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ROTATIONAL PAPER PULP VISCOMETER WITH MEASUREMENT AT TWO SHEAR SPEEDS

Maintaining of the proper predetermined paper pulp consistency on the different stages of the paper or cardboard manufacturing
process significantly affects on quality and self cost of manufactured articles. The improvement of precision and repeatability of the
paper pulp viscosity and consistency measurements is relevant to paper industry. Objective of the work is to improve the industrial-
type paper pulp rotational consistometer. A new method for measurement of paper pulp concentration by means of a rotational visco-
meter was suggested which enables determining the flow consistency index K and flow behavior index # in the Ostwald-de Waele
power law. The influence of the following torques on the measurement results is eliminated thanks to the new method: the friction
torque in the seal of the sensitive element, the friction torque in the bearings of the shaft and the torque created under the influence of
the flow with distorted flow speed profile. This is achieved by measuring the torque which acts on the sensitive element approaching
the selected frequencies of sensitive element rotation both from the lower and higher frequencies. The mean torque value is calcula-
ted based on the obtained values. The measurements are conducted for two sensitive element rotation frequencies adjusted in advan-
ce. The frequency of sensitive element rotation is changed by means of a frequency converter. It is shown that by using two different
rotation frequencies of the sensitive element of a rotational viscometer it is possible to define the flow consistency index and the flow
behavior index. Paper pulp viscosity and consistency is defined on the basis of these two indexes. It is also suggested to average the
results of viscous friction torque measurement approaching the rotation frequency of the viscometer sensitive element to the working
frequency chosen for measurement from the lower and higher frequency ranges. By averaging the results of such measurement the
friction torques in sealing and bearings supporting the sensitive element shaft are compensated. By changing the rotation direction of
the sensitive element and by further averaging the obtained results it is possible to eliminate the influence of the asymmetrical distri-
bution of paper pulp flow speed in the pipeline. This improves accuracy of the paper pulp consistency measurement.

Keywords: paper pulp consistency measurement; rotational viscometer; non-Newtonian fluids; consistency ratio; flow behavior
index; effective viscosity.

1. Definition of the scientific problem studied in the
research

2. Analysis of the recent publications and researches
on the topic

Maintaining the proper predetermined paper pulp
consistency on various stages of its preparation in paper or
cardboard manufacturing process can significantly influence
the quality and cost of production. Permanent monitoring of
paper pulp consistency is most commonly performed
indirectly by measuring paper pulp viscosity, as presence of

Paper pulp is a non-Newtonian fluid, in which the
relation between the shear stress o and the shear rate y is
nonlinear. It is described by the Ostwald-de Waele power
law (Stefte, 1996):

o=K(7)", (1)

uncontrolled contaminating foreign materiel in the recycled
paper makes it problematic to reliably determine paper pulp
consistency by means of measurement of absorption,
scattering, or polarization of the optical (Waller, 1993) or
super high frequency electromagnetic waves (Jakkula &
Tahkola, 2000). Therefore, improvement of the rotational
type viscometer method for paper pulp concentration
measurement is proposed in this paper.

IHpopmauis npo asTopis:

where K is the consistency index; n is flow behavior
index, its value for pseudoplastic fluids is in the range of
0,7<n<1.

To describe the viscosity of the abovementioned fluids
the effective viscosity is used as well (Steffe, 1996):

y:f(y'):%:lf(y)"*. (2)

Obviously, determining exact set of two unknown
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values K and is not possible with measurements performed
in one mode only. Therefore at least two different
measurement modes need to be used to obtain both values.

Based on the literature review (Blanco et al., 2007) it
was defined that the most accurate industrial viscosity
measurements are accomplished with application of
rotational viscometer with sensitive elements in form of
two parallel disks, one of which is a rotating propeller. The
propeller induces the rotational flow of the fluid and the
other disc (impeller) is used to measure the friction torque
in the examined fluid. This design is not suitable for paper
pulp since in order to measure friction torque the distance
between the discs shall be small (1 to 2 mm) and this space
will be clogged by paper pulp fibers. That is why a disk-
like sensitive element or a rotor with blades of different
shapes is used. The paper pulp is caught by the sensitive
element and a layer with viscous friction on the surface of
such a flat or a spatial core is created. The streamline form
and absence of small gaps make such sensitive element
designs applicable for measurements in fibrous fluids.

