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Abstract

This paper presents the results of theoretical and experimental testing of an optical rotation angle sensor of
rotational paper pulp consistency meter. It is suggested that a specialized device consisting of two discs with the
diameter as large as possible should be applied in the rotational consistency meters. There are holes in the disks. One
more optocoupler should be applied for registering the beginning of the signal processing of separate measurements
in order to reduce the root-mean sguare error. The measurement cycle of the sensitive element rotation angle is
conducted within a predetermined number of full turns of the main shaft. The research results can be applied during
development of the paper pulp rotation consistency meters based on the compensation of the viscous friction torque
and based on the direct measurement of the viscous friction by defining the rotation angle of the sensitive element.

Keywords: paper pulp consistency; measurement; rotation consistency meter; optical sensor; magneto-electric
transducer.

1. Definition of the scientific problem studied in the research

Measurement of the paper pulp consigency on various stages of its preparation in tissue paper or cardboard
manufacturing process can significantly influence the quality and the cost of production. Continuous control of the
paper pulp consistency is usually performed by means of the mechanic method by defining the pulp viscosity [1, 2].
There are two types of consistency meters that are based on this method: the rotational or mixer consistency meter,
and the blade consistency meter. The rotational consistency meters can be of different design. However a common
element for all of them is the device for measurement of the rotation angle of the sensitive element in relation to the
rotation axe. During the improvement of such consistency meters and during development of new designs, it is
important to increase the accuracy of measurement of the rotation angle for both rotation directions. This paper
suggests a way of processing the signal from the optical sensor for the rotation angle measurement and discusses the
obtained anaytical ratios for processing of such signal.

2. Analysis of therecent publications and research on the topic

The paper pulp is a non-Newtonian fluid. Its consistency can be measured indirectly based on the viscosity.
Commercially produced rotational devices are based on various designs that include a device to determine a rotation
angle of a sensitive element.

Colimat 205-DD [3], Brookfield TT-100 [4] and similar devices that use an inductive converter to determine the
rotation angle of the sensitive element are precise and reliable for non-polluted fluids. The abovementioned devices
are viscometers and are used to measure the viscosity of organic fluids, first of all motor oils. Such devices are not
massive and they are not meant to work with fluids like paper pulp. The design of the applied inductive transducers of
the sensitive element rotation angle is not suitable for a paper pulp consistency meter.
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Other known designs of paper pulp consistency meters use optical sensors to measure the rotation angle of a
sensitive element.

The design presented in [5] uses an optical measurer of the sensitive element rotation angle that consists of two
discs with holes. One of the discsis fixed on the main shaft rotated by means of an engine and a belt transmission.
The second disc is installed on the shaft of the sensitive element that is coaxialy placed indde the main shaft. The
shift of disksisproportiona to the sensitive e ement rotation angle and is measured with another opto-isolator with an
open optical channel. The scheme of direct measurement of viscous friction using the sensitive element rotation angle
isimplemented in the device.

The specia structure is designed to measure paper pulp consistency and is provided in [6]. It is similar to the
previous one, with the main shaft rotating powered by an engine and belt transmission, and similar optical converter
of the sensitive element rotation angle. Measurement of paper pulp consistency is based on the angle of rotation of the
sensitive element. The main shaft is additionally equipped with a propeller to move the paper pulp from stagnant
pocket of the measuring cell.

Consistency meters similar to MEK-2300, MEK-2400 [7] use a compensation design where excursion of the
rotation angle of a sensitive element is constantly compensated by an el ectromagnetic converter. The current power
coming through the coil of the electromagnetic converter will be proportional to the friction torque and the associated
paper pulp consistency. In this design the main shaft is rotating by means of the belt transmission powered by an
asynchronous engine, and an additional propeller moves paper pulp from the sagnant pocket. Rotation angle of the
sensitive element is measured by means of an optical sensor from two holed discs, one of which isingtaled on the
main shaft and the other on the shaft of the sensitive element. Shift of the discs is measured by the width of impulses
from the opto-isolator with the open optical channel.

