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The purpose of this thesis is to find out the suitability of the X-ray based chip quality
measuring device; Flow Scanner and the possible benefits in continuous pulp cooking
process. Target company has previously delivered equipment for batch cooking but the
benefits of the device for the continuous cooking have not been known. The thesis studies
how the use of the chip quality measuring device affects to the consumption of cooking
consumables and thereby will it provide financial or qualitative savings.

The theory section introduces different wood chip measuring methods and continuous
cooking control. In the research section the process data from the target pulp mill in South
America where the Flow scanner is installed were analyzed visually and statistically.
According to the results the benefits of the Flow Scanner are marginal and almost
completely within the error limits of the different process meters, so it is not possible to
justify whether the potential benefit is due to measuring error or the use of the device. Due
to restricted and scattered data and limited availability of the device we cannot draw direct
conclusions of the device. Still, it seems that in the framework of this thesis it did not give
added value to the target pulp mill. Flow Scanner’s foreign object detection could be a
potential feature for the device’s justified use, but this needs further research.
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Taman diplomityon tarkoituksena on selvittdd rotgeniin perustuvan hakkeen laadun
mittalaitteen;  Flow  Scannerin  soveltuvuutta ja  hyotyja  jatkuvatoimisessa
sellunkeittoprosessissa. Kohdeyritys on toimittanut laitteita aikaisemmin erakeittdmdille,
mutta jatkuvatoimiselle keittdamolle laitteen mahdolliset hyddyt eivat ole olleet tiedossa.
TyoOssa tutkitaan miten laitteen kdyttd vaikuttaa prosessihyédykkeiden kulutukseen ja
saadaanko sitd kautta rahallisia tai laadullisia sdastoja.

Teoriaosassa esiteltiin eri hakkeenmittausmenetelma seka jatkuvatoimisen keiton saatdja.
Tutkimusosassa Eteld-Amerikassa sijaitsevalta kohdetehtaalta saatua prosessidataa, missa
Flow Scanner on asennettuna tutkitaan visuaalisesti ja tilastollisesti. Tulosten perusteella
Flow Scannerin hyddyt ovat marginaalisia ja jaavat lahes kokonaan prosessimittareiden
virherajojen sisapuolelle, joten ei pystytd perustelemaan johtuuko mahdollinen hyéty
mittarivirheestd vai laitteen kaytostd. Rajoitetun ja hajanaisen datan sekd laitteen
saatavuuden takia ei kuitenkaan voida tehda suoria johtopdétoksia. Nayttaa kuitenkin silta
ettd tdman tutukimuksen puitteissa Flow Scanner ei tuonut lisdarvoa kohdetehtaalle. Flow
Scannerin vierasesineiden tunnistus voisi olla potentiaalinen ominaisuus laitteen
perustellulle kdytolle, mutta tdma tarvitsee lisatutkimuksia.
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SYMBOLS AND ABBREVIATIONS

Symbols
k

Mar

ma

ms3

fill factor

moisture content [weight- %]

empty sample tray weight [g]

tray and sample weight before drying [g]
tray and sample weight after drying [g]
chip density [kg/m3]

chip meter speed [rpm]

theoretical wood flow [m3/rpm]

Abbreviations

Adt

DCS
DXA
dmt

IR-A
IR-B
MAE

MP steam
NDT
NIR(S)

L/W ratio

Air dry tonne

Distributed Control System
Dual X-ray Absorptiometry
dry metric tonne

Infrared A area

Infrared B area

Mean Absolute Error
Medium Pressure steam
Non-Destructive Testing
Near-infrared (spectroscopy)

Liguor to wood- ratio



R2cv Coefficient of determination of the cross-validation

RMSEcv  Root mean square error of cross-validation
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1 Introduction

This master’s thesis studies the suitability of chip quality measurement information on
continuous cooking control in pulp mill. Study was carried out in collaboration with

international fiber line supplier.

1.1 Background and motivation of the research

In pulp mills the cooking efficiency plays important role in profitability. Cooking is affected
with different parameters such as wood chip moisture, basic density and white liquor flow.
With more accurate wood flow measurement the cooking consumables can be dosed more
precisely which leads to financial savings and better yield. The research and data are

relevant, because in large scale operations even small increases in productivity does matter.

1.2 Aim of the research

Obijective of this research is to find out will the chip quality measurement; wood moisture
and dry wood mass flow, give additional value or benefit in continuous cooking. Additional
value might be considered as financial savings or usable data leading for more stable pulp
quality and more uniform process. Chip quality measurement is based on x-ray measuring
device called Flow Scanner and analyzed data is gathered in eucalyptus pulp mill in South

America.

1.3 Research problem and research questions

X-ray based method in chip quality measurement gives valuable information for batch
cooking operation but so far there is no proof of concept for its added values or benefits in
continuous cooking. The price of the measurement system is high comparing to other
available measuring systems in markets, so the investment needs to be carefully considered.