Let's look into the sensitive element of a paper pulp
consistometer shaped as a disk with a radius R, on the
surface of which the viscous friction layer emerges with an
average thickness of % (Fig. 1). Similar to development of
the formula of viscous torque calculation for two disk
sensor in viscous media (Steffe, 1996), with some
assumptions and corrections at experimental determination
of the # wvalue, the formula for calculation of friction
torque M acting on the flat disk sensor that is rotating in
the viscous non-Newtonian fluid, behavior of which is
described by the power law, can be described in the
following form:

n
MO k(25T -k Gy ©)

h

Where Q=27zf — angular velocity of disk rotation, f —
disk rotation frequency; n — flow behavior index; K —
consistency index and yp — shear rate at the edge of the disk
(at the distance R from the geometrical axis of rotation).

When the rotation viscometer is in operation the viscous
friction torque M emerging between the moving and still
layers of the fluid is determined based on (3). At the same
time the moving layer is captured and is moving
simultaneously with the disk sensitive element being
rotated in the viscous fluid with the known frequency f .
To eliminate the influence of the layering of the paper pulp
on the surface of the sensitive element, radial fins are
placed on the element. Thickness of the sensitive element
with fins together with the thickness of two paper pulp
layers with viscous friction is significant (up to 10 to
15 mm). The viscous friction at the rim of such a sensitive
element is not taken into account in formula (3) in order to
simplify further explanations.

Besides the viscous friction torque the sensitive element
shaft is also affected by the friction torque in the bearings
My and by the friction torque Mg in the shaft sealing
which protects the viscometer measuring unit from leaking
of the fluid. These torques are added to the viscous friction
torque M and distort its value. Thus there is a task of
reducing or eliminating the influence of the
abovementioned torques on the fluid viscosity measurement
results. Let us take a closer look at this problem.

Usually there is no shaft sealing in the laboratory
devices since the whole sensitive element is immersed into
the fluid under study. The shaft of the sensitive element
comes out of the fluid. The fluid is held in an open
viscometer container under atmospheric pressure. The force
of gravity keeps the fluid from getting into the
measurement unit (US patent, 1973). Thus elimination of
friction torque My in the sensitive element shaft is not an

issue for this type of design.

Such a type of viscometer cannot be applied for
operation directly in the paper making pipeline where paper
pulp is under significant overpressure. In this case sensitive
element shaft should have a sealing that will protect the
viscometer measuring unit from paper pulp (Oy & Nygérd,
2010). Such solution creates additional friction torque M

acting on the sensitive element shaft from the sealed side
and it is added to the measured viscous friction torque from
the fluid side. Thus, sealing the shaft of the sensitive
element results in change of the torque value that is passed
from the sensitive element to the measuring device and
distorts the measurement results.

To reduce this error the impact of the friction torque in
the sealing Mg on the measurement results should be
eliminated. There is a number of ways to achieve this:

1) To apply a sensitive element large enough to have viscous
friction torque M significantly higher than the friction
torque in the sealing M. Then its influence could be
neglected. Application of such method is restricted by the
real dimensions of paper pulp pipelines that the device has
to fit.

2) To measure the experimental dependence of My on the
sensitive element rotation speed and to make an
appropriate correction in the calculated value of paper pulp
viscosity. This method also requires data on the M value
changes depending on the duration and modes of operation
of sealing.

3) To apply sealing that will function as an elastic element
and the torsion angle of which is used to measure the
viscous friction torque M acting on the sensitive element.
The problem is that the elastic properties of the small
sealing torsions in the longitudinal corrugated thin-walled
tube and their polymeric sealants are changing in the
process of operation so the transduction function of the
device will also be changing.

4) To apply an automatic tracking system that will rotate and
auxiliary pipe shaft with the sensitive element axe inside of
it, passing through the elastic sealing, and rotating with the
same rotating speed. Sealing of the sensitive element shaft
in this case is always untightened and the power of
consumption of servomotor is proportional to the viscous
friction torque M (US patent, 2012).

