ABSTRACT

Zhang, Yunhao. A First-Principle Model Simulation for Paper Drying Process (Under the
direction of Dr. Lokendra Pal and Dr. Yuan-Shin Lee).

This work presents a new analytical modeling and simulation method for an energy-efficient paper
drying process. Paper products are widely used in our life to disseminate knowledge, deliver
information, etc. Therefore, the production of paper is indeed warranted from pulping, which
makes pulp from wood traditionally, to papermaking, which makes paper from pulp. Thermal
drying is the last step of papermaking, where a 50 to 60% moisture content wet paper sheet moves
on the surface of dryers, after which it is reduced to 5 to 7%. Further, thermal drying consumes
the most energy, which indicates a great opportunity for energy saving. The drying section for our
study is composed of several cylinder dryers heated by steam and a hood exhaust air system.

With the recent advancement of Industry 4.0, the digital era of manufacturing, a possible way to
model energy efficiency is through the use of Digital Twins (DT). DT refers to a virtual
representation of an actual process, the advantage of which is that the operation can be run multiple
times in the virtual world to optimize the inputs and finally obtain an ideal output result, with the
characteristic that it keeps updating itself. Then the parameter of this ideal process can be applied
to the actual operation, which can only run once to save cost. The construction of digital twins
includes data driven modeling (DDM) and first principle modeling (FPM). Due to the limit of the
machine in the paper pilot plant, DDM is not feasible because a big data set cannot be collected in
short time. Therefore, FPM is better choice to model the drying section and thus build a model
based on physical principles and numerical equations. Herein, a review is conducted to provide a
better understanding of Industry 4.0 within the pulp & paper industry. A three-dimensional CAD
model is built to illustrate the structure of the drying section. Finite element analysis (FEA) is used

to simulate paper drying with various process parameters to identify energy-efficient parameters



and outcomes. COMSOL Multiphysics® software is used to conduct FEA on a small section
(piece) of the paper sheet moving over an increment of time. In this paper, the combination of the
analytical modeling and the FEA are used for simulation to directly show how objects change, not
only useful for research, but also for teaching. The moisture change and temperature change are
the focus of the simulation, which we found to be comparable with an actual output value from
experiment. Sensory data collected form our pilot paper production facility were analyzed using
the developed modeling and simulation. In sum, our experimental results are promising for paper
production. The presented method and technique can be used to optimize drying energy with

Industry 4.0 capability.
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CHAPTER 1

Introduction

1. Motivation

Paper manufacturing is a complicated process involving pulping and papermaking starting from
wood chips to pulp and finally to paper [1]-[3]. As an industrial sector, the pulp & paper industry
(PPI) consumes the fourth largest amount of energy, accounting for 5% of total industrial energy
consumption globally[4]. In 2018, the energy demand was about 7.01 EJ (Figure 1.1) [5]-[7]. In
fact, the papermaking drying section consumes 65% of total energy which is reflected by the
necessity of 80% of total steam demands to remove ~1% of the remaining water (Figure 1.2) [8],
[9]. Thus, a great energy saving opportunity exists. Under the auspices of Industry 4.0, a possible
solution involves Digital Twins (DT) [10]-[13].

DT, shown in Figure 1.3, is a new technology describing the virtual version of a physical entity,
progress, or system [14]-[16], which consists of optimization, prediction, error-checking, etc.
Since it is a virtual model for the whole system, the process can be run in the digital world over
hundreds or thousands of iterations. To construct DT model, first principle and data driven
modeling are the two most used methods. First-principle modelling models an object based on a
physical mechanism or math and physics-based calculation. Consequently, a solid understanding
for the future DT model construction is obtained. Meanwhile, due to the limited sensors in drying
section in our pilot paper machine, data cannot be obtained on a massive scale. Our effort,
therefore, presents an analytic model and simulation of the drying process of the wet paper sheet
to synthesize data for the future DT model development. Details are presented in the following

chapters.
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optimize the manufacturing process in the real world.