Considering these challenges about the topic leads to following research questions:



e What are the possible benefits of x-ray- based chip quality measurement in

continuous cooking compared to other measuring methods?

e How x-ray- based chip quality measurement effect on usage of pulp mill

consumables?

e How the x-ray- based chip quality measurement is justified to customers in

continuous cooking?

1.4 Methods and limitations

This research is implemented with literature review and case study of x-ray- based chip
quality device called Flow Scanner used in continuous cooking. In literature review the
different chip moisture measuring methods in pulp mill are presented as well as how the chip
quality effects on cooking. Basic continuous cooking controls are also presented. Case study
is implemented in eucalyptus pulp mill located in South America and by analyzing and
comparing the gathered mill data: cooking production, consuming of cooking consumables
and yield, the research questions are intended to answer. Different graphing and analyzing
tools are used to represent and analyze the data in a reasonable way. Conclusions are made
with a comparison of analyzed mill data and information from literature and other

researches.

Pulp cooking is basically divided in continuous cooking and batch cooking. In continuous
cooking the wood chip flow into the digester and pulp flow out of the digester is continuous.
In batch cooking the cooking process occurs in multiple digesters that are in different phases.
The pulp is discharged from the digester and filled with chips in turns and continuous flow
does not occur. (KnowPulp, 2022a; KnowPulp, 2022b.) In this research the used term
continuous cooking means before mentioned continuous pulp cooking. Reader of this
research is also assumed to have the basic knowledge of pulp production and this study

concentrates only on continuous cooking.



2 Chip analyzing methods in pulp mill

There are many different ways for moisture measurement and others are more reliable and
widely used than others. Online methods are measuring the material flow in real time without
physical contact and are generally able to scan all of the material. Conventional methods
require for example sampling and measurement process takes longer duration. They are also
not able to scan the material more than the sample size. Because the moisture is unevenly
distributed and the measured material has variable shape and size, fast and reliable moisture
measurement has been difficult for wood and other biomass materials. For homogeneous
materials such as wood chips some measuring methods are not so widely used due to surface
measuring nature. Also, in colder climates the snow and ice have its own effects. Many
electrical and optical measuring methods are as well vulnerable for water state changes.
Measuring is usually located in the conveyor belt before the chip bin to enable feed flow to
chip bin. If the measuring is far away from the chip bin the changes in wood chip quality

might be possible. (Jarvinen et al. 2008.)

There are also other analyzable wood chip quality variables than moisture. They can be for
example size of the chip, volumetric flow and dry wood mass flow. All of these factors are
affecting the pulping.

This chapter introduces the common measure methods used in pulp mills and their basic
measuring principles. More measuring methods including conventional methods are
presented thoroughly in former research “Forest chips' quality measurement methods and

development needs at power plants” (Heinonen, 2019.)

2.1 Chip moisture measurements

Most of the chip moisture measurements that are presented in this research are based on
radiation with varying wavelengths. In Figure 1 below is seen the different wavelengths in
nm including infrared area. Visible wavelengths for humans are between infrared and
ultraviolet (UV) area. When moving from right to left in the figure the wavelengths get

shorter and they carry more energy. (Percuoco, 2014.)
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Figure 1. Different radiations and their wavelengths. (Glen 2020, p. 616)

2.1.1 Near-infrared (NIR)

Near-infrared measurement (NIR) is based on infrared radiation which uses the
electromagnetic spectre in near-infrared area. In this area the light amplitude is about 800-
2500nm. These wavelengths belong according to standard SFS-EN ISO 13666 in categories
IR-A and IR-B but the near- infrared is more commonly used term. (SFS-EN ISO
13666:2019). Near-infrared radiation is absorbed into the wood chips and the different
molecules vibrate differently exposing the water from the biomass. Moisture measuring
range is 0,01-97% which gives the possibility to use it in many applications. (Finna Sensors,
2022). Near- infrared is more powerful than other infrared amplitudes but still the measuring
is not capable for full penetration. Measurement depth for wood chips is 10mm which might
lead to problems in accuracy because only the surface moisture is measured. To solve the
penetration problem, different prediction modules are formed to calculate the moisture, but
the results are more difficult to compare when different manufacturers have different
modules. (Padalkar et al, 2014; Aulin, R. 2013)

Often in commercial products 2-8 distinct wavelengths can be utilized and the measuring
provides also other information than only moisture. Those can be for example ash and energy
content. Homogeneous chips with similar moisture, density and size makes the measuring
more accurate. (Padalkar et al, 2014; Aulin, R. 2013.)
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In Figure 2 is seen an example of the real time infrared- based moisture analyzer that is

placed above the conveyor.