5) To apply a measurement block design where the sealing
provides a hermetic motionless junction of a sensitive
element with the engine system through an elastic thin-
walled tube, twist angle of which is providing information
on the viscous friction torque impacting the sensitive
element (US patent, 1997). Such design is hermetic and has
no sealing, however working with paper pulp the space
between the measuring tube and external tube that is the
sensitive element case should be protected from paper pulp
with a ring sealing in order to avoid deposition of solid
particles and salts.

Thus in all the listed ways being applied for paper pulp
viscosity measurement in the pipeline the sealing of the
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sensitive element shaft by means of an elastic polymer ring
is applied as well as the torsion sealing based on a thin
longitudinal corrugated tube and bearings for supporting the
sensitive element shaft are applied. As a result, minimizing
or eliminating the impact of friction torque of the
abovementioned elements on the paper pulp viscosity
measurement result has important impact on the accuracy
of measurements with rotation viscometers.

3. Purpose of the article

The purpose of this article is to improve the ways of
paper pulp consistency measurement by means of rotational
viscometers. The improvement consists in measurement of
shear force torque that emerges under the influence of
viscous friction of paper pulp layer at two alternate rotation
frequencies of the disk sensitive element.

4. The suggested viscometer model and algorithm of
processing the viscosity measurement results

A device for paper pulp consistency measurement was
studied that employs rotation method with a rotating disk
element that is symmetrical related to the rotation direction
(Fig. 1). The main hollow shaft is rotated with a preset
frequency by means of a motor using energy from a
frequency converter and it is causing the rotation of the
paper pulp. There is another shaft placed into the first one
with the disk sensitive element on it. During paper pulp
rotation a viscous friction torque acts on the sensitive
element. And the elastic torsion element is twisted by the
sensitive element at angle ¢. The angle value provides

information on the viscosity and the associated paper pulp
consistency.

4.1. Suggested measuring device design

Fig.1. Design of the mechanical part of a rotational paper pulp
concentration meter based on the viscosity measurement. 1) disk
sensitive element; 2) main hollow shaft; 3) sensitive element shaft;
4) sealing of the main hollow shaft, consists of a bellow valve and a
ring insertion made of tungsten carbide — cobalt alloy; 5) flexible
sealing of a longitudinal corrugated thin-walled tube; 6) elastic
sealing to protect the system 5; 7, 8) bearings of the sensitive
element shaft; 9, 10) bearings of the main hollow shaft; 11) torsion
spring of cylindrical rods; 12) disk with cutouts in the main hollow
shaft; 13) disk with cutouts on the sensitive element shaft;

14) optical transducer of the disks 12 and 13 displacement angle;
15) motor powered by a frequency converter.

4.2. Mathematical model of the device

The viscous friction torque which acts on the disk being
rotated in a viscous non-Newtonian fluid described by the
power law is defined by the equation (3) for a disk sensitive
element (possibly with symmetrical radial fins on both sides
of the disk) in relation to the rotation direction and with
radius R and average viscous friction layer thickness # .

4.3 Suggested algorithm for defining the fluid
parameters

In order to increase the accuracy of paper pulp
consistency measurement based on viscosity values it is
suggested to measure the viscosity torque at two different
sensitive element rotation velocities Q; and Q,. In such
case using the formula (3) we obtain the following

equations:
(3+n) (QIRJ"
M =K| ==, 4
V4R h @
(3+n) (QzRJ"
M K| == . 5
>4k h ®)

By dividing separately the left and the right members of
equations (4) and (5) we receive and equation

M, (oY
(o)
from which we derive the flow behavior index value
B ln(M /M 2)
 In(Qi/Q)
and find the flow consistency index K

K:M.(“”).(Lj ,
4zR> \ QR

(6)

()

(8)

4.4 Reduction of impact of friction torque in the
sealing of the sensitive element shaft on the
measurement results of paper pulp consistency

Rotational paper pulp consistency meters provide
information by measuring the viscous friction torque acting
on the sensitive element being rotated with a preset speed in
the layer of the paper pulp under investigation. Viscous
friction torque influencing the sensitive element is
transmitted through the shaft passing the sealing and goes
to the torque measurement device. It can be constructed
with application of an elastic element, i.e. a torsion spring.
The twist angle ¢ of the torsion spring will be proportional
to the viscous friction torque M :

)

p=—
174

where is the torsion spring twist coefficient.

