UDC 53.088

UNCERTAINTY OF A MANOMETRIC METHOD FOR DETERMINING
THE HUMIDITY OF FIBROUS MATERIALS

0.Sh. Khakimov !, N.Sh. Muminov 2, J.A. Hamidov 2

! Architectural and Construction Institute, Tashkent, Navoi street, 13, Uzbekistan, e-mail: ortagoli@mail.ru, devon@tagi.uz
2 Architectural and Construction Institute, Tashkent, Navoi street, 13, Uzbekistan, e-mail: devon@tagqi.uz
3 Institute of Architecture and Civil Engineering, Tashkent, Navoi street, 13, Uzbekistan, e-mail: devon@taqji.uz

Abstract

A manometric method for determining the moisture content of fibrous materials is considered. The scheme and principle of operation
of the device. A formula is given for calculating the moisture content of a material. According to the obtained measurement model, the
determination of the moisture content of materials is reduced to measuring the heating temperature, the initial and final values of the volumes
of vessels and pressures in the vessels before and after their communication. It is emphasized that the two-chamber manometric method for
determining the moisture content of materials is an indirect measurement. To determine the measurement result and its uncertainty, it is
necessary to justify and choose one of the appropriate methods for determining the measurement results and assess their uncertainty — the
linearization method or the reduction method. The main sources of uncertainty are identified. The pairwise correlation between the estimates
of the input quantities and the verification of the condition for the insignificance of the remainder term in the expansion of the measurement
model in the Taylor series are estimated. Formulas for determining the sensitivity coefficients of the total standard uncertainty to the standard
uncertainties of input quantities are presented. Standard, summary and extended uncertainties are provided.
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Introduction

One of the main parameters of fibrous materials, in
particular raw cotton and cotton fiber, is their moisture
content. The environment of humerous methods for de-
termining moisture is the most common gravimetric [1].
The accuracy characteristic of the gravimetric [1] method
for determining humidity, of other methods, too, is the
"error". This does not comply with international require-
ments [2, 3].

Statement of the objectives of the article

Based on the results of our studies, we have identified
the disadvantages of existing methods for determining the
moisture content of fibrous materials. The accuracy char-
acteristic of these methods for determining moisture is "er-
ror." This does not comply with international requirements
[2, 3]. The elimination of these shortcomings by the devel-
opment of a manometric method for determining the mois-
ture content W of fibrous materials and estimation of the
uncertainty of measurement results is the main goal of this
work.

Statement of the main research material

One of the main parameters of fibrous materials, in
particular raw cotton and cotton fiber, is their moisture
content. The environment of numerous methods for de-
termining moisture is the most common gravimetric [1].
The accuracy characteristic of the gravimetric [1] method
for determining humidity, of other methods, too, is the
"error". This does not comply with international require-
ments [2, 3].

In order to eliminate this drawback, we developed a
manometric method [4-7], determining the moisture con-
tent W of fibrous materials and estimating the uncertainty
of measurement results.

The block diagram of the device, based on the man-
ometric method of measuring humidity, is presented in
Figure 1. The device contains two sealed vessels 1 and 2,
made in the form of bellows, one 1 of which is built into
the other 2, having a common base and cover, a heating

element 3, a temperature regulator 4, a heat-insulating
casing 5, a differential pressure gauge made in the form
of two transducers 6 and 7 pressures into an electric sig-
nal, summing blocks 8 and 9, a linear bellows-sized
transducer 10 to an electric signal, multiplication blocks
11 to 14, a division block 15, a temperature to electric
signal converter 16, and a control unit 17.

The device operates as follows.

A sample of fibrous material, for example, cotton
material weighing 10 kg, is placed in vessel 1, and air is
pumped out from it by compressing vessels 1 and 2 to a

minimum volume V, with their subsequent sealing. After

sealing, a certain amount of air remains in the vessel 1
with the sample, the mass of which

my = Pl(Vo —Vo) 1)
where my is the mass of air in the vessel 1 with a sample;
p1 is the air density under normal conditions; Vo’ is the
volume of the first (control) vessel after compression; V
is volume of the sample (more precisely, the total volume
of fibers in the sample).