Figure 2. Multi- wavelength infrared moisture analyzer MT-Scan. (Electronic Wood
Systems, 2022)

Near- infrared spectroscopy (NIRS) is contactless measuring which allows the usage in real-
time data gathering. It is also rapid and cost efficient but sensitive to temperature changes
and with right calibration the measure can be used with icy wood chips too. NIRS needs
many different wavelength measurements and mathematical models for adequate
calibration. Because of this the array detection-based solutions are used which are capable
of measuring hundreds of distinct wavelengths at one time. NIRS using array detectors is
shown in Figure 3 below. NIR spectroscopy has been tested in laboratory with three different
moisture content: up to 40%, 40-80% and above 80%. Test results are seen in appendix I11.
Usage of online measuring for chip moisture is limited due to the lack of information of the

suitability and accuracy. (Amaral 2020, p. 296)
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Figure 3. Near- infrared spectroscopy using array detectors. (Jarvinen et al. 2007)

2.1.2 Microwave

Microwaves penetrate the measured material, and the dielectric constant of material is
directly referred to the influence on the microwaves. In microwave measuring method the
antenna above the chip conveyor emits multiple microwaves in wide frequency that
penetrates the chips. Below the conveyor the other antenna receives the microwaves in a
second time and the signal characteristics change in terms of attenuation and phase shift.
This is caused by the fact that dielectric constant of water is 20-30 times higher when
comparing to other materials such as wood. The higher the water concentration is, the higher
is the microwave speed. With these changes and differences the chip moisture can be
calculated. According to the manufacturer the measuring is capable for +1% error. (Berthold
Technologies, 2022.)

Microwaves can measure higher water concentrations and in conversely smaller
consistencies than infrared technologies. The penetration is also significantly better. Water
content can be 25-100% of the mass, so the measuring scale is high. Dry samples are not
usually possible to measure derived from smaller absorptivity comparing to infrared. The
wood chip moisture depending on the species and conditions is usually 40-60% so the

microwave is effective on that range. (Jarvinen et al. 2007.)

Figure 4 shows the setup for microwave measuring where the measured material flow

should be located between transmitter and receiver.
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Figure 4. Microwave moisture measuring setup. (Berthold Technologies, 2022)

Microwave technology is also relatively safe and other benefits are also included. High
penetration to the sample material, wide measuring area especially for high moisture
contents, lack of moving parts and easy calibration combined to wood- independent usage
are important factors. The problems that might occur using microwave technology are
resulted from air bubbles or porous material and changes in density and conductivity. Low
measuring temperatures and coating of the antennas can also decrease the measuring
reliability. Porosity and changes in density are intended to compensate with for example
ultrasound measuring and material flow data for example from conveyor belt speed. When
measuring wood chips in negative degree areas the ice in measured material might affect the
measuring accuracy because the dielectric constant of wood and ice are very close to each
other. The basic principle of microwave measuring depends on changes in dielectric

constant, so it needs to be taken into consideration. (Jarvinen et al. 2007.)
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2.1.3 Gravimetric measurement

Biomass samples are commonly analyzed with gravimetric measurement to determine
moisture content. With this method which is also called oven drying, the basic principle is
to measure the sample weight before and after the heated oven where the water evaporates.
With referring these measured weights, the moisture content and dry weight can be defined.
Measurement procedure follows the standard 1SO 18134 where the oven temperature is 105
°C inrange of = 2°C. Good ventilation and high temperature in the oven ensures low relative
humidity, approximately 2% which leads the measuring result in precision of 1-1.5 weight-
percentage. Gravimetric measure process takes 16-24 hours which is the reason that it is not
usable for real- time measuring. Samples need to contain specific weight of the material and
the particle size is also limited. Manual work is needed during the measurement which
contains a possibility for human error. Human error can be prevented for example by using
well trained professionals. (SFS-EN 1SO 18134-1, 2015; Samuelsson 2006, p. 925) Moisture
content is calculated with equation 1 below including explanations for symbols.

M, =22 % 100% (1)

mo+mq

Mar is moisture content in weight- %, my is empty sample tray weight, mz is the tray and
sample weight before drying and ms represents the tray and sample weight after drying. All

of the weights are stated in grams. (Alakangas et al. 2016.)

2.1.4 X-ray

X-ray photon absorption is one of the non-destructive testing (NDT) methods. Basic
principle of the x-ray is that the photons interact with material and by calculating how many
photons have passaged trough a sample, the concentration of the damping material can be
determined. So, the measuring is based on the difference between emitted and received
photons. Photons can disappear by different mechanisms and the two major ones are
photoelectric absorption and Compton diffraction. Still the dominating interaction is
dependent on the x-ray photon energy. Detection techniques that are needed to form the

result includes computed radiography, film radiography, computed tomography and digital
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radiography. Digital radiography can create images in seconds time which enables online

monitoring. (American Society for Nondestructive testing, 2021.)

When using x-rays in two different peak energies that uses the different mechanisms the
measuring is called dual x-ray absorptiometry (DXA). The dual x-ray method is represented
in Figure 5 below. With this method the atomic number and density can be calculated by
measuring the attenuation rate between the two different x-ray beams. Safety measurements
for X-ray needed to be taken into account but the radiation source can be switched off leading
to immediate radiation lost. This allows lighter safety regulations comparing to permanent

radiation source. (Andritz, 2020.)