With a known torsion spring twist angle ¢ we can
define the viscous friction torque and the viscosity
coefficient which depends on the paper pulp consistency.

The operation of such paper pulp consistency meter is
influenced by the fact that viscous friction torque M on the
sensitive element is balanced not only by the twisted torsion
M, but also is influenced by the friction torque in bearings
and sealing of the sensitive element shaft Mg. As in the
proposed solution the sensitive element rotation frequency
is changing regularly it is suggested to measure the torque
twisting the torsion spring when the propeller rotation
frequency comes close to the working rotation frequency

from the lower frequencies My, (rotation frequency of the
sensitive element increases up to a working value of Q; or
Q,) and when coming close to the working rotation
frequency from the higher frequencies M, (rotation

frequency of the sensitive element decreases to working
value Q; or Q).
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In the dynamic mode the changes of rotation velocity &
of the sensitive element and its shaft are related to the
inertia torque j and the other abovementioned torques by
the equation provided below. Increasing the working
frequency the rotation accelerates the viscosity torque M
and deaccelerates (slows down) the torque of the twisted
torsion spring My, and torque in sensitive element shaft
sealing M (friction torque is always directed in a way that
slows down the movement):

je=M-My—-M;. (10)

Achieving the set value of rotation working frequency
Q; or Q,, the rotation velocity of a sensitive element
becomes constant and its rotary acceleration ¢ equals zero.
Formula (10) can be simplified and the relation between the
torque created by the torsion spring twisted by angle ¢,
viscosity torque and friction torque in sensitive element
shaft sealing can be expressed as follows:

My, =M-M;. (11)

If the sensitive element rotation frequency is coming
closer to the same working frequency (from the higher
frequency area), the sensitive element influenced by the
torque twisted at a too high torsion angle is turning to the
non-deformed torsion position towards the direction of
rotation of the sensitive element. Friction torque in the
sensitive element shaft sealing Mg together with the
viscous friction torque M counteract this rotation:

je=M-My+M;. (12)

In the stabilized state of the main hollow shaft rotation
at the working frequency or the rotary acceleration of the
sensitive element & equals zero and the equation is as
follows:

My,=M+M,. (13)

By adding (11) and (13) we can see that friction torques
in the shaft sealing of the sensitive element are mutually
compensated and the average of measurements of the
torque approaching the rotation working frequency of a
sensitive element from the high and low ranges are equal to
viscosity torque that impact the sensitive element at the
rotation working frequency:

_ My + My, (14)
2

It is obvious that the friction torque in bearings My
could be taken into account in the abovementioned
formulas. Then the formulas (10)— (13) should replace
sealing torque friction Mg with the sum of shaft sealing

M =M .

torque friction of sensitive element Mg and bearings

friction torque:
Mg —>M+Mpg. (15)

The final equation (14) doesn't change which means that
averaging out the torque values measured by the torsion
spring twist approaching the rotation frequency of the main
hollow shaft to the set value from the high and low values
will enable elimination of impact of friction torque in
measurement shaft sealing and bearings.

Paper pulp consistometer is usually placed in the pipe
line and in order to ensure laminar flow in the sensitive
element rotation area it may be needed to introduce a wider
straight section with a consistency meter placed in it. In
general the configuration of a pipeline may be complex,
with elbows and other elements that will deform the even

symmetrical distribution of paper pulp flow speed. Such
deformation of flow profile in the pipeline will result in
additional torque M, when it interacts with the sensitive
element of the consistency meter. This torque will not
change its direction when the sensitive element rotation
direction changes, but will be added to the viscosity torque
at rotation with the set frequency in one direction and will
be subtracted when the sensitive element is rotated in the
opposite direction. Therefore the measured value of the
torque impacting the sensitive element rotated in the same
direction as the flow, M, will consist of the torque
resulting from the viscous friction M and the torque
resulting from the speed pressure of the flow M)

M,=M+My (16)
and in the opposite rotation direction M_
M_=M-M,y. (17)

Thus, by taking the average value of the measured
torques influencing the sensitive element, when rotated in
both directions with the same rotation velocity, the torque
caused by the speed pressure of the flow due to uneven
distribution of the flow speed in the paper pulp flow profile
is decreased in the final dependence.