2. Literature Review

2.1 Linking the Pulp and Paper Industry and Industry 4.0

In the PPI, dryer end is the last part of paper making which involves reduction of paper moisture,
that remarkably consumes the largest amount of energy. According to the International Energy
Agency (IEA), paper and paperboard production is expected to increase 1.2% annually, while
energy consumption is expected to reduce 0.6% per year to satisfy Sustainable Development
Scenario (SDS) [5]. Thus, energy control for the drying section is a promising avenue of
exploration [17]; for example, Martin indicated replacement of steam with natural gas or
petroleum in the drying cylinder machine and enclose the hood to save energy to heat the air [18].
Industry 4.0 provides a new direction focused on automatic control to save energy.

In 1988, GA Baum has pointed out that the development of a sensor technology will assist
expanding how variables collectively influence papermaking and paper properties, in which
instrumentation and automation are key areas [19]. In addition, Todorovic et al. pointed out that

to enhance papermaking, integration of various processes are meaningful [20]. Nowadays, with



more advanced science and technology, Industry 4.0 can be applied to improve prediction. It is
part of the previous three industry revolutions, after the development of machine production (the
first industry revolution), electricity production (the second industry revolution) and electronic
production (the third industry revolution), the digital era was first named Industry 4.0 in Germany,
is rapidly developing. The concept and the framework of Industry 4.0 are introducing network into
manufacturing to strengthen interconnection of different parts in the manufacturing process to

improve product quality and manufacturing efficiency [21].

2.2 Overview of Industry 4.0

As the trend of the new era for manufacturing, Industry 4.0 is a huge concept together with the
smart technologies (see Figure 1.4). To illustrate it, Dennis Kolberg explains Industry 4.0 as “a
network approach where components and machines are becoming smart and a part of a
standardized network based on the well proven internet standards”[22]. Saldivar believes that
Industry 4.0 can realize mass customization based on mass production from previous industry
revolutions [23]. To further explain customization, according to Heiner Lasi, smart technology,
together with 10T, promotes an update of a fundamental paradigm in industry production, where a
modular and highly efficient manufacturing system is included [10]. G&bor Szab&Szentgrdi
summarized the six principles of Industry 4.0, including virtualization which is the virtual copy of
the physical world, interoperability which refers to the connection of machines and humans,
decentralization which refers to the ability that the system is able to make the decision itself, real-
time capacity which involves the real-time data collection and quick decision making, service
orientation which asks the system to provide services to the user, and modularity which is the

tolerance of appropriate error, addition and replacement [24]. Thus, Industry 4.0 has been applied



in many areas such as health care where a new development called industry care 4.0 is currently
being investigate [25]. Dennis Kolberg also proposed a combination of Lean Production and

Industry 4.0[22]. These examples further demonstrate the potential of Industry 4.0.
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Figure 1.4. Smart technologies/Industry 4.0 for manufacturing innovation and construct smart

factory.



In general, the challenge and the opportunities of Industry 4.0 have been more and more clearly
understood [26]. Enterprises have realized Industry 4.0 to be of great importance to maintain or even
promote competence with other companies under our current rapidly developing age, along with
changes in the industry including operators, machines, supply chains, environment, etc.[27]

2.2.1 Cyber physical System (CPS)

Radhakisan Baheti and Helen Gill define CPS as “a new generation of systems with integrated
computational and physical capabilities that can interact with human through many new
modalities” [28]. N. Jazdi states “CPS is an automated system that enable connection of the
operations of the physical reality with computing and communication infrastructures” [29]. Heiner
Lasi defines CPS as “the physical and the digital level merge” [10]. Lee further explains that with
the development of sensor technology, data collection and computation, massive amount of real-
time data are generated colloquially referred to as “Big Data”, which therefore demands better
management [30]. To better define the concept, a 5C architecture has been proposed to construct
the framework of CPS requiring: Connection for collecting data from the physical machine
accurately; Conversion for extracting information from the data; Cyber for analysis on the massive
information; Cognition for making an optimized decision by the system and Configure for
adopting the decision by the machine after the feedback[13], [30]. CPS is believed to have
significant potential in many arenas, although not devoid of several challenges, such as predicting
uncertainty in the physical world cannot simply solved by the prediction model constructed in the
cyber world. To solve these problems, core concepts should be more deeply reconsidered[31].
2.2.2 Internet of Things (1oT)