Photoelectric
— |

III

Figure 5. Dual x- ray absorptiometry (Andritz, 2020)
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2.1.5 Flow Scanner X- ray analyzer

Flow Scanner is a X- ray based biomass analyzer for real- time measurement. First Flow
Scanner was delivered in 2013 and since that 11 of them are installed globally for pulp mills.
Three of them are in continuous cooking and 8 in batch cooking mills. Flow Scanner uses
dual x-ray absorptiometry to measure the wood chip quality especially for pulp mill
purposes. Digital radiography provides online measurement for moisture and weight
simultaneously with mean absolute error (MAE) under 1,5% compared to reference lab
results. Moisture measuring is validated for range of 10-75% and between that the dry weight
can be calculated and provided measuring data can be integrated directly to the digester
control system. (Mantex, 2022.) Flow Scanner can measure all of the material flow including

foreign object detection and it notices especially non- ferrous material that normal metal
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detectors are unable to notice. Using digital radiography provides also the possibility for
visual X- ray image in a second’s time. Example picture of foreign object detection is seen
on Figure 6. The user can define detection limits for the size between the boundaries.
Minimum detection size for metal objects is 50x50x50 mm and for rocks 70x70x70 mm. In
Figure 7 is shown the Flow Scanner setup in the wood chip conveyor. Flow Scanner consists
of two X-ray sources with different peak energies, collimator and two detectors for each of

the X-ray sources.
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Figure 6. Example picture of foreign object detection.
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Figure 7. Flow Scanner x- ray measurement device. (Mantex, 2016)

Outer environmental changes are not disturbing the measuring and Flow Scanner can
provide reliable data for icy and snowy as well as hot and steamy chips between the moisture
measuring range. What comes to the safety aspects the X-ray radiation is contained and
absorbed by stainless steel and lead tunnel around the belt and X-ray beams, so the radiation
is below regulations. Electrically powered X-ray source enables the possibility to turn off
the radiation source during maintenance or other occasions. When the source is turned off,
there is no radiation produced. In Figure 8 is seen the Flow Scanner and how it is protected
with plates. (Mantex, 2022; Andritz, 2022.)
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Figure 8. Flow Scanner commercial picture. (Andritz, 2022)

2.2 Summary of chip analyzing methods

In Table 1 is seen the summary of the different chip analyzing methods and their differences.
Gravimetric measurement needs significantly more time comparing to online measurements.
Also sample size is smaller and does not cover the whole material flow which is possible
with all the other methods. Moisture range is widest with gravimetric measuring and almost
as wide with NIR but other methods are also capable for measuring in common industrial
applications. Penetration is highest with X-ray which is also seen at the shorter wavelength.
This is based on a fact that when the wavelengths get shorter, they can carry more energy
which usually means better penetration. Most important information is to know the whole
material quality so the high penetration and possibility for online measuring are in important
role. According to this table the X-ray measuring method seems to have the best features for

the application.
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Table 1. Summary of chip analyzing methods. In upper part is seen the different measuring

methods and in left the compared features.

All received All received All received Portion min
material material material 300g
(Surface)
Continuous Continuous Continuous 16-24h
(Online) (Online) (Online)
<1,5%(MAE) R2cv= 0,96 +1 weight % <1-15
weight %
10-75 0,01-97 25-100 0-100
350 10 25-38 Whole
portion
108-1012 8-25x1077 103-1 -

In pulp mill applications the best benefits are possible when moisture range is between 40-

60% and online measuring is used with highest possible penetration.
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3 Continuous cooking control with chip feed data

Pulp and paper industry uses wood chips as a raw material. Raw material moisture value is

important parameter affecting the consumable usage and costs of pulping.

Moisture value is needed to determine the dry mass flow of the wood chips in a reliable way,
but it is not the limiting factor for production. Dry mass is needed in forward steps to dose
right amount of cooking chemical and steam. (Amaral 2020, p. 292). Normally in continuous
cooking the moisture measurement is done with samples taken directly from the wood chip
conveyor that are tested in laboratory. Then the laboratory moisture results are used in the

control system and chemicals are dosed depending on that. (Andritz, 2020.)

Moisture sample analyzes are done in daily or per working shift so there is no continuous
online measurement that shows real time data about the chip quality. When using laboratory
samples, the data is always outdated and do not tell the specific quality of chips that enters
the chip bin at the specific time. In this feed- back controlling where the corrections are done
after measuring the best efficiency might not be achieved comparing to real time measuring.
Feed- forward control, or in other words online measuring gives the knowledge in real time
of chip quality that enters the chip bin before the digester so the process can be optimized
better at least in theory level. White liquor and steam could be dosed based on more accurate
dry chip mass which leads to chemical and energy savings and optimal wood- to liquor ratio.
(Andritz, 2020.)