Air mass m; in the second (control) vessel

M, = pVo, (2

Then make the expansion of blood vessels 1 and 2
to a value of Vo. Vessels 1 and 2 expand and,
consequently, the pressure inside the chamber decreases,
which creates favorable conditions for accelerating the
evaporation process.

Then, heating is carried out until the moisture from
the sample is completely evaporated at a constant drying
temperature of the sample, for example, at 393 K. As the
moisture evaporates from the sample, the volume of the
bellows increases a second time due to the pressure of
moisture vapor inside the chamber, thereby additionally
creating conditions for intensive and complete
evaporation of moisture from sample. The constancy of
temperature with an accuracy of =+ 2° is ensured by the
heating element 3.
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Figl. The device diagram of the manometric method for determining the moisture content of fibrous materials

The latter is controlled by the temperature controller
4, and a temperature to electric signal converter 16 is
connected to the input. The signals from the outputs of
the transducers 6 and 7, proportional to the pressures in
the vessels 2 and 1, respectively, are fed to the inputs of
the first summing unit 8. In this case, the pressures P; and
P2 in vessels 1 and 2 according to the Dalton law and the
Mendeleev — Clapeyron equation are determined by the
expressions

m m RT
pl{w} , ®
uom Vo=V
p,-M2 RT (4)
Vo

where p is the molar mass of moisture (water); p1 is the
molar mass of air; m is the mass of moisture evaporated
from the sample; R is the universal gas constant; T is the
absolute drying temperature.

By measuring the pressures P; and P, and the vol-
ume V of the vessel after their expansion, the vessels
communicate with each other. The volume occupied by
water and air vapors increases and becomes equal to 2Vo
-V, and the total pressure P3 in the vessels is expressed
by the formula

pg{&m}i, ©)
u m Vo=V

The magnitude of the signal at the inputs of block 8
summation is proportional to the pressure difference in
the vessels. The signal from the output of the transducer
10, proportional to the height of the bellows, is fed to the
input of the first multiplication block 11, into which the
value of the base area of the vessel 1 is preliminarily en-
tered. , the second input of which is connected to the out-
put of the summing unit 8. The signal from the output of
the multiplication block 12 does not receive a third mul-
tiplication block 13, into which the value of the molar

mass of water multiplied by 100 is preliminarily entered,
i.e. 100 p. From the output of block 13, the signal is sup-
plied to the first input of division block 15. The signal
from the output of the temperature transducer 16, the
value of which is proportional to the heating temperature,
is fed to the input of the second summing unit 9, into
which the figure 273,15 is previously entered (this is nec-
essary to switch to the absolute temperature). From the
output of block 9, the signal goes to the input of the fourth
multiplication block 14, into which the mass of sample
M, multiplied by the universal gas constant R, is prelim-
inarily introduced, i.e. the value of MR. The signal from
the output of the multiplication unit 14 is fed to the sec-
ond input of the division unit 15, the output of which is
fed to the input of the recording unit 17. At the output of
the device (registration unit 17), the numerical value of
the sample moisture in percent is recorded.

Solving (1)-(5) with respect to m/V and taking into
account that V=mc/p, where mc and p are the mass and
density of the sample after drying, we obtain the formula
for calculating the moisture content W of the material as
a percentage

W:%- p\ﬁ_ _w . (6)
PRT |V, " (R-R)-(R-R)

Thus, the determination of the moisture content W
of fibrous materials comes down to measuring the
heating temperature, the initial and final values of the
volumes of vessels and pressures in the vessels before
and after their communication, and is expressed by the
measurement model (6).

According to the international standard
ISO/IEC 17025:2005 [3], the result of tests and|/or
measurements must be presented, together with its
accuracy characteristic, which is evaluated according to
[2] "Guide to the expression of measurement
uncertainty" (GUM:1993) Calculations of the



uncertainty of measurements require special knowledge
in the field of mathematical statistics and the ability to
work with statistical packages. These requirements
sometimes create some difficulties, the way out of which
is the automation of these calculations. The simplest
implementation of the basic uncertainty estimation
algorithm are programs developed in the Excel
environment [8, 9].