The further designs have two drive units: one to rotate the main shaft of the device and the other to rotate the
shaft with the sensitive dement. These consistency meters are applying the compensation design: the power that the
sensitive element shaft drive usesis proportional to the viscous friction torque. Description [8] employs an inductive
sensor of the excursion of the rotation angle of a sensitive element the design of which is similar to an optica one.
Engine rotors are located directly on the shafts, both the main one and the sensitive element shaft, and the belt
transmission is not applied. The engines are powered by frequency converters. MEK-3000 [9] paper pulp consistency
meters have a similar design. It aso applies two drives, and disks with holes to measure the rotation angle of the
sensitive element are located separately each having its own sensor.

Thus every reviewed paper pulp consistency meter design and viscometer have a sensor to measure the sensitive
element rotation. It is either optical, or inductive or employs Hall elements. Improved design and methods of
processing signals in such devices enables design of paper pulp consistency meters with enhanced metrological and
operationa performance.

3. Purpose of the Article

This article aims to improve the method of processing signa's from the optical sensors measuring rotation angle
of a sensitive element in paper pulp rotation consistency meters that can use both direct measurement of viscous
friction torque and viscous friction torque compensation.

4. Basic paper pulp consistency meter design that was used to study the device for measurement of the
sensitive element rotation angle

The study of a sensor measuring sensitive element rotation angle was conducted with a paper pulp consistency
meter design provided in the Fig. 1.

The difference between this design and its analogues is that it employs a magnetoelectric transducer to
compensate for the viscous friction torque impacting the disc-shaped sensitive element. The advantages of a
magnetoelectric transducer as compared to an electromagnetic one are: the linear dependency of the conversion
function; significantly higher ability to replicate; streamlined process to set the mechanical portion of the consisency
meter, lighter details on the sensitive eement shaft. In addition, the datic characteristics of a magnetoe ectric
transducer are symmetrical in relation to the origin of coordinates which enables two-way rotation of the sensitive
element to compensate for the influence of the paper pulp flow speed. The disadvantages include the high number of
contact rings and brushes to lead current to the magnetoel ectric transducer coils. However, such technical design is



Investigation of Sensor for Measurement of Rotation Angle of Sensitive Element in ... 75

robust, and the service life of the connection assembly is commensurate to the service life of bearings and other
mechanical details of the device.

The study results can also be applied for other designs of paper pulp rotation consistency meters, for example for
designs with an electromagnetic transducer to compensate the viscous friction torque, or for designs measuring
consistency by the rotation angle of the sensitive element and the torsion elastic element between the two shafts.
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Fig. 1. Design of the mechanica part of arotation paper pulp consistency meter with magnetoel ectric compensation
of viscous friction: 1 — disk sensitive eement; 2 —main hollow shaft of the device; 3 — sensitive e ement shaft; 4 — sealing
of the main hollow shaft, consists of bellow valve and ring insertion made of tungsten carbide — cobalt aloy; 5 — elagtic sealing
of alongitudinal flute thin-walled tube; 6 — e astic seding to protect the system 5; 7, 8 — bearings of the sensitive d ement shaft;
9, 10 — bearings of the main hollow shaft; 11 — engine powered by a frequency converter; 12 — current-carrying rings,

13 — carbon fiber composite brushes; 14 — disk with cutoutsin the main shaft; 15 — disk with cutouts on the sensitive
element shaft; 16 — opto-isolator with open optical channel to measure shift of the disks 14 and 15; 17 — opto-isolator with open
optical channd to establish afixed starting moment; 18, 19 — coils of the magnetoel ectric transducer installed on the
disk 15; 20, 21 — magnetic systemsingtalled on the disk 14

Rotation paper pulp consistency meter in the Fig. 1 consists of a disk-shaped senstive dement 1 with wave-like
prominences symmetrical in relation to the rotation direction, the main hollow shaft of the device 2 rotating on
bearings 9 and 10 powered by an asynchronous engine 11 through a belt transmission. Insgde the hollow shaft 1, on
the elagtic sealing of a longitudina flute thin-walled tube 5, and bearings 7 and 8, there is the shaft 3 installed
coaxially with the sensitive element 1 installed on it. On the paper pulp sidethe sealing 5 is closed with an dastic ring
6, and there is a sealing 4 on the main shaft 2. Design of the magnetoel ectric transducer and the discs with cutouts for
measuring of the sensitive element rotation angle is integrated. Disk with cutouts 14 is ingaled on the shaft 2.
Magnet systems 20 and 21 are installed on thisdisk. Disk 15 is of the same design and isingalled on the shaft 3. Two
aluminum frames with coil 18 and 19 are installed on this disk. Current-carrying rings 12 and brushes 13 are
providing current for the coils 18 and 19. Rotation angle of the disks 14 and 15 is measured with an opto-isolator with
open optical channd 16. Additional opto-isolator 17 is used to establish a fixed beginning of counting impulses from
the opto-isolator 16.