In Figure 9 below is seen the feed- forward control where the Flow Scanner measures for
example dry mass flow and moisture and detects foreign objects. This data can be used in

calculations such as liquor- to wood (L/W) ratio, steam dosing and alkali charge.
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Figure 9. Continuous cooking control with Flow Scanner online measurement data. (Andritz,
2020)

3.1 Chemical control in continuous cooking

Aim for the controls are to maximize the pulp quality and production and minimize the
digester operating costs. Controls are usually based on different measuring methods such as
flow, temperature, pressure and concentration. Efficient use of chemicals is in important role
to achieve this goal. Ratio of cooking chemicals comparing to dry wood and timely dosing
effects heavily on pulp quality. Because the alkali profile control is important, the alkali
which in most cases is white liquor can be dosed in different sections of the cooking process.
The production rate, white liquor concentration, dry wood mass and white liquor volumetric
flow are needed for calculating the alkali dose. Production rate is defined as wood volumetric

flow after the chip bin and alkali concentration is measured in real time with conductivity
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meter or with a titrator. Constant value can be also used if the white liquor quality does not

change. (Knowpulp, 2022c.)

For stable alkali profile the concentration is measured during the process. Typical measuring
positions are upper extraction (1), cooking circulation (2) and wash extraction (3) that are
seen in the Figure 10 below. Changes in predicted production can be resulted from for
example chip quality changes. Residual alkali needs to be in a adequate level because if it
runs out in some stage during cooking, the lignin starts to precipitate back to fibers and the
pulp become harder to bleach. Too much residual alkali decreases the cooking yield and
loads the recovery cycle with higher amount of inorganic and organic solids. (Knowpulp,
2022c.)
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Figure 10. White liquor concentration measuring in continuous cooking. (Andritz, 2020)

3.2 Effects of chip moisture in cooking

Wood chip moisture is usually monitored from chip feed to pre-steaming to ensure the latest
data before pre-steaming. Moisture information is used for controlling the L/W ratio. For
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optimum steam dosing the wood chip quality should be as stable as possible to prevent steam

overuse in the pre- steaming. (Andritz, 2017.)

Moisture content is also used for calculating the wood chip mass flow and dry mass with
volumetric flow. Volumetric flow is calculated on double screw chip meter using rotating
speed and fill factor. Double screw is located below the chip bin. Dry mass is used for dosing
the alkali in the chip bin outlet and digester to fulfill the liquor to wood- ratio that is needed

for optimal flow and lignin dissolving.

If the liquor is dosed too much the digester contains too much liquid and the liquid level is
too high. High density liquor creates too high hydrostatic pressure that pushes the wood
chips down too fast which causes unstable chip column movement and uneven cooking
result. Usually reject material increases also when the wood chips are not reacting enough
with liquor (Andritz, 2017.)

Too low L/W- ratio might cause issues with inverted top separator with high loading and
stopping the chip flow. This leads to uncooked chips that have high lignin content. Chip
pumps are also not working properly with too low liquor to wood- ratio. Enough liquor is
needed to ensure efficient chip transportation to the digester. Too high liquor content would

lead to higher chemical and steam consumption. (Andritz, 2017)

3.3 Wood chip heating in digester

Steam is also used inside the digester for heating the wood-liquor suspension to given
temperature. Lignin dissolution starts to accelerate when the suspension reaches high enough
temperature. Heating profile for the chips is also important in the digester to maintain stable
cooking even in close to digester wall. Heat is applied in along the digester with liquor
circulation heat exchangers and in steam- liquid phase cooking straight with steam beside
the heat exchangers. Digester is divided in different cooking zones where the temperature is
usually between 150-170 °C. (Andritz, 2017.)
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3.4 Reliability

Reliability of this research can be confirmed in different ways and on this case the
comparison between technology supplier guaranteed performance and measured data from
target pulp mill gives the limits. For example, the pulp kappa number has guaranteed 1c of
standard deviation meaning that the distance of one standard deviation from the average
limits 68% of the probability mass. Values are compared with and without the Flow Scanner
and they should be in the same scale of 1c. This is one aspect that can be used to investigate

that will the Flow Scanner give additional value to the process.

Reliability of the Flow Scanner itself is affected with variations in belt structure. These can
be thickness variations over the belt, wear or tear regions and built in chemical
heterogeneous areas. Ambient variations of temperature and humidity may also affect the X-
ray sources and X-ray detectors behaviour. X-ray tube itself has changes over time when it
wears so it needs to be changed once a year. Theoretical source lifetime is approximately
12-15 months.

To ensure the measurement accuracy and compensate the parameter changes, the Flow
Scanner needs to run an automatic calibration which requires that the belt runs completely
empty through the machine for minimum one revolution and maximum two revolutions.
This is done approximately three times in a month. Other maintenance is also needed
including water filter cleaning, checking liquid cooler level and Flow Scanner tunnel

cleaning.
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4 Results

This chapter introduces the results after the analysis of gathered data. Results include
comparisons between Flow Scanner values and laboratory, or Flow Scanner and operator
input values. Comparison was made for wood chip moisture, production referred to fed alkali
amount and chip meter speed, consumption of alkali, fed medium pressure (MP) steam to
the digester top and digester temperature. The Flow Scanner was used in one production line
so the measured data is only from line A. Production line B is identical to line A so the

results should be comparable if the Flow Scanner is intended to switch on for line B.