If CPS is considered a single storage unit, 10T can be considered the network connecting multiple
storage units[25]. According to Feng Xia, 10T generally refers to the network connecting all

objects by smart intelligence through the internet [12]. Luigi Atzori also defines 10T as the actuator
6



of things and objects that interact with each other and cooperate with neighbors to reach common
goals [32]. Stergiou considers 10T to be composed of three main components: The Thing,
Communication Network and The Computing System [33], while Yang believes that there are also
three important technologies in 10T: Radio-Frequency Identification (RDIF) which “use
electromagnetic fields to transfer data”, Wireless Sensor Networks (WSNs) which are composed
of various nodes to detect the environment and carry out computation by cooperating with each
other, Cloud Computing, and Big Data where Cloud Computing is for efficient management of the
entire network, and Big Data is the large datasets produced in the process [34]. Luigi Atzori further
discusses application of 10T in several areas. In the industry plant, RFID reader reads the tag on
parts, creating a data record to save to the cloud. The machine will then access the data through
the network and knows how to further process it. In addition to production, sensors on the machine
will also monitor working conditions. If an anomaly occurs, the system responds in timely manner

to stop the operation of the machine [32].

2.2.3 Smart Factory

Heiner Lasi states a smart factory is a place housing sensors, actuators, autonomous systems
collaborating together in manufacturing by utilizing smart technology and digital models [10].
Lucke defines a smart factory as “context-aware” assist production involving machine and human
[35]. A smart factory is set on the vertical integration, which is “flexible” and “reconfigurable”, so
that massive customization is achievable. (Vertical integration is a feature of Industry 4.0, which
refers to a factory that has comprehensive manufacturing systems including actuators, sensors,
control center, etc. where the adoption of different production is one of the most important
outcomes. This is why massive customization is believed to be achieved) [36]. Chen et al. propose

an architecture of the smart factory having four layers: Physical Resources Layer which is the



physical production system including sensors, actuators, etc.; Network Layer, which is the
connection of physical world to cyber world, including the wireless AP, Industry Switch, etc.;
Cloud Application Layer, where cloud computation efficiently works and Terminal Layer where
human operators are involved in monitoring, decision making, etc. [37] Therefore, smart factory
can be regarded as a further development where 10T and human are cooperating or as integration
of 10T and Internet of Service(loS). Besides a smart factory, when talking about the key technology
in Industry 4.0, other concepts maybe proposed such as, smart operators, smart machines [22],
smart infrastructure [38], [39], etc. These concepts are all included in the smart factory. Further,
an emerging 5G technology is believed to boost the development of Industry 4.0 with faster data

communication speed, higher accuracy, etc. [40].

2.3 Pulping & Papermaking

After many years of development, PPI has become mature and complex by integration of various
operations to produce valuable paper and board products. The entire process can be separated into
two steps: raw materials to pulp and from pulp to paper [2].

2.3.1 Raw Material Preparation

Wood is the main resource although other non-wood types of paper are used albeit to a much lesser
extent [41]. Raw material preparation is the first process including debarking, chipping, screening,
followed by conveying that includes cleaning and storage for pulping.

2.3.2 Pulping

Pulping is an important step in papermaking, which allows fibers to be freed of lignin “glue” and
thus be suspended in water [42]. A typical fiber is an elongated wood cell with a thick and highly

lignified cell wall, in which the composition of softwood fiber, for example is 40-45% cellulose,



26-34% lignin, and 7-14% lower pentosan and the composition of hardwood fiber is 39-49%
cellulose, 23-30% lignin, and 19-26% pentosans [42], [43]. Therefore, removal of lignin is
essential for papermaking [44]. Several pulping methods are illustrated below. The details of each

pulping method are listed in Table 1.1.