Measuring paper pulp consigency the main shaft and all elements indalled on it are rotating with a specified
angle rate that has been chosen for measurement. While viscous friction depends on the paper pulp consistency, it
results in the torque that will impact the sensitive dement 1. This torque will make the sensitive element rotate at a
certain angle in relation to the main shaft of the device. This angle is measured by the shift of the disk 15 against the
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disk 14 that is determined by the width of impulses produced by the opto-isolator 16. The shift of the sensitive
element rotation angle is compensated by a magnetoe ectric transducer, and the current power coming through the
coil of the eectromagnetic transducer will be proportional to the viscous friction torque and the associated paper pulp
consistency.

4.1. Justification of the sensor design for measurement of the rotation angle in a sensitive element of the
rotational paper pulp consistency meter

Despite the broad variety of different designs of commercia incremental encoders for measurement of rotation
angle and other rotation parameters, rotation paper pulp consistency meters use special sensor designs to measure the
sensitive element rotation angle. Thisisresulting from the fact that the shaft 2 (Fig. 1) isrotating in bearings 9 and 10
with alarge diameter (D = 85 mm, d = 45 mm, 7209B) in order to ensure the mechanical robustness of the device and
the required service life. Elements of bigger bearings have higher shifts and are operated in harder environment in
rotation, therefore when shafts with such bearings dock with encoders, the rotation angle values fluctuate s gnificantly
resulting in decreased precision of measurement. Same effect is observed in other technical tasks, for example when
determining the point of shredding in rotary scissors. The inductive sensor to measure the senstive element rotation
angle of viscometers [3, 4] designed for clear fluids is not suitable for a paper pulp consistency meter which is a
heavier device due to the type of work to be performed.

Therefore the most suitable design of an optical sensor for rotational paper pulp consistency meters is the one
with two equal disks with holes and of a largest diameter possible. One of the disksisingalled on the main shaft and
the other one on the shaft with the sensitive element. The opto-isolator with an open optical channel: a LED and a
photodiode are measuring the shift of gapsthat is changing as the disks move against each other.

The look of the sensor of rotation angle in a sensitive element of rotationa paper pulp consistency meter that had
been used in the study before the design wasimproved is available in the Fig. 2, it isa MEK-2400 [7]optical sensor of
a paper pulp consistency meter.

Fig. 2. Design of the sensor for measurement of the rotation angle in a sensitive element of rotational consistency meter [7]:
1 —disk with holesinstalled on the main shaft of the device; 2 —disk with holesinstalled on the sensitive element shaft; 3 — optical
sensor to determine the sensitive element rotation angle in a paper pul p consistency meter (without opto-isolators)

4.2. Description of the assembly to process the signal from the sensor of rotation angle in a sensitive
element of rotational paper pulp consistency meter, study devices, study methodol ogy

The diagram of the device for processng the sgnal from a sensor of rotation angle in a sendtive element of
rotational consstency meter is presented in Fig. 3. The same device supplied with a frequency meter was used to study
an optica sensor for measuring the sensitive e ement rotation anglein arotationa paper pulp cons stency meter.

The device functions as described bel ow.

Depending on the rotation angle of the sensitive e ement shaft relative to the main shaft of the consistency meter,
disk 2 shiftsagaingt disk 1 and the angle of overlap of the holes will change. In one rotation of the disks 1 and 2 the
opto-isolator 3 records 72 rectangular impulses, their width depending on the rotation angle of the disk 2 against the
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disk 1. The way of initia placement of disk 2 against the disk 1 can result in decrease or increase of the width of
impul ses as the rotation angle of the sendtive element isincreasing.
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Fig. 3. Diagram of the device for processing the signa from a sensor of rotation anglein a sensitive element of rotationa
consistency meter: 1 — disk with holes ingtalled on the main shaft of the device; 2 — disk with holesingtalled on the sensitive
element shaft; 3 — opto-isolator to determine the sensitive shift of the holes of disks 1 and 2; 4 — opto-isolator to establish afixed
start of measurement; 5 — crystal-controlled pulse oscillator with 50 kHz frequency; 6 —matching logical e ement;

7 —programmabl e logical controller with high-speed inputs; 8 — frequency meter

The next task to be solved is measuring the width of impulses after the opto-isolator 3. The easiest solution isto
use a programmable logic controller if such impulses are filled with impulses with a significantly higher recorded
frequency and counted.