M++M,:M+MV+M—MV (18)
2 2
Thus by rotating the sensitive element in two opposite
directions at the same frequency and by further averaging
the obtained results it is possible to eliminate the influence
of the uneven distribution of paper pulp flow speed in the
pipeline on the consistency measurement results.

M,y = =M.

4.5 Suggested algorithms for changing the rotation
frequency of the sensitive element of the rotational
paper pulp consistency meter

Several ways of changing the rotation frequency of a
sensitive element were suggested to measure the paper pulp
consistency.

The general feature of the suggested measurement
cycles is measurement of the viscous friction torque with
gradual approach of the rotation frequency of the sensitive
element to the set rotation frequencies. As the frequency
increases (approach from below) the torque My, is

measured. And when the rotation frequency of the sensitive
element is decreasing (approach from above) the value of
torque M, is measured for selected rotation frequency.

With this purpose after the measurement is completed and
the frequency approaches the rotation frequency Q from
the lower range, the rotation frequency insignificantly
increases and stays permanent for a short time after which it
decreases back to and the torque value is measured. The
measured torque values are recorded and averaged by
applying equation (14). The viscous friction torque values
that were measured with changing rotation directions and
obtained for two different rotation frequencies are averaged
with results obtained for direct sensitive element rotation.
And then the paper pulp parameters K and » are defined
and subsequent conversion of the viscosity value into the
measurement units of paper pulp consistency is done.

The suggested cycles of rotation frequency changes in
paper pulp consistency measurement may look like it is
shown in Fig. 2.
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Fig. 2. The suggested cycles of rotation frequency changes in paper
pulp consistency meter in time. The ordinate axis shows the voltage
frequency powering the motor of the sensitive element mechanism
f(1/s) . The motor power voltage frequency with "minus" sign is

used to show the opposite direction of sensitive element rotation

Thus, the sequence of voltage frequency changes of the
motor power of the sensitive element mechanism can be the
following:

a) The measurements are performed during rotation of the
sensitive element in one direction at higher and lower
frequencies with approaches to the given values from
"above" and from "below" after some exceeding of the
given value. After that the rotation frequency of the
sensitive element passes a zero value and measurements
are made using the same algorithm in the opposite
direction.

b) The measurements are done in the same way as described
in a) but the approach from "above" is not used to measure
torque for the lower value.

¢) The viscous friction torque is measured for the sensitive
element rotating at the lower frequency first both in the
direct and opposite directions. Then the same
measurements are repeated for higher rotation frequency
both in the direct and opposite directions.

d) The measurements are performed without exceeding the
given rotation frequency values.

By comparing the duration of measurement cycles we
can see that the cycle shown in Fig. 2 d is the shortest. For
the curves given above it was assumed that the paper pulp
consistency does not change during the measurement cycle
and its flow rate is constant.

5. Presentation and discussion of the research
results

Based on the research results it was shown that by
changing the motor rotation frequency for a sensitive
element mechanism of a paper pulp consistency meter
using a preprogrammed law and by performing
measurements for two different frequencies of element
rotation it is possible to define the viscosity indexes of the
paper pulp K and n . These indexes are used to determine

the paper pulp effective viscosity u :%:K (;'/)H which
can be converted into consistency value. It is also suggested
to average results of viscous friction torque measurement
approaching the rotation frequency of a viscometer
sensitive element to the working frequency chosen for
measurement from the lower and higher frequency ranges.
By averaging the results of such measurements the friction
torques in sealing and bearings are compensated which
enables increasing the accuracy of measurements of paper
pulp viscosity and consistency. By averaging the results of
measurement with rotation of the sensitive element in
different directions it is possible to eliminate the influence
of uneven distribution of paper pulp flow speed in the
pipeline. Algorithms for changing the rotation frequency of
the viscometer sensitive element were suggested to perform
measurements in accordance with the method described.