2.3.2.1 Mechanical Pulping

The basic idea of mechanical pulping is to use a mechanical force to disintegrate the wood structure
and obtain individual fibers [18]. Although mechanically pulped fibers have lower strength than
chemically pulped fibers, distinct advantages include higher yield ( ~90% -98%) and cheaper cost
[11, [2].

2.3.2.2 Chemical Pulping

The main idea of chemical pulping is to remove lignin and hemicellulose in under high
temperatures and high pressures to produce pulp at a high quality at the cost of high yield (40%-
55%) [2], [45].

2.3.2.3 Semi-chemical Pulping

Semi-chemical pulping is a combination of chemical and mechanical pulping. The main resource
is hardwood, which has short and narrow fibers, to make dense and smooth paper after mixing

with softwood [3], [18], [46], [47].



Table 1.1. Description of various pulping Methods

Pulping

Features

Mechanical Pulping

Stone groundwood

pulping(SGWP)

Friction heats up the fibers to assist separation of
fibers and large particles. SGWP tends to keep
high content of lignin, resulting in the high yield.

[3], [18], [48]

Refiner
Mechanical

Pulping(RMP)

Compared with SGWP, RMP not only has the
advantage of high yield, but also makes a long-
fiber pulp which is more stronger, bulkier, and

darker [3].

Thermomechanical

pulping(TMP)

TMP displays high yield as other mechanical
pulping methods and the fiber is stronger. [2], [3],

[18]

Chemi -
Thermomechanical

Pulping(CTMP)

The final pulp has high mechanical performance
even if the chips are from hardwood, maintaining
a high yield of 85% - 95%. CTMP also provides

high brightness[1], [3], [49].

Chemical Pulping

Kraft pulping

Sodium hydroxide (NaOH) and sodium sulfide
(Na.S) are added at high pressure at 160-180°C.
The reason why kraft pulping has become the
main process in the US is due to 1) good quality

of pulp, 2) high efficiency of chemical recovery,

10



Table 1.1 (Continued)

and 3) wood resources are not as limited as

mechanical pulping [1], [49], [50]

Sulfite pulping In sulfite pulping, sulfurous acid and bisulphite are
mixed to remove non-fibrous substances. Moreover,

the yield is lower ~40%-50% [1], [46], [47].

2.3.3 Chemical Recovery

After chemical pulping, spent chemicals are reclaimed as a result of economic and environmental
issues. After the concentration of black liquor, the organic chemicals are burnt, releasing large
amount of energy, which can be used to produce steam for papermaking. The chemicals in the
black liquor are transformed to other forms of chemicals, which can be reused and the rest of the
liquor is recycled [1], [18], [46], [51], [52].

2.3.4 Bleaching

Bleaching is a method to remove the residual lignin in the pulp through multiple stages. Bleaching
agents like chlorine dioxide (ClO2) or even non-chlorine chemicals including ozone (O3), enzyme,
oxygen (O2), and hydrogen peroxide (H20.) are preferred to reduce use of chlorine, which cannot
be biodegraded. Therefore, new technologies like ECF (Elemental Chlorine Free), TCF (Totally
Chlorine Free), and TEF (Totally Effluent Free) bleaching processes have attracted attention[1],
[18], [46], [47], [49], [53].

2.3.5 Refining

Refining is an important process to prepare fibers for papermaking, which is a mechanical
treatment resulting in increase of strength properties. The idea is to strengthen the fiber-to-fiber
bonds by increasing surface area at the cost of weakened individual fibers. Therefore, the tradeoff

11



of pulp strength properties improvement and the reduction of individual fibers strength should be

considered in refining.