The main sources of uncertainty in the manometric
method for determining the moisture content W of fibrous
materials, as follows from the functional dependence (6)
of the measured quantity W on input quantities such as p,
p, R, T, Py, P2, P3, Vo' and Vo.

Since the two-chamber manometric method for
determining the moisture content W of fibrous materials,
as follows from the measurement model (6), is indirect,
to determine the measurement result and its accuracy
characteristics, according to [10], it was necessary to
justify and choose one of the corresponding methods for
determining the measurement results and estimation of
their uncertainty — a linearization method or a reduction
method. For this purpose, we carried out multiple (n=5)
measurements of input quantities, such as T, P1, P2, Ps,
Vo' and Vo (Table 1). The degrees of correlation between
the values are estimated: P1, P2, and Ps; Vo' and Vo. Since
the drying temperature T of the sample, the pressure in
the first 1 vessel after its expansion Py, the pressure in the
second 2 vessel after its expansion P, and the total
pressure Ps in the vessels after their measurement were
measured by different measuring instruments, at different
times, etc., there is no need in conducting studies to
evaluate the pairwise correlation between them. There
was no need to evaluate the correlation between the
molar mass p of water, the density p of the sample after
drying, the universal gas constant R, and other input
quantities, since their values are tabular (standard.

The degrees of correlation between the
measurement results of the input quantities xi and xj are
determined by the well-known formula (7), and their
significance is evaluated by the Student criterion (8)

n

1 Z(Xik_ii)(xzj_ij)

r(%,x;) = D = IR, )]
|r(x,,x )|\/ -2 “t(n-2), ®)
1-r (x,,x]) ’

where x; and x; are, respectively, the i-th and j-th input
quantities; tp(n-2) = 3,182 is the student coefficient for
the number of degrees of freedom (n-2) for the confi-
dence level p, in particular p=0,95.

The fulfillment of condition (8) indicates the ab-
sence of a correlation between the results of the estimates
of the above-mentioned values (Table 1). Since the veri-
fication of the condition of insignificance of the residual
term when expanding function (6) in a Taylor series was
confirmed, to estimate the indirectly measured quantity
W and its accuracy characteristics, one can use the line-
arization method. The results are presented in table.1 and
table 2.

The combined standard uncertainty uc(W) of the
material moisture measurement result is estimated by the

formula (9):
- W
] u (p)+[6_R
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the coefficients the sensitivity of the combined standard
uncertainty uc(W) to standard uncertainties in the esti-
mates of p, p, T, P1, P2, P3, Vo' and Vo, the values of which
(Table 2) are determined by equations (10) - (17):

) u?(R) +

Table 1
Measurement results and their accuracy characteristics (uncertainty)
i T, K Pi1, Pa P,, Pa P3, Pa Vo, m?3 Vol, m?
1 400 5,40E+04 4,06E+04 1,37E+05 4,01E-03 1,59E-03
2 397 5,65E+04 3,08E+04 1,61E+05 5,14E-03 1,35E-03
3 396 4,93E+04 3,90E+04 1,24E+05 4,01E-03 1,27E-03
4 400 5,17E+04 3,98E+04 1,61E+05 5,01E-03 1,75E-03
5 397 5,94E+04 4,11E+04 1,47E+05 4,12E-03 1,42E-03
The average 398 5,42E+04 3,83E+04 1,46E+05 4,46E-03 1,48E-03
W, % 11,1
ua(x), % 8,37E-01 4,06E+03 2,99E+03 1,15E+04 3,88E-04 1,56E-04
us(x), % 1,15 0,29 0,29 0,29 0,29 0,29
Sensitivity 0,028 0,000 0,000 0,000 2489,906 7520,325
Contribution,% 0,023 0,363 0,551 0,542 0,631 0,650
r(x1,X2) r(P1,P2)=0,433;  r(P1,P3)=-0,681; r(P2,P3)=0,303;  r(Vo,V')=0,682
t t(P1,P2)=1,593;  t(P1,P3)=2,941,; t((P2,P3)=1,004;  t(Vo,V0)=2,952
tp(n-2) 3,182
Ril(i\j/ir)ce r(P1,P2), r(P1,P3), r(P2,Ps), r(Vo,Vo') - not significant
Uc(W), %
U, %
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Table 2
The sensitivity coefficients of the combined standard uncertainty uc(W)
oW/oy, OW/op, OWI/OR, OWIOT, | OWI/dV,, | OWIOVY, | OW/OP1, | OWI/OP,, | OW/OPs,
(mol/kg)% | (m¥kg)% | (Kmol/J)% % / K % / m? % / m? % / Pa % / Pa % / Pa
6,16E+02 1,80E+00 | 1,33E+00 2,78E-2 | 2,82E+03 | 1,45E+01 | 2,69E-4 | 1,24E+06 | 1,07E-6