4.1 Wood chip moisture

Wood chip moisture was measured in laboratory for 17 different days between 13.1-
24.2.2022. Two moisture samples were taken for each day to provide more reliable
measuring. Flow Scanner measures the moisture continuously and the presented values are
60-minute average. Information on how the measuring was implemented is seen on appendix
IV. Laboratory average values and Flow Scanner values differences in %- point are seen in
Figure 11 below. Negative values mean that the Flow Scanner gives larger values than

laboratory samples.

Laboratory samples were made with gravimetric measuring which follows the standard SFS-
EN ISO 18134-1. This standard states that the measurement error is 1-1,5 mass percentage.
Red lines in the Figure 11 are showing the errors imposed by the standard. Gravimetric

method is introduced previously in chapter 2.1.3 .
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Figure 11. Wood Chip moisture difference between Flow Scanner and laboratory dry wood

sample average including the error limits defined by SFS-EN ISO 18134-1.

Standard deviation and average differences for laboratory samples and Flow Scanner values

are seen in appendix II.

Moisture from laboratory samples were compared to moisture differences between the

measuring methods as it is seen in Figure 12 below. R? value tells how well the set of points

settle on the line. When the R? value is 1, the data points are directly on the line. In this

comparison the R? value was 0,0855.
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Dry wood sample average moisture compared to
moisture difference
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Figure 12. Laboratory dry wood sample average compared to moisture difference between

measuring methods.

Similar comparison was made also for Flow Scanner moisture values that are seen in the
Figure 13 below. R? value in this comparison was 0,2285. Flow Scanner moisture compared

to moisture difference

Flow Scanner moisture compared to moisture
difference
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FS moisture

Diff FS/Dry wood sample Avg.

Figure 13. Flow Scanner moisture compared to moisture difference between measuring

methods.
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4.2 Pulp mill consumables and production

Production related data and other consumable information such as residual alkali was taken
between 1.1.2022 to 14.2.2022. Raw data was taken from the pulp mill’s Distributed Control
System (DSC) for every minute and transferred to Excel. From this data group, two timeslots
were selected when the production rate was stable enough for this analysis. Stable production
was defined as when the production rate does not change more than 200Adt/d (Air dry tonne/

day).

Dry chip mass from DCS and Flow Scanner values were compared as it is seen in the Figure
14 below, which was taken in February 9-10. period. 30 min running average was used for
Flow Scanner values. Average difference between the values were 9,5 t/h or 3,7% more for
DCS dry chip mass and standard deviation was 6,4 t/h. Dry chip mass comparison for other

time period in January 27 can be found in appendix I.
Dry chip mass from DCS was formed as follows.
m=pXvXxXQXxk @)

where p= chip density (kg/m®), v=chip meter speed (rpm), Q=theoretical wood flow
(m3/rpm) and k=fill factor= 0.9. Used chip density was operator input value from the DCS

and fill factor is a constant in these calculations.
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Dry chip mass comparison Feb 9-10.
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Figure 14. Dry chip mass from DCS compared to dry chip mass from Flow Scanner 30 min
running average.

In Figure 15 below is seen the medium pressure steam consumption in kilograms per dry
chip tonne in February 9-10 period. Dry chip mass has two different values, 30-minute
average from Flow Scanner and DCS value that is formed with equation 2. Averages for the
MP steam/dry chip mass from Flow Scanner was 78,2 kg/t and MP steam/dry chip mass
from DCS was 79,3 kg/t so with Flow Scanner the consumption per dry chip tonne is less.
Values are seen in the Figure 15 below.
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MP steam consumption per dry chip mass
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Figure 15. MP steam consumption per dry chip mass from Flow Scanner and DCS [kg/t].

White liquor (WL) consumption to the feed flow was also compared to dry chip mass from
Flow Scanner and DCS values. Calculation was done with equation 2. In Figure 16 below is
seen the relation how much white liquor was used in m3 per dry chip tonne. Average for

Flow Scanner was 1,05m?/t and DCS was 1,07md/t.
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Figure 16. White liquor to feed flow per dry chip mass from Flow Scanner and DCS [m/t].
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Dry chip mass is presented for Flow Scanner 30 min average and DCS value. In Figure 17
below these values were compared to white liquor consumption to feed flow. It is seen that
dry chip mass from DCS is decreasing as well as white liquor consumption to the feed flow,

but the Flow Scanner value is not decreasing.

Dry chip mass vs. WL to feed flow
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Time

@ Dry chip mass DCS e \\/ | to feed flow e Dry chip mass FS 30 min Avg.

Figure 17. Dry chip mass difference compared to white liquor to the feed flow.

Similar figures for January 27" time period are seen in appendix V.
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5 Analysis and discussion

In this chapter there is discussion about the research’s objectivity, reliability, novelty and

results including moisture measuring, MP steam and white liquor consumption analyzing.