2.3.6 Stock Preparation

In the stock preparation process, additives are added after blending pulp to modify properties to
make a slurry for required paper properties. On the other hand, fibers should suit the requirement
of the machine operations after stock preparation, so that paper can be successfully produced [18],
[46], [54].

2.3.7 Papermaking

Papermaking is after the stock preparation and normally processed on the Fourdrinier machine.
The first step is sheet formation. Starting from the headbox, the slurry of 0.5%-1% fiber is evenly
injected to the moving wire, where water is removed by gravity and vacuum. In fact, twin wire
and multiple machines were developed to deal with the two-sided effect because water is removed
from one side of the paper sheet. After the wet paper sheet is formed, pressing section starts to
remove the water by pressing, where the sheet passes between two rotating rolls. In the process,
new bonding between fibers is formed as water is removed. When the sheet comes out of the belt,
moisture is reduced to 60%-70%.

Multi-cylinder machine is the normally used for paper making, which is composed of several parts
including the cylinder dryers heated by steam inside and the hood on the top to shelter the drying
section (see Figure 1.5). The process can be divided into three steps: The first is preheating. Steam
is injected to heat the surface of the cylinders, where web comes in contact with the heated surface
supported by felts. The second step is to get water out of the sheet, which just uses heat to remove
water. The third step is to draw water away from the sheet. In this process, the dryer hood extracts

the moist air away maintaining the environment at a relatively stable situation [1], [18], [46], [55].
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Figure 1.5. Factors that influence the paper drying in the multicylinder section with both single-

tier structure and double-tier structure.

2.4 Energy Consumption of PPl in USA

Pulp and paper industry is the 3™ largest energy consumer in the United States. In 2010, it
accounted for 2559 TBtu of a total 19237 TBtu primary manufacturing energy consumption [6].
IEA provides a summary and a prediction of energy consumption in PPI, in which energy
consumption is expected to decrease [56]. According to U.S. Department of Energy, 465 TBtu of
the total energy is expected to be saved for the total PPI; if the technologies under research and
development (R&D) are applied after that, 147 more TBtu energy is expected to be further saved.
For both conditions, the largest potential lies in drying with an estimated savings of 111 TBtu and

64 TBtu [6]. The details of this data is shown in Table 1.2
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Table 1.2. Breakdown analysis of onsite energy consumption of PPI [6]

\ Onsite Energy Consumption(TBtu/year)
Pulping
Liquor Evaporation 178
Pulping Chemical Prep 104
Wood Cooking 129
Bleaching 72
Paper Making
Paper Drying 430
Paper Machine Wet End 190
Total for Process Studied 1103
Other Process e.g., Wastewater 304
treatment
Power Losses 703
Total for PPI 2110

2.5 Previous Study and Development on Drying Section

Over the last 40 years since the gas-heated cylinder machine was innovated which burned natural
gas to increase drying rate, no tremendous breakthrough has occurred in drying[57], [58]. The
traditional drying section control logic is shown in Figure 1.6. Despite of this fact, Lang[59], et al.
carried out work on drying rate and paper quality to show that the drying rate at a surface
temperature of 290°C is quadrupled compared to 100°C. However, the emission of the high-
temperature-gas is complicated and decreases energy efficiency.

Recently, many first principle models for drying have been constructed to simulate the working
conditions for better comprehension and control. For example, for a single-tier structure, Xiaobin
Chen [60] constructed two models for the paper drying process (PDP) and the steam-condensate
system (SCS), which shows a decrease in energy consumption, enhancing the potential to deliver
a high-speed papermaking machine energy system. For double-tier structure, based on the
principle of mass conservation and energy conservation, J. L. Videau [55] constructed several

dynamic models for different parts in the drying section, including a model of sheets, a model of
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cylinders, and a model of the ventilation system. The simulation shows that the time constants of
the ventilation variables are smaller than the cylinder response or thermal inertial. Additionally, O
Slateke [61] divides the drying section into two parts: steam/condensate system and paper
moisture control, then constructs various models for the subtopic of each, such as a black-box
model, a physical model of a steam heated cylinder, and a tuning IPZ model for steam and
condensate, with enhanced moisture control using the air system, feedforward from a paper surface
temperature measurement and object-oriented model and predictive control for moisture content
in moisture system. Roonprasang [62] also constructed several mathematical models on drying
including a drying model, geometry model, and energy model to study the thermal features of the
machine. Zhang et al. [63] built an optimization model for papermaking while also pointing out
the drawbacks and limits of current models, which suffer from obtaining real-time data under

severe environments and singularity of outputs.