Conclusions

It is shown in the paper that by using two different
rotation frequencies of the sensitive element of a rotational
viscometer it is possible to define the flow consistency
index and the flow behavior index. Paper pulp viscosity and
consistency is defined on the basis of these two indexes. It
is also suggested in the paper to average the results of
viscous friction torque measurement approaching the
rotation frequency of the viscometer sensitive element to
the working frequency chosen for measurement from the
lower and higher frequency ranges. By averaging the results
of such measurement the friction torques in sealing and
bearings supporting the sensitive element shaft are
compensated. This provides improvement of accuracy of
viscosity measurement and the associated paper pulp
consistency measurement. By changing the rotation
direction of the sensitive element and by further averaging
the obtained results it is possible to eliminate the influence
of the uneven distribution of paper pulp flow speed in the
pipeline.
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POTALIAHUH KOHIIEHTPATOMIP ITAIIEPOBOI IYJIBIIU 3 BUMIPIOBAHHAM
A4 ABOX IIBUAKOCTEUN 3CYBY

VY cydacHHX PO3BHHECHHX KpaiHax MamepoBa IPOMHCIOBICTH ITOCIA€ TPETE MICIe MiCIsI METAIyprii Ta XiMIYHOI IIPOMHUCIOBOCTI
3a 00csiraMHy KarliTATOBKIIACHB TA 33 CII0XKHUBAHHSAM €Heprii. 3anporoHoBaHo CIIoci0 MPOBEACHHS BUMIPIOBaHHS KOHIICHTpALIi] Tarre-
POBOI IyJIBIIN 3a JOMIOMOTOI0 POTAIIHHOTO BiCKO3UMETpa, SIKHH A€ 3MOT'Y BU3HAUYUTH Koe(illieHT KoHCHCTeHI] piquan K Ta iHAEeKC
Tedii n y crenieHeBoMy 3akoHi OctBanbaa — ne Beme. Crioci6 fae 3Mory ycyHyTH BIUIMB MOMEHTIB CHJI, SIKi JiIOTh Ha BiCh YYTJIMBOTO
€JIEMEHTa, a caMe MOMCHTY CHJI TePTS B YIIITBHEHHI OCl YyTIMBOIO €JIEMEHTa, MOMEHTIB CHJI TE€pTs Y MiANIMIHUKAX i€l oci, Ta MO-
MEHTY CHJI, SIKHH Jli€ Ha JyTJINBHI €IEMCHT, 1 BUHUKAE IIiJ] Ji€I0 TIOTOKY MANepoBOi MacH B TPYOOIPOBO/I 3 HECHMETPHIHUM Ipodi-
JIeM IIBHAKOCTEH Tedil B OKOJIi UyTJIMBOTO €JIEMEHTa KOHIIEHTPAaTOMIipa Ha pe3yJabTaTH BHMIPIOBAHb KOHIIEHTpAMii IanepoBoi Macy.
JIJ1s BOT0 y 3aIpOIIOHOBAHOMY CIIOCO01 IIPOBOSTH BUMIPIOBAHHS MOMEHTY CHUIH, IO /i€ Ha YYTIUBUH €JIEMEHT 3 HAOIIKEHHIM 10
BHOPaHMX JUIS BUMIpPIOBAHHS YacTOT OOEpTaHHS YYTJIMBOIO €IEMEHTA 3 OOKY HIDKYHX YacTOT Ta 3 OOKY BHIIMX YACTOT, a TAKOX 3a
pizarx HanpsiMiB obepranHsa. OTpruMaHi 3HAYECHHS MOMEHTY CHIIH yCepeAHIOI0Th. BUMIpIoBaHHS IIPOBOIATE HA ABOX Hamepen 3aa-
HHX 9acTOTax 00epTaHHS OCi YyTJIMBOTO SJIEMEHTa, Ta 32 HOoro o0epTaHHs y IPSIMOMY Ta 3BOPOTHOMY HampsiMKax. Yacrory obepran-
HS 9yTJIMBOTO €JIEMEHTa IPOTrPaMOBAaHO 3MIHIOIOTH 3a JOIIOMOTOI0 YaCTOTHOT'O IIEPETBOPIOBAYA.