5.1 Comparison and connections with former research

Former studies have covered wood chip analyzing for power plants or batch cooking
processes but not for continuous cooking. Analyzing methods were also different covering
infrared, microwave or gravimetric methods and Flow Scanner or X-ray based methods in

general were not widely studied.

5.2 Objectivity

This research was done in a co-operation of target company and the data was gathered
directly from the pulp mill DCS and laboratory. Analyzing was done with known
mathematical methods and software, so the research can be considered objective.

5.3 Reliability and validity

Restricted and scattered data and limited availability of the device had effect on reliability.
Also using averages for moisture and 30 or 60- minute running average for Flow Scanner
values decreases the reliability. Averages were used because of the variances. Each
measuring device has error limits that are needed to take into account, and they might lower
the validity. Measuring errors for different measuring methods are presented in Table 1. DCS
values from chip meter were calculated with theoretical fill factor k which might differ from
actual value and decrease the reliability.
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5.4 Key findings and conclusions

According to the gathered data the average difference for moisture between Flow Scanner
and laboratory samples were between the beforementioned laboratory measuring standard,
as it is seen in Figure 11. In the beforementioned standard the error can be between 1-1,5
mass-%. Despite the few spikes that goes over the error limits it can be said that the
measuring stays between the error lines. In this data the average moisture difference for
laboratory samples were 0,78%- point and standard deviation of 2,18%. More results of Flow

Scanner and laboratory sample differences are seen on appendix I1.

Average moisture from laboratory samples comparing to measuring differences gives R?
value of 0,0855. This indicates that the points do not settle on a line and the difference has
no correlation to laboratory moisture measuring values. This can be seen in Figure 12 above.
In the other hand the moisture value from Flow Scanner comparing to measuring difference
gives R? value of 0,2285 which means that there is some kind of correlation. When analyzing
the Figure 13 it is seen that when the moisture value from Flow Scanner is under 39% or
above 44% the difference between the measuring methods is at its highest value. These
measured values are also taken in a specific time with limited data so the results might not
have high reliability.

Dry chip mass was compared in February 9-10. time period and as it is seen on Figure 14
the Flow Scanner values have much more variation compared to DCS values, even if the
Flow Scanner values are taken as 30- minute average. Flow Scanner is also showing higher
values than DCS, in average 9,7 t/h or 3,7% more. DCS values have uncertainties because it
is calculated on chip meter by theoretical fill factor and wood flow per screw rotation. Flow
Scanner spikes in Figure 14 are assumingly momentary measuring errors and they should be
ignored on the analysis. If the Flow Scanner is planned to integrate to DCS these kind of
spikes should not happen, or they need to be filtered out. In worst case scenario they will
disturb or interrupt the pulp cooking process by giving wrong data to the process.

Medium pressure steam and white liquor consumption was also compared to dry chip mass

from DCS and Flow Scanner. With Flow Scanner the average medium pressure steam usage
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would be 1,1kg per dry chip tonne less corresponding to about 0,27 t/h at given production.
This is not a substantial amount but when the consumption of the dry wood is about 250t/h
the savings are at least noticeable. In day it could save up to 6,6 tons of medium pressure
steam. MP steam is also more expensive than low pressure steam because of the possibility
to use it in electricity production so every possible savings are welcome. But when the flow
meter accuracy of +2% is taken into account the actual savings are far more complicated to
state. (SICK AG, 2019). MP steam measuring difference at given production is 1,35%,
which goes under the accuracy variation. This means that the actual savings are not possible

to confirm. In Figure 15 is seen the average MP steam consumption difference.

White liquor consumption for the Flow Scanner was in this measuring period in average
0,015m3 per dry chip tonne less than the DCS value corresponding to 3,75m>/h. This means
that possible white liquor savings can be up to 90m3 in a day. Typical electromagnetic flow
meter for white liquor has a £0,5-1% error and white liquor consumption at given production
is about 265m?/h. (Automation Service, 2018). This means that the 3,75 m3h difference is
1,4% of the whole white liquor flow and it is just above the error limits. Still the possible
savings might stay on marginal level. DCS dry chip mass is still an estimate and because of

that the results might not be valid.

5.4.1 Future improvements and challenges

During the process there were multiple challenges. Gathered data was from January 1% to
February 14™ and the Flow Scanner was not calibrated properly before January 26™. Data
before this might not have the best accuracy and newer data would have been better. Data
gathering in general had its own challenges as well as with the Flow Scanner reliability.
During the commissioning the Flow Scanner source for line A also broke down. Integration
to the DCS was unable to do because of the breakdown and the volumetric flow rate
calculation was not successful. Density was changing too much and still after filtering the
signal, it was not usable. Without the Flow Scanner operators make very small changes to

density and moisture values and alkali charge is dosed based on continuous residual alkali
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measuring. It also seems that the target pulp mill will work in high performance without the

Flow Scanner.