i Setpoint Steam
Setpoint Pressure

Moisture

Moisture

IMC Pl-controller Steam » Dryl-ng
— Pressure Section

-1

Figure 1.6. Traditional moisture feedback control loop of the drying section.

However, although the models have proved feasibility for better energy management, many
suggest a method with the process controlled by operators is rigid and inflexible to changes. In
addition, specific details like fine fluctuation cannot be monitored in time, resulting in the delay

of decision making. Further, since the problems have become more complex, involving non-linear
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process or combinational spaces, traditional modeling is either empirical or experimental, which

takes a long time [64]-[66].

2.6 Future Scope of Industry 4.0 in The Drying Section of PPI

To figure out how to contextualize Industry 4.0 in PPI, Persson launched a case study in the form
of an interview. Questions about the Industry 4.0 were listed for a paper company. In the result,
communication and pattern seeking are two key possibilities, where communication links all the
objects together and pattern seeking allows utilizing smart things to find new patterns for
production. Moreover, better availability and better quality are the goals that they are seeking,
along with a guarantee of sustainability in energy and resources. From the case study, the
practitioners provided a positive feedback about the application of Industry 4.0 on PPI, while the
challenges are still well understood [13]. In addition, based on the structure of Industry 4.0, Tsai
et al constructed an activity-based costing(ABC) control model to prove the feasibility of Industry

4.0 in PPI [67]. A possible smart paper pilot plant is proposed in Figure 1.7.
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Figure 1.7. Future development of paper pilot plant under the influence of Industry 4.0: a virtual
model of the entire paper pilot plant constructed by big dataset and physical laws.

2.6.1 Drying section influenced by Industry 4.0

Meanwhile, as discussed above, a more flexible method to control papermaking is required for
better production management. Industry 4.0 widely utilizes sensors to collect real-time data. With
smart technologies, quick analysis can be made. The machine is then able to make flexible
decisions to customize manufacturing through 1oT. Based on theory and the mechanical structure,
it is possible to install various types of sensors on the multicylinder drying section to monitor
drying variables like moisture, temperature, air flow, etc. in mass, geometry, energy, etc. Real-
time feedback can be made to adjust the model constructed from these variables for fine control in

the drying section [68]. According to Chute, the Industry 4.0 toolset is elaborated in Table 1.3 [25].
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The advantage of implementing Industry 4.0 to the drying section is obvious. First, a more complex
and practical model can be constructed. Chen stated that many models focus on only part of the
drying section rather than the whole. It is also challenging to find proper energy-saving measures
[69]. Although many of the models mentioned try to parameterize as much as possible, a more
specific model which takes the process details into consideration is achievable with the help of
smart technology. The second and the third advantages are derived from the first advantage, which

are better quality of paper and energy management.

Table 1.3. Industry 4.0 toolset in the drying section of papermaking.

CPS loT Smart Factory
Drying The multicylinder | The network constructed | -Allows an operator to
section machine installed with | by machine, sensors, | modify the process based on
multiple sensors | actuators, computing | the data.
creates digital | system, monitoring and | -Access to global data
information. controlling the paper | -Assists the user-end to
drying process understand the result
quickly.