Three ways to process signals have been studied and compared: 1 — counting impulsesin a pack after the logical
coincidence element 6 in a predetermined time 1 sec; 2 — counting impulses in arbitrarily chosen successive 504
packs of impulses after the logical element 6, that corresponds to 7 rotations of the main shaft of the device and
timewise, for the selected rotation velocity of sensitive element rotation will be similar to 1 sec; 3 — processing data
similarly to No. 2, however beginning counting with the impul se from the opto-isolator 4.

The relative standard deviation of thirty successive measurements was used as a precision criterion for the
optical sensor measuring the sensitive element rotation angle in a paper pulp consistency meter. The measurements
were done with rotation of a consistency meter both in air and in water, and calculation of the relative standard
deviation was reduced to the range of consistency meter measurement of 0-5 % paper pulp consisting of a mix of
corrugated fiberboard (about 50 %), office (25 %) and newspaper (25 %) paper.

4.3 Results of the study and analysis of the obtained numerical values

The design of a sensor of sensitive e ement rotation angle of a paper pulp consistency meter that was used in the
experimental measurements is described in the Fig. 2. Range of measurement of a sensitive eement rotation angle
-1 —+1°. The range of change of sensitive element rotation angle is smaller in compensation devices and varies from
-0.4 to +0.4 °, meantime the torque caused by the sealing of the sensitive element shaft is ranging from -0.7 to +0.7
Newton-meter. The main shaft was powered by an asynchronous engine, and the exact number of rotations of an
asynchronous engine in 1 minute was measured with the same optical sensor and if calculated for water equaled 1491
turngmin. As the viscous friction torque was increasing to 1.25 Newton-meter, the number of engine rotations
decreased to 1482 turng/minute, i.e. the relative change of numbers of turns was 0.6 and as such was not taken into
consideration in further calculations. This change of number of rotations of an engine due to mechanica load is
reproduced in unique fashion, however, it can change as the bearings wear. It is clear that to increase the accuracy of
paper pulp consistency measurement and to increase the stability of device readings, the number of engine rotations
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can be stahilized with a higher degree of precision if an engine is powered by a frequency converter that is part of the
closed system of regulating number of engine rotations.

The abovementioned number of engine rotations were matched by a number of rotations of the main shaft equal
tow =7.193 and w = 7.15in 1 second respectively. At the same time the number of teeth of sheaves of the step-down
gear train equals Z; = 22 and Z, = 76. The estimated quantity of impulses with 50 kHz frequency in 72 packsin one
turn of the main shaft changes from 0 to 2780 when the sensitive element rotation angle changes from -1° to + 1°.

The formulato cal culate the number of impulses N, after thelogic element 6 over thetime T isthe following:

m>a
360°

N, = Xf, XTI, (1)

where a is the rotation angle of the disk 2 in relation to the disk 1; misthe number of holes in the disk, m=72; s is
the frequency of the crystal-controlled oscillator.

The formulas to calculate the number of impulses N, after the logic element 6 over one rotation of the sensitive
element are as follows:

_ma f n 7z
N,=——X%X=, w=—x—, (2
360° w 60 Z

2

where @ is the frequency of sensitive element rotation; n isthe number of rotations over 1 minute; Z; is the number
of sheave teeth on the engine shaft; Z,isthe number of sheave teeth on the main shaft of the consistency meter.

The first experiment tested the relative standard deviation of the number of impulses after the logic element 6
over 1 second with the sensitive element rotating in air and in water, and the measurement range reduced to 0-5 % of
paper pulp, which contents are provided in paragraph 4.2. The estimated quantity of impulses with change of sensitive
element rotation angle within the range of -1° — +1° from 0 to 20.000. Theresultsare provided in Table 1.

