBIECHUs AeTajeii. PazpaboraHa MeTONMKA M3MEPEHMSI.
IIpoBeneH MeTpoJOrMuecKuii aHaau3 KajopuMerpa. OTKIIOHEHHEe pe3yJibTaTa U3MEePEeHMs TETUIOTBOPHOM CITOCOOHOCTH TIPH-
POIHOTO ra3a OT OIpede/IEHHON ¢ MCIIOIb30BaHMeM Tra3oBoro xpomarorpada Xpomarak Kpucram 2000M cocraBuio 0.6%.

KiroueBbie €lI0Ba: M30MEpUOOIMUECKUI KAJTOPUMETD; TEILUIOTBOPHAS CIIOCOGHOCTD; HEOIPEAEIEHHOCTD; MOTPEIIHOCTD;
cHcTEMAa aBTOMATU3MPOBAHHOIO YIIPABIEHUSI.

pp. 27—35. doi: https://doi.org/10.1016/S0040-
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