2.6.2 Energy Management in Industry 4.0

As Industry 4.0 changes the traditional manufacturing to smart manufacturing, the power base of
this revolution lies in better energy management, which is also a common sense of corporations as
higher energy efficiency reduces cost. Medojevic et al. proposed a concept called energy
management 4.0 [70]. They not only consider energy inside the plant, but also take the entire
energy field into consideration, which involves energy management by Industry 4.0 and replacing
traditional energy resources with new energy such as wind , solar, etc. An energy control model
based on Industry 4.0 has been proposed. Meanwhile, Shrouf et al. propose a similar structure

involving IoT and smart factory [11]. An energy management model can be concluded, which
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includes 4 steps as illustrated in the Figure 1.8. In the first field level, multiple sensors, actuators,
switches, etc., should be installed to monitor the entire energy flow, which assists the control level
to collect big data from the physical world. After data integration and analysis at the operation
level, where smart technology like Cloud Computation, Big data, etc., are required. A new strategy

for energy management can therefore be made.

Comprehension of ) . )
Real-time data ) i Decision making to
energy . Data integration .
collection from loT improve the
management and g »| and model >
. and Smart o strategy and
smart construction technolo visualization eneray efficienc
of the plant gy gy y
. . Management
Field Level Control Level Operation Level Level

Figure 1.8. Energy management structure based on smart factory.

Within Industry 4.0, better networking of the whole factory is achievable, providing complex but

fine channels, where digitalization enhances the maneuverability in the energy management [71].

2.6.2.1 Machine Learning

Machine learning (ML) is a technology that enables computers to automatically improve through
past experiences to carry out assigned tasks, while drying is a non-linear process with
uncontrollable noises and multiple variables, contributing to high uncertainty [64]. Other problems
in drying including coupling of energy and mass balance to impede conventional modeling.
Therefore, ML satisfies the requirement of modeling drying during papermaking. However, this
area is still at the pioneering stage compared to the food industry, which mimics PPI, since many
machine learning technologies have been applied to model drying of various foods. Khan, et al.

discussed machine learning applications in food drying, including prediction of food properties,
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characterization of food microstructures, and optimization of food quality, while also
demonstrating the efficiency of modeling, control, and optimization by ML is higher than
conventional methods [65]. For instance, Qadri et al. used an artificial neural network (ANN),
which is shown in Figure 1.9, support vector regression (SVR), and Gaussian process regression
(GPR) to model the foam mat drying process using microwaves of papaya to compare three
methods, in which SVR shows the best performance [66]. Islam et al. proposed an ANN model to
predict the parameters of a convective drying model of potato slices, which proved to have high
accuracy [72]. Meanwhile, practitioners in papermaking industry are also aware of the potential of
ML. For example, Liu, et al. modeled nonlinear papermaking wastewater treatment by dynamic
kernel-based extreme learning machine (DKELM), the result of which shows it has a high accuracy
in prediction requiring only a few parameters to be adjusted [73]. Edwards et al. used neural
networks to model paper curl problems, which proves the feasibility of applying ML to
papermaking [74]. ML is of great importance to Industry 4.0, where it has been applied in many

areas. Therefore, modelling the drying section by ML is a feasible method for better control.

™~ Energy Efficiency
- Qutput moist

Input Layer Hidden Layer Output Layer

Figure 1.9. Artificial neural network
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2.6.2.2 Virtual Reality (VR)/Augmented Reality (AR)

Virtual Reality (VR) simulates the real world and can be accessed through a human-computer
interface [75]. Augmented Reality (AR) provides real-time view of the real world enhanced with
information generated by a computer [76]. The applications of VR/AR on drying are not as many
as ML, but researchers are aware of the potential of the technology. For instance, Mourtzis
proposed a warehouse design using Augmented Reality with a case study in papermaking [77],
although many problems exist. Zhong et al. considered applying Virtual Reality to papermaking
[78].