Table 1. Results of an experimenta study of a sensor for measurement of a sensitive e ement rotation anglein a paper pulp
consistency meter for calculation of impul ses after the logical €lement over 1 second

wgf\:’; gfm Disk /& 186 mm Type B, MEK-2300[7]
Water, 20 °C, Water, 20 °C, with
Medium Air Water, 20 °C with torque Air Water, 20 °C torque
compensation compensation
Mean value of
number of 14393 13868 1439 14373 13685 14416
impulses
S, impulses 22 27 23 26 21 23
S , % reduced to
the measurement 0.81 1.0 0.85 0.74 0.6 0.66
range

It was assumed that mechanica factors will influence the results of measurements, for example such factors as
presence of a belt transmission, friction of the main shaft, etc. Therefore the time chosen to calculate impul ses was
10 seconds, athough such time of averaging the sensitive element rotation angle measurement is too long for rea
devices. The estimated quantity of impulses will be within the range from 0 to 200.000. The results are provided in
Table 2.

The relative standard deviations of the numbers of impulses calculated over 10 seconds are smaller than when
calculated over 1 second. This proves that mechanical factors influence the operation of a sensor for measurement of
a sensitive element rotation angle. Such influence can be reduced by using direct drive from a servo actuator asit was
done in consistency meter designs described on [8] and [9].

The next experiment consisted of calculating 504 packs of impul ses after alogic element 6 that in time was close
to processing results of measurements over 1 sec used in the previous method and equals 7 full turns of the main
shaft. Theresultsare provided in Table 3.
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Table 2. Results of an experimenta study of a sensor for measurement of a sensitive e ement rotation anglein a paper pulp
consistency meter for calculation of impul ses after the logical € ement over 10 seconds period

wgf’feo; f:ﬁ - Disk /E 186 mm Type B, MEK-2300 [7]
Water, 20 °C, Water, 20 °C, with
Medium Air Water, 20 °C with torque Air Water, 20 °C torque
compensation compensation
Mean value of
number of 143747 138327 144128 142961 135962 143695
impul ses
S, impulses 77 127 58 88 170 112
s, % reduced to
the measurement 0.29 0.47 0.21 0.25 0.49 0.32
range

Table 3. Results of an experimenta study of a sensor for measurement of a sensitive e ement rotation anglein a paper pulp
consistency meter for calculation of 504 packs of impul ses after the logical € ement

i dtthe Disk /€ 186 mm Type B, MEK-2300 [7]
Water, 20 °C, Water, 20 °C, with
Medium Air Water, 20 °C with torque Air Water, 20 °C torque
compensation compensation
Mean value of
number of 14185 13670 14178 14167 13496 14211
impul ses
S, impulses 20 23 19 24 17 18
s, % reduced to
the measurement 0.77 0.89 0.74 0.72 0.51 0.54
range

Relative gandard deviations of measurement for this experiment are smaller compared to the results provided in the
Table 1. Thus, thismethod of processing signals on the val ue of sengitive element rotation angle has more precision.

The next assumption was that establishing a fixed starting point to calculate impulses in packs after the impulse
from the additional opto-isolator 4 should also decrease the rel ative standard deviation of the measurement results. An
experiment was conducted similarly to the previous one, however it had an established fixed beginning of of
calculation in the same place of disk 1 after impulse from opto-isolator 4. Theresults are provided in Table 4.

Table 4. Results of an experimenta study of a sensor for measurement of a sensitive e ement rotation anglein a paper pulp
consistency meter for calculation of 504 packs of impulses after the logical € ement with an established fixed counting point

wgf’feo; f:ﬁ - Disk /E 186 mm Type B, MEK-2300 [7]
Water, 20 °C, with R )
Medium Air Water, 20 °C torque Air Water, 20 °C Water, 20 °C, W'.th
. torque compensation
compensation
Mean value of
number of 14154 13662 14157 14164 13486 14205
impul ses
S, impulses 14 12 11 12 15 13
s, % reduced to
the measurement 0.54 0.47 0.43 0.36 0.45 0.39
range

Results provided in the Table 4 confirm the positive result of establishing a fixed calculation point for
calculating impulses after the signal from the additional opto-isolator 4. This method to process a signa from the
Sensor measuring sensitive element rotation angle in paper pulp consistency meters was chosen as the most precise
for the device.

