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Abstract: The problems of improving of methods for determination of the total thermal resistance of textile materials
are considered. A comparative analysis of the applied methods based on stationary and non-stationary heat exchange is
performed. A higher accuracy of non-stationary methods based on measuring the cooling time of a heat cell with subsequent
determination of the cooling rate and the total thermal resistance of the material under study is noted. A method is proposed
for estimating the variance of the main values required for calculating the total thermal resistance of materials. The results
of the study of the relationship between sources of uncertainty of the measurement result of the total thermal resistance of
textile materials are presented.
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Annomayun: TyKumauuiux mamepuaniapunuHz UUUHOU UCCUKIUK KAPWUIUSUHU AHUKAIAWL  YCYILapUHU
MAKOMUTIAUIMUPUIL MYAMMORapu Kypub yuxunean. Cmayuonap 6a HOCMAyUOHAp UCCUKTUK AIMAUWUHYEU2A ACOCIAHEAH,
KYINAHUAAOUSAH YCYINAPHUNS Kuécull maxaunu amanea owupunean. Cosumuu me3nueuHy 6a ypeaHuiaémean Mamepuariute
HUURUHOU UCCUKIUK KAPUWUNUSUHY AHUKIAW OPKAU UCCUKTUK XYIHCAUPACUHUHS COGUMULWL BAKIMUHU YIHAUW2SA ACOCIAH2AH
HOCMAYUoHap yCymlapHune 0KOPUpOx anukiueu xKaiuo smunean. Mamepuaninapuune UuUHOU UCCUKIUK KAPUIUNUSUHU
Xucobaawt yuyn 3apyp Oynean acocuil KUUMamaapHune OUCNEpCUusiCunu baxonaut ycyau maxiug smunean. TyKumayuniux
MamepuaniaputuHe UUeUHOU UCCUKIUK KAPWIUTUSUHY YA4QAW  HATMUNICATAPUHUHE HOAHUKIUK Manbanapu opacuoau
O0LTUKIUKHU YP2AHUWL HATNUICATAPY KENMUPUTIZAH.

Taanu cyznap: Ky3amuny8uaniuK, HOAHUKIUK, MEMPONIOSUK, YCYI, YAUAW, UUSUHOU, UCCUKIUK, KAPUWUTUK.

Anuomauuﬂ: Paccmompeﬂbl np06/l€Mbl COB8EePULEHCMBOBAHUA Memoooé onpe()eﬂeuuﬂ CYMMApPHO20 menjioeoco
conpomuelieHUs MeKCmuJIbHblX Mamepuanos. Buvinonnen conocmasumenvubiii ananus npUMEHAEeMblX M€m0()06, OCHOBAHHbLX
HA CmMAayuoOHapHOM U HeCcmayuoOHapHoOM mennoobmene. Ommeuena bonee 8blCOKASL MOYHOCTb HecmayuoOHapHvlx M€m0006,
OCHOBAHHbIX HA UBMepeHUU epemMeru OXJLAXCOCHUSL MENJIOBOU UK C I’lOCﬂ@dlelLﬁ/lM onpedeﬂeyueM MemMna OXnaxcoeHus u
CYMMAPHO20 mMenjloeoco COnpomuelenHusd uccvzedye/wozo mamepuaina. HPQOJZOJ!CQH Memoo OYEHKU ducnepcuu OCHOBHbIX
6ENUYUH, HEe0OX00UMbBIX OJisL pacuema CyMmMAapHOcO menjio60c0 CONpPOMUBIEHUSL Mamepuanos. HpueedeHbz pesyibmanibl
UCCAeO0BAHUSL  B3AUMOCEA3U  UCHOYHUKOB HeonpedeﬂeHHocmu pe3yibmama  uUmMepeHusl CyMMapHozco menioeoco
conpomusjieHuslt meKCmulbHblX Mamepuailos.

Knroueswvie cnosa: npoCuaeHcueaemocmea, HeonpedeﬂeHHocmb, mMempoiocudecKkas, M€m0(), usmepenue, CymmapHoe,
menjioeoe, conpomuejieHue.

Introduction

At the present time, the quality, safety and competitiveness of products are becoming the most
important factor in the dynamic and sustainable development of economic sectors, increasing the
profitability and efficiency of production.

Achieving these goals is impossible without ensuring the accuracy, objectivity, reliability and
comparability of measurement results used in various sectors of the economy and public administration.