Kniouogi cnosa: BUMipIOBaHHS KOHIICHTpALlil MAarlepoBoi MyIbIIN; POTALIHMIA BiCKO3UMETDP; HEHBIOTOHIBCHKI PiIMHU; BUMIPIO-
BaHHS B'I3KOCT1; KOe(illi€HT KOHCHCTEHIIIT; iHAEKC Tedii; e)eKTUBHA B'I3KiCTh.
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POTALIMOHHBIN KOHIIEHTPATOMEP BYMAXKHOM MYJIbIbI C U3MEPEHUEM
ITPHU IBYX CKOPOCTAX CABUT'A

ByMakHast IpOMBIIUICHHOCTH 3aHUMAET TPETHE MECTO MOCIIC METALTYPTHH ¥ XMMHYIECKOH MPOMBIIIIEHHOCTH 10 00beMaM Karti-
TaNbHBIX BIOKCHUH M 10 moTpebneHnio sHeprun. [Ipemmoxken crocod u3MepeHns: KOHIEHTPAnul OyMakKHOH ITyJIBIIEI ¢ MOMOIIBIO
POTALMOHHOTO KOHILICHTPAaTOMepa, MO3BOJISIOIINN ONpeneuTh Kod(G(UINEHT KOHCHCTEHIINN HEHBIOTOHOBCKON JKUAKOCTH K U HMH-
JIeKC TEYECHUsI 71 B cTereHHoM 3akoHe OcTBanbaa — ae Bene. Crioco0 mo3BOISET yCTPaHUTD BIMSIHAE MOMCHTOB CHITBI, KOTOPBIE JeH-
CTBYIOT Ha OChb YyBCTBHUTEIIBHOTO IEMEHTA, a IMEHHO MOMEHTA CHJI TPEHHS B YIIJIOTHEHHUH OCH TYBCTBUTEIIFHOTO SIEMEHTA (MMITeII-
Jiepa), MOMEHTOB CHJI TPEHHS B MOAIIMITHUKAX OCH, a TAKKe MOMCHTA CHJI, ACHCTBYIOIIETO HAa YyBCTBUTENBHBIA JIEMEHT, 1 BO3HHKA-
IOIIETO MO/ BO3CHCTBUEM MOTOKA OyMa KHOM ITyNIBITEI B TPYOOIIPOBO/E IPH HECUMMETPHIHOM PACIIPEICIICHUH CKOPOCTH TCUCHUS B
OKPECTHOCTH TyBCTBHUTEIIBHOTO JJIEMEHTA KOHIIEHTpaTOMepa Ha Pe3yNbTaThl M3MEPEHHH KOHIEHTpamy OymaxHoi Maccsl. C 3Toit
LIETTBIO0 B IIPEIOKCHHOM CIIOCO0€ M3MEPSIIOT MOMEHT CHIIBI, ISHCTBYIOIIEH Ha NMITeIUIep PH NPHOIIDKEHIN K H30paHHON T U3Me-
PEHUS 9acTOTEe BpAIICHHS YyBCTBUTEIBHOTO 3JIEMEHTA CO CTOPOHBI 00Jiee HU3KUX YacTOT M CO CTOPOHBI Oosiee BBICOKHX YacTOT U
IIPY Pa3HBIX HANpPABICHUAX BpameHus. [lomydeHHble 3Ha9eHUsT MOMEHTA CHIIBI yCPEAHsIOT. V3MepeHnst mpoBOsT Ha ABYX NpeBa-
PUTENBHO 33IaHHBIX YaCTOTaxX BpAIeHUs Ipomesuiepa. YacToTy BpalieHus NIporeuiepa NporpaMMHPOBAHO U3MEHSIOT ¢ IIOMOIIBIO
YaCTOTHOT'O IPeo0pa3oBaTesL.

Kniouesvie cnosa: n3mepeHne KOHIIGHTPANH OyMa)kKHOM Macchl; POTAIMOHHBIM BUCKO3UMETP; HEHBIOTOHOBCKHE KUAKOCTH; U3-
MEpeHHUE BA3KOCTH; KO3 (HUIIHEHT KOHCUCTEHINH; HHACKC TeUeHUs; Y (EeKTUBHAS BSI3KOCTb.
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