5. Presentation and discussion of the resear ch results

Results of the research have shown that the design with a magneto-electric compensator of viscous friction that
is designed as an integrated device with an optical sensor to measure the sensitive e ement deviation angle is the most
advantageous for paper pulp consistency meters. This design is also very convenient for technica realization and
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adjustments. It is also suggested to measure the senditive element rotation angle value over a predetermined number
of full turns of disks with holes that are ingaled on the device shafts, where to measure the signal from the main
opto-isolator an initial impulse should be provided by an additiona opto-isolator.

The suggested method of processing signals from the optical sensors measuring rotation angle of a sensitive
element in paper pulp rotation consistency meters can be used for consistency meter designs with direct measurement
of viscous friction torque.

6. Conclusion

This paper shows that paper pulp rotation consstency meters can employ only speciaized sensors to measure the
sengitive dement rotation angle. Diameter of disks with halesin such devices should be as large as possble in reation to
the dimensions of the device. It isreasonable to use ancother opto-isolator in order to sart the counting and processing of the
signal from the same point of the disks with holes, where the processing cyde should fit into the integer of full rotations of
the main shaft of the device. Such solutions reduce the standard deviation of measurement results for commensurate
averaging times and thus increase precision of measurement of sendtive dement rotation angle in consstency meters.
Results obtained are applicable for many designs of rotation paper pulp consstency meters.
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JlocaizkeHHs JaBa4va I BUMIPIOBAHHS KyTa MOBOPOTY YyTJMBOIO €JIeMEHTA
POTALiifHOT0 KOHLEHTPATOMIpa NanepoBol MyJIbIU

€gren Ilicryn, bornan Kpins, Onekcanap Pomantok*, Onekcanap Kpuib

Hayionanvnuii ynieepcumem “ Jlvgiecorxa nonimexuixa” , eyi. C. banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalifa

Po3risiHyTO pe3ynbTaTi TEOPETUIHOrO Ta eKCIIEPUMEHTAIBHOTO JIOCIIPKEHHST ONTHYHOTO J]aBava il BUMIpIOBaHHS
KyTa TOBOPOTY YYTIMBOIO €JIEMEHTa pOTAI[iHHOrO KOHIEHTpaToMipa manepoBoi myibhu. CTBepKeHO, IO Uit
POTAIIHHIX KOHIICHTPATOMIPIB Ma€ 3aCTOCOBYBATUCH CIICITiali30BaHUM MPUCTPIH 3 ABOX JHCKIB MAKCUMAIBHO MOYITHBOTO
JiaMeTpa 3 Mpopi3aMH IO KOy, a Uil 3MEHIICHHS CepeJHbOKBAJAPATUYHOIO BIOXIIEHHS Pe3YJbTaTiB OKPEMHUX
BUMIPIOBAaHb JIOIIFHO 3aCTOCYBaTH Ie ONHY omTomapy it (ikcaili moyatky oOpoOyieHHS curHaiay. Bech ITHKIT
BUMIpIOBAaHHS KyTa IOBOPOTY YYTJIMBOIO €IEMEHTA MPOBOAUTHCS 3a (pikCOBaHY KUJIbKICTh IOBHHX 00EpPTIB OCHOBHOT'O Baja
nipwiaay. Pe3ynbraty JoCiKeHHS. MOKHA BUKOPUCTATH T1iJl 4ac POo3pOOJIEHHS POTAIiHUX KOHIIEHTPATOMIpPiB HanepoBol
YJIBIN 32 CXEMaMH 3 KOMIICHCAIIIEI0 MOMEHTY B’ SI3KICHOT'O TEpTS Ta 332 CXEMaMH 3 IPSIMUM BUMIpPIOBaHHSIM MOMEHTY
B’ SI3KICHOT'O TEPTS 32 KYTOM ITIOBOPOTY YYTJIMBOTO EJIEMEHTA.

Karwu4oBi cioBa: BUMIpIOBaHHs; KOHIIEHTpAIlis MarepoBOi IyJIBIH; POTALIHHUN KOHLIEHTPATOMIp; ONTUYHUM
JlaBay; MarHiTOEJIEKTPUYHUI IIepeTBOPIOBAY.