Due to this, the Republic of Uzbekistan has adopted the Concept of development and
improvement of the National system for ensuring the uniformity of measurements for the period 2019-
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2023 [1], one of the goals of which is to maintain and develop the scientific, technical, regulatory and
organizational foundations of metrological activities, to achieve international recognition of the results
of measurements and tests conducted in the Republic of Uzbekistan.

In according to the documents in the field of Metrology and conformity assessment, metrological
traceability, as well as the calculation of measurement uncertainty are the main requirements for
measuring instruments used in testing laboratories to ensure the recognition of test reports in different
countries.

The concepts of "metrological traceability” and "measurement uncertainty” appeared in
metrological practice with the adoption of the international standard ISO/IEC 17025 [2], which describes
requirements for the competence of testing and calibration laboratories. According to the international
dictionary of Metrology [3], metrological traceability is a property of a measurement result by which the
result can be correlated to a standard through a documented continuous chain of calibrations that cause
measurement uncertainty.

In the Republic of Uzbekistan, the concepts of "measurement uncertainty” and "measurement
traceability” are also fixed at the legislative level with the adoption of the "on Metrology™" Law of the
Republic of Uzbekistan in a new version (dated April 7, 2020, n0.ZRU-614) [4].

Taking into account the above mentioned, to ensure the traceability of measurements performed
during the products testing, in particular textile materials, assessing their uncertainty, which according
to the [3] is defined as a non-negative parameter characterizing the dispersion of quantitative values,
which can be attributed to the measurements based on the information.

One of the important indicators to be determined when testing a textile material is its total thermal
resistance.

Research Methods and the Received Results

For the thermal properties of materials (for clothing and means of protection) measuring, devices
based on the principles (methods) which can be divided to the following main groups [5-11] are used:

- methods based on steady-state, stationary heat transfer when in equal periods of time a material
or system of materials has the same amount of heat. This group includes calorimetric and comparative
methods;

- methods based on unsteady, non-stationary heat exchange, when different amounts of heat pass
through the material at regular intervals. In this group the method of biocalorimetry is used the most
widely.

The calorimetric method takes into account the amount of heat that has passed through the
material sample. The basic principle of operation of the units is to create a heat flow directed
perpendicular to the large faces of a flat sample of a certain thickness, followed by measuring the density
of the stationary heat flow and temperatures on opposite sides of the sample.

Installations based on the stationary calorimetric method of measuring thermal conductivity have
a system of heaters. In this case, the amount of heat is determined by the consumption of electricity in
the heater for a certain period of time, the temperature on both sides of the material sample is determined
by thermometers or thermocouples.

The disadvantage of the stationary calorimetric method is the dispersion (leakage) of the heat
flow through the side surfaces of the walls and other parts of the device. These disadvantages of the
stationary calorimetric method are eliminated in the stationary comparative method.

The comparative method [12] is based on taking into account the temperature distribution when
a certain heat flow from the heater passes through samples of material with a pre-known thermal
conductivity coefficient (a measure of thermal conductivity) and samples of the tested material during
stationary heat exchange. As a measure of thermal conductivity, a plexiglass plate of a certain brand and
specified thickness can be used.

The coefficient A of the thermal conductivity of the test material in this method is determined by
the equation (1):

Aty
At,

A=k-6-(C2) W/(mK) (1)
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where K is the device constant equal to the ratio of the thermal conductivity coefficient of the standard
sample to its thickness, W/(m?K); & is the sample thickness, mm; A¢; is the temperature difference at
the sample surface from the heater side and the intermediate temperature measured between the other
surface of the sample and the surface of the standard sample, °C; At; is the difference between the
intermediate temperature between the surfaces of the sample and the standard sample and the external
temperature (refrigerator temperature), °C.

The disadvantages of the stationary method are:

a) the difficulty of creating a uniform temperature field in the samples under study and accounting
for heat losses; the inability to account for the influence of this inhomogeneity of the temperature field
on the result of thermal conductivity measurement by theoretical calculations;

b) stationary methods can only determine the thermal conductivity;

c) stationary methods are associated with a significant time spent on conducting the experiment
due to the duration of the process of entering the stationary thermal mode of the installation;

d) since the measurements are carried out during a stationary thermal process, and it occurs after
2-5 hours, the normalized humidity of the test material has time to change significantly during this time;

e) difficulties associated with the elimination of thermal resistance that occur at the points of
contact of the sample with the surfaces of the heater and refrigerator. The error in determining the
thermal conductivity due to the contact resistance can reach 10 ... 20% with a sample thickness of
1.5...3.0 mm and becomes even greater with an increasing in the thermal conductivity of the material
under study.