The expanded uncertainty U, as is known, is ob-
tained by multiplying the combined standard uncertainty
uc(W) of the output quantity by the coverage coefficient
k:

U=k-uc(W). (18)

To determine the coverage coefficient k, the effec-
tive degree of freedom vest was estimated for the com-
bined standard uncertainty uc(W) using the Welch — Sat-
terthwaite formula [11]. As shown in [11], when
vei=n-1=4, which corresponds to the measurement con-
sidered by us, the coverage coefficient is k=2,746. There-
fore, according to (18), the expanded uncertainty U of
measuring the moisture content W of fibrous materials, in
particular of the carbon fiber, by the manometric method
was 3,3%.

Thus, the total standard uncertainty of humidity meas-
urement is not more than 1,5%. At the same time, the main
contribution to the total standard uncertainty is to make the
measurement uncertainty of volumes Vo and Vo’

Table analysis 1 shows a relatively small contribution
to the uncertainty of T and P, in the total standard uncer-
tainty of humidity measurement. The contributions of the
uncertainty of the estimates of P, and P; to the total

AHoTauist

standard uncertainty of humidity measurement are of the
same order of magnitude 0,6-0,7%).

Conclusions

Summarizing the research results, it should be noted
that the following main scientific results were obtained
in the work:

1. Uncertainties of the measurement results of the
manometric method for determining the moisture content
of fibrous materials, not previously investigated,;

2. For the first time, equations have been obtained for
estimating the uncertainties of measurements of moisture in
fibrous materials by the manometric method, and the uncer-
tainties of these measurements have been estimated;

3. Standard uncertainties of input quantities are not
correlated in pairs;

4. The use of the linearization method to determine
the measurement result and estimate uncertainty is justi-
fied;

5. Comparison of the theoretical curve with experi-
mental values shows that the correspondence can be con-
sidered satisfactory;

6. The data obtained by us are in good agreement
with the results obtained by other authors.

PO3risiHyTO MaHOMETPUYHHI METO]] BU3HAUCHHSI BOJIOTOCTI BOJIOKHUCTUX MarepianiB. OnucaHo cxema i MPUHIUI poOoTH