Moisture measuring was in use for several weeks but the problem in this scenario is that the
production in continuous cooking is based on volumetric flow and the wood chip moisture
is secondary measuring. The target pulp mill also did not want to integrate the density
measuring to the DCS because of the density variations. Continuous cooking is dynamic
process because there is constantly extracting and ejecting material to and from the digester.
The chip meter is controlling the material flow with digester chip level. In ideal situation the
Flow Scanner can accurately calculate the dry chip mass flow in real time with the density

and moisture values. This goal was not succeeded.

If we look back the research questions that asks what are the possible benefits of the Flow
Scanner, how Flow Scanner effect on consumable consumptions and how the device is
justified to customers it can be said that complete answers were not found. With this gathered
data from the target pulp mill it seems that the benefits are not big enough and the
consumable savings are marginal and stays between the measuring error limits. Justification
to the customer usually means that the device needs to give financial compensation and
reasonable payback time. This analyzis was left out on this thesis. Regard these findings due
to restricted and scattered data and limited availability of the device we could not draw direct
conclusions of the device. Still, it seemed that in the framework of this thesis we are unable

to draw any direct conclusion about benefits of the Flow Scanner.

5.5 Novelty value of the results

Flow Scanner benefits have been studied for batch cooking process but for continuous
cooking there has not been proof of concept for its added values or benefits so far. That is

why this research and its results have novelty and there was a need for this thesis.
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5.6 Generalization and utilization of the results

All measured differences for moisture and white liquor and MP steam consumption between
Flow Scanner and DCS or laboratory were between or very near the measuring error limits.
Results of this research stay in too general level so they might not be usable for making
decisions on Flow Scanner goodness or suitability to continuous cooking. Still, it seems that

the benefits stay in marginal level and major chemical or steam saving was not received.

5.7 Topics for future research

For future research the Flow Scanner data could be analyzed in pulp mills where the wood
chip moisture have higher variation during the year resulted from snow and frozen wood as
well as warm and dry wood. For example, in northern regions the weather could have 60-
degree variation between winter and summer. These weather conditions effect directly to the
wood chips and their properties such as moisture and density. Foreign object detection of
the Flow Scanner also might have potential in industrial use because it can detect metals and
non- metallic materials (such as stones) and equipment breakdowns are usually expensive,

but this thesis does not cover that analysis.
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6 Summary

In this master’s thesis the X-ray based online wood chip quality measuring device called
Flow Scanner was studied in continuous cooking process. Goal was to find out if there are
benefits on its use on target pulp mill located in South America. Flow Scanners are already
in use on batch cooking pulp mills and their benefits have been proven but in continuous

cooking area there has not been proof of concept so far.

In literature review the other wood quality measurement methods were introduced as well
as cooking controls and how they effect on pulping. In research section gathered data from
the target pulp mill was analyzed including moisture, white liquor consumption and medium
pressure steam usage that were compared to Flow Scanner moisture and wood flow. Flow
Scanner was in use on the target pulp mill without the integration to DCS as a separate
measuring device. The integration was not successful due to machine availability and short

timeframe moisture measuring instability.

Differences on the consumable consumptions were marginal and they were in the error limits
of the flow meters. Measured moisture was also at the same level on Flow Scanner and
laboratory samples when the error limits were taken into account. So, it cannot be said if the
calculated savings are due to measuring errors or actual values. Due to restricted and
scattered data and limited availability of the device we could not draw direct conclusions of
the device. Still, it seemed that in the framework of this thesis we are unable to draw any
direct conclusion about benefits of the Flow Scanner. Foreign object detection of the Flow
Scanner might have potential in industrial use because it can detect metals and non- metallic
materials (such as stones) and equipment breakdowns are usually expensive, but this needs

to be studied more thorough.
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APPENDIX |

Dry chip mass from DCS compared to dry chip mass from Flow Scanner.

Dry chip mass comparison Jan 27.
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APPENDIX II

Standard deviation and average difference between laboratory samples and Flow Scanner
values. Negative values mean that the Flow Scanner is showing higher values than the

laboratory measuring.




APPENDIX [11

Results of former research on NIR

According to the tests the integrating sphere method performed with R2cv = 0,96; RMSEcv
= 7,15 % and model based on fiber optical probe with R2cv = 0,90; RMSEcv = 11,86 %.
R2cv means coefficient of determination of the cross-validation and RMSEcv is root mean

square error of cross-validation.



APPENDIX IV

Analyzing method for Flow Scanner values

For example, if the laboratory samples are taken 12:05 the Flow Scanner average is taken
between 11:35 and 12:35. Average for sample 1 and sample 2 was used so the results are

more comparable because the Flow Scanner values are also averages.



APPENDIX V

White liquor to feed flow per dry chip mass from Flow Scanner and DCS in January 27

period.

Ratio between WL to feed flow and dry chip mass
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MP steam consumption per dry chip mass from Flow Scanner and DCS on January 27 time
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Dry chip mass from DCS and Flow Scanner compared to white liquor feed flow in January
27 time period.

Dry chip mass vs. WL to feed flow
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