These disadvantages are eliminated in the settings based on the regular mode method and
developed by Prof. G. M. Kondratiev [13].

To measure the total thermal resistance of materials using the regular mode method, a
bicalorimeter [13] is used. This devise consist of a hollow metal cylinder with heat insulators,
thermocouples connected to a galvanometer and a stopwatch installed at the it’s ends.

The device is based on a method that includes the measurement of cooling time of a hollow metal
cylinder in a given range of temperature differences between the cylinder surface isolated by the test
material and the surrounding air. The heated bicalorimeter, with the test material put on it, is cooled in
stationary or moving air with a constant temperature. Measurement of the temperature difference
between the device and the surrounding air at regular intervals determines the cooling rate, and then the
total thermal resistance of the material.

The disadvantage of the bicalorimeter using is that it does not allow testing materials under a
pressure equal to 0.2 kPa, regulated by GOST 20489 [14]. Pressure on the test material is necessary to
reduce the pile layer of artificial and natural fur on a fabric basis.

The disadvantages of this setup are that the sample of the test material must be worn on the
cylinder biocalorimetry and this sample should have a cylindrical shape of appropriate diameter and the
same thickness over the entire surface, which is not always possible to implement especially for thick
materials such as felt, leather and faux fur, multi-layered packages and products.

These disadvantages are eliminated in the device (more precisely, the installation) PTS-225 [14]
for measuring the total thermal resistance.

The device like the bicalorimeter is based on the method of measuring of the device plate cooling
time in a given range of temperature differences between the working surface of the plate isolated by the
test material and the surrounding air.

In this case, it is assumed that the cooling of the plate is mainly due to the amount of heat
transmitted by the working surface of the plate through the test material to the surrounding air. The
amount of heat transmitted by other surfaces of the plate than the working one, through the heat insulator
is considered relatively small compared to the first one. These assumptions are valid for materials whose
total thermal resistance is at least an order of magnitude less than the total thermal resistance of the heat
insulator.

However, the total thermal resistance which is made from many materials, such as felt, natural
and artificial fur, multilayer bags and products is close to the total thermal resistance of heat insulators.
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Therefore, these conditions are not met for such materials. Consequently, this leads to a narrowing of
the dynamic measurement range of the device and an increase in the measurement error of the total
thermal resistance. In addition, the pressure created by the pressure mechanism depends on the
deformation of the elastic element and the accuracy of its calibration. This complicates the device and
reduces the accuracy of reproducing the pressure equal to 0.2 kPa.

In this regard, to ensure the required accuracy in determining of the total thermal resistance of
textile materials an important role is played by assessing the sources of its uncertainty.

The total thermal resistance (Rs) of the material is determined by the measured value of the
cooling time (m) of the heat cell according to the equation [14]:

E

R: = Gn 8) @)
where E = 3C;/(3C; + C,) is the coefficient; ® = C; /S is calorimeter heat factor, J/(m?K); K = 0,4 +

[0,6/(1 + 2b/D)?] is the coefficient that takes into account the heat flow dispersion in the sample;

m = M is cooling rate s: B is correction coefficient that takes into account the heat flow

dispersmn in the calorimeter, s%; C; is total heat capacity of the plate, j / K; C is total heat capacity of
the test material; C, = ¢, - ps - S, ¢, = 1,675 - 103 J/kgK; c; is specific heat capacity of organic
materials; ps is surface density of the test material, kg/m?; S is area of the working (imposed by the
breakdown of the test material) surfaces of the plate, m?; b is thickness of the test material, mm; D is
plate diameter (or the size of the smallest side of a rectangular plate), m?; AT:1 and AT are the temperature
differences between the plate and the surrounding air, respectively, at time ty and to, K; t =¢t, — t; IS
cooling time of the plate, s.