npuctporo. HaBeneno Gpopmyity aist po3paxyHKy BOJIOTOCTI MaTepiary. 3TiIHO 3 OTpUMAHOIO MOJIEJUTIO BUMIPIOBaHHS, BU3HAYECHHS
BOJIOTOCTI MaTepiaiiB 3BOUTHCS 0 BUMIPIOBaHHS TEMIIEpaTypH HarpiBy, HOYaTKOBHX 1 KiHIIEBHX 3HAYEHb OOCSTIB Cy/IMH 1 THCKIB
B Cy[MHAX 70 i micys X crinkyBaHHs. ITiIKpeCTI0EThCs, 10 ABOKAMEPHUI MaHOMETPUYHHMIT METO/I BU3HAYEHHS BOJIOTOCTI Mare-
piaJiiB € HENPSMUMHA BUMIpIOBaHHAMH. [[Ji1 BU3HAUCHHS Pe3yNbTaTy BUMIPIOBAaHHS i HOTO HEBU3HAYECHOCTI HEOOXITHO OOTPYHTY-
BaTH i BUOpATH OJIMH 3 MiXOASAIINX METO/IIB BU3HAUCHHS PE3yJIbTaTiB BUMIPIOBAHb 1 OLIHKH X HEBHU3HAYCHOCTI — METOJ JIiHEapH-
3anii abo MeTon peaykuii. BusiBieHO OCHOBHI JpKepesa HeBH3HaueHOCTi. OLiHIOETHCS TIOMAapHO KOPEIISILis MK OIIIHKaMH BXiJHHUX
BEJIMYMH i IEPEBIPKOIO YMOBH HEICTOTHOCTI 3aJIMIIKOBOTO WICHA B PO3KJIaJaHHI Mojelni BuMipioBanHs B psix Teiinopa. HaBeneno
(bopMynu Ui BU3HaYCHHS KoediuieHTiB 4yTiauBocTi. HaBeneHo cranaapTHi, CyMapHi i po3LIMpeHi HeBU3HAYECHOCTI.

Konro4oBi c10Ba: HeBH3HAYEHICTH, JAaTYHK, BOJIOTICTh, BOJOKHUCTHI Marepiall, MOCYIHHY CHIb()OHHOTO THITy, TeMIepa-
Typa, THCK.

AHHOTALMA

PaccMOTpeH MaHOMETPUYECKUH METOJI ONPEIEICHHUS BIAXKHOCTH BOJIOKHUCTBIX MaTtepranioB. ONMucaHbl cXxema W MPUHIIHIT
pabots! yerpoiicTBa. [IpuBeena hopmysta 1t pacdera BIaxxHOCTH MaTepuaina. CorjlacHO MOTy4eHHO# MOJIeNn H3MEPEHH s, OTpe-
JIeJICHNE BJIAKHOCTH MAaTEPUAJIOB CBOIUTCSA K M3MEPEHHUIO TEMIIEpaTyphl HarpeBa, Ha4aJbHBIX U KOHEYHBIX 3HAYCHUH 00BEMOB
COCYJIOB M IaBJICHUH B cocyiax [0 u nocie ux cooOmmenus. [loquepkuBaercs, 4To IByXKaMepHBIH MAHOMETPUYECKUH METOI OTIpe-
JICJIEHUS] BIXKHOCTH MaTE€pPHUAaJIOB SIBIISIETCSI KOCBEHHBIM M3MepeHueM. J{JIsl orpeiesieH s pe3ysibTaTa U3MEpeHHsl U ero Heolpee-
JICHHOCTH HE00X0IMMO 000CHOBATh W BHIOPATh OJWH W3 IMOAXOISIINX METOJOB ONPEICICHUS PE3yIbTaATOB H3MEPEHHUIA U OLICHKH



HX HEOIIPEEICHHOCTH — METO/] JIMHEAPH3aLlul WIIM METOJ pelyKLUU. BbIABIIEHBI OCHOBHBIC HCTOYHUKY HeonpeaeneHHoctu. Oue-
HHUBAETCs MOMApHAasi KOPPEISILUS MEXIy OLIEHKaMH BXOJHBIX BETMUHH U NPOBEPKOH YCIOBHUS HECYIECTBEHHOCTH OCTaTOYHOIO
YJIeHa B Pa3JIOKCHUM MOZienH n3Mepenus B paj Teitnopa. [TpuBeneHs! hopMyIIbl 11 onpeaeneHus Ko3G UIHEHTOB 4yBCTBUTEb-
HocTu. [IpuBeneHs! cTaHIapTHEIE, CBOAHBIE U PACIIHPEHHbBIE HEOMPEAEICHHOCTH.

KirwueBrle ciioBa: HEOIIPCACICHHOCTD, 1aTUYNK, BJIAJ)KHOCTD, BOJIOKHUCTBIA Mmarepuall, CoCcynq CI/IJ'H)(bOHHOFO TUIla, TEMIICpa-

Typa, JaBJCHHE.
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