1. Let Find estimates of the variance of the main quantities included in the calculation equation
for the total thermal resistance of materials [15-16]

2
2 _ 2 _ OF 2
Sq=Xj= B = 5’”=1(6_Q].) Sa, (4)
According to equation (4), the variance estimate for RX is calculated as follows:
z_f’_Rzz 9R)? RV ¢z | (9R)? <2 RV 2
Sk = (aE) Sg + (acb) S + (aK) Sk + (am) Sin + (aB) S8 (5)

After some calculations of (aR) (zg) (Zi),(g—i),(g—;) the equation (5) will have the
following form:

St = R {3 [ 2 %4 m2 2y (BE)? %] + 5 4 %) (6)

As can be seen from equation (6), the estimate of the disper5|on of the totaI thermal resistance is
determined by the estimates of the dispersion of the coefficient E, the mass of the plate m, the correction
for the heat flow scattering in the device B, the device factor f, and the coefficient that takes into account
the heat flow scattering in the sample K.

All these values must be calculated separately.

2. Let calculate the variance estimate of the coefficient E, which is calculated by the equation

3C;

T 3C,+C, ()
where C; is the total heat capacity of the plate, j/OC; Cx is specific heat of the sample; C; = C,, - m3,
C, =1,675-103-M(d/d,)>.

Thus, the equation for estimating the variance of the coefficient E will be in the following form:

4n2
SZ = ;ﬁ—‘%(cinsgn o Sh o Sh At ESi g sdz) ©)
where D = 1,675 - 103 - M(d/d,)?.

So the estimate of the variance of the coefficient E depends on estimates of variance specific heat
capacity Cn of the plate, weight plate ms, mass of the sample M, the length of the plate d, and sample
length d>.

The variance estimate of C; is defined as

S2, = C3 (3a St + 3255 + 3354, )
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This shows that the estimate of the dispersion of the total heat capacity of the sample is
determined by the estimates of the dispersion of the sample mass, plate length, and sample length.

3. The cooling Rate m, s%, according to GOST 20489-75 is calculated by the equation
lnAT —InATy

(10)
where [nAT, and [nATy are natural Iogarlthms of the initial and final temperatures; t — the average

cooling time of the device plate in a given range of temperature differences, °C.
In accordance with the equation (4), we define the variance estimate m which is equal to

s2 =2 ( SZ, + = SZ +m?s?) (12)
So, to compute variance estlmatlon of the coollng rate need to know what is the variance of the
initial and final temperatures and cooling time.

4. Similarly to the higher points, we find an estimate of the variance of the correction for heat
flow scattering in the device B, which according to GOST 20489-75 is equal to

B = (K1/E1)my—(K, /E;)m, (12)
Then,
2
Kk _K my m; 2
,_ 1 [(51 my mz) +( K, + Kz)] Sk +

B (k,-ky) 1 (K 2 K 2 Ky \? (13)
+[E_f(E_im%) +E2 ( m; ]SE [ Ei) + (E_z) ]572"
Can be seen that SZ depends on S2, S2 and S2,.
We have already determined S2 and S2 in this case, we will find S2, that is, an estimate of the
variance of the coefficient K.
5. Coefficient K according to GOST 20489-75 is calculated by the equation:

0,6
kK=04+ (14+2b/d)

where d is the diameter of the device plate, mm; b is the thickness, mm.
According to the equation (4) evaluation of the dispersion factor takes into account the scattering
of the heat flow in the sample will be in the following form:

5,76 b\?
Sk = d2(1+2b/d)° [Sg + (E) 'S‘%] (15)
As can be seen, the variance estimate for the K coefficient depends on the variance estimates for
the diameter and thickness of the plate.
6. The device Factor ® according to GOST 20489-75 is determined by the equation
p=S=22 (16)

where C is the total heat capacity of the plate J/°C S is the area of the plate, m?; C, is the specific heat
capacity of the plate; ms is the weight of the plate, kg; d is the diameter of the plate m.
Based on the same equation (4), the device factor variance estimate will be:

1
S2 = B2 (ngé + m—s,zlg +2 sd> (17)

(14)

p
Thus, we have shown the definition of the variance estlmate of all the necessary quantities to
determine S3.

Conclusion

1. A comparative analysis of the applied methods based on stationary and non-stationary heat
exchange is Performed.

2. The higher accuracy of non-stationary methods based on measuring the cooling time of a heat
cell with subsequent determination of the cooling rate and the total thermal resistance of the material
under study is Noted.

3. A method is Proposed for estimating the variance of the main values necessary for calculating
the total thermal resistance of materials.
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4. The results of the study of the relationship between sources of uncertainty of the result of
measuring the total thermal resistance of textile materials are Presented.

5. The Contribution of each source of uncertainty to the total standard and extended uncertainty
of the textile materials resistance measurement result will be described in the next paper.
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