2.6.2.3 Digital Twins

Digital Twins is a relatively new technology, which represents a cyber version of a real object
containing all the vital characteristics. As discussed before, It is able to integrate the data from the
past to future, which better assists simulates the drying process from the plenty of data. In addition,
the cloud computing saves data storage requirement and computing power[79]-[81]. Since digital
twins is still quite new, only a few applications in drying can be found, for example, Defraeye, et,
al. tried to use Digital Twins to explore the relationship between food cooling and loss. Digital
Twins is a new technology but believed to be a meaningful tool in optimization and
digitalization[82].

Some other technologies, like digital twins, are still at an early stage and have not applied to PPI.
But under the influence of the industry 4.0, these technologies will affect development of this

industry, for it to become more environmental-friendly and promote manufacturing efficiency.
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3. Structure of Thesis

The thesis is divided into four chapters:

Chapter 1 is the introduction of the project, including the motivation and the literature review.
Chapter 2 is the methodology which describes the theory of paper drying process for simulation.
Chapter 3 presents the results and discussion of the simulation work.

Chapter 4 draws the conclusion and discusses the future plans
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Chapter 2

Model Analysis

In this chapter, the analytical modeling of paper drying process is presented. The general idea is
that data obtained from previous experiments is used to build a simulation model. Several iterations
of simulation are conducted. If the simulation results match the actual experimental data, then we
apply the same boundary conditions to the artificial parameters, and the required data can be
collected after each new set of parameters is applied. The simulation is carried out by using
COMSOL Multiphysics®, a powerful finite element analysis (FEA) simulation software which is
able to simulate the heat and mass transfer during drying. FEA is a simulation method widely used
in heat transfer, mass transfer, structure analysis, fluid flow, etc. [83], which analyzes physical
problems by partial differential equations. The equations are approximated to ordinary differential
equations(ODE). The large entity is divided into small sections called meshes, each containing
multiple nodes. The parameters are included in the nodes which are input into ODE to calculate
output. The entire simulation result is integrated by the outcome of the nodes [84], [85]. The
modules include Laminar Flow, Moisture Transport in Air and Heat Transfer in Moist Air. The
simulation is carried out based on the following assumptions:

a) The properties of the materials involved, including air and paper sheet, are not changed by a
change in temperature; for example, the sorption isotherm keeps the temperature as the room, and
the thickness does not change in the whole process, etc.

b) All the moisture leaves as vapor.

c¢) Due the small size of the porous paper sheet, gravity is neglected.

d)The influence from the near parts of paper is neglected.
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1. Paper Drying

Paper drying can be divided into three phases: Warm-up, Constant-rate, and Falling-rate (see
Figure 2.1) [9]. In the warm-up, paper enters the drying section at low temperature and high
moisture. With heating from the dryer, the drying rate increases to a constant rate, at which point,
the paper temperature increases, and the moisture decreases at a constant rate. When the moisture
is dried to a low value, the drying rate decreases. Finally, paper leaves the drying section with low

moisture.

Paper Moisture Content(g/g solid)
e

Warm-up ! alling-
Phase ; rate
i Phase
i Constant-
i rate
i Phase

Time in Drying Section

Figure 2.1 Three phases in paper drying process: warm-up phase, constant-rate phase, and

falling-rate phase
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2. Model Definition
The drying process is a complex model with the coupling of mass transformation (see Figure 2.2)
and energy transformation (see Figure 2.3). Therefore, the governing equation of the two areas are

important for model definition

Aqevap

|

Paper Sheet VWOPw,out

Figure 2.2 Mass balance of paper drying process

Aqevap(AHyqp + AH;)
Wuw (1 + Qv in)Cp pTp,in l WYW (1 + @y out) CppTp,out
Paper Sheet

T

Figure 2.3 Energy balance of paper drying process.

As shown in Figures 2.2 and 2.3, the mass balance of paper drying can be formulated as follows
[55]:

d(AaxpW)
dt = WOWPy in — AQevap — WUWPy, oyt (2-1)

Gevap: EVaporation rate of the moist
A: area of the surface
w: basis weight after drying

v: machine speed
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w: width in cross direction
And the energy balance should be:

d(Aw((pw + 1)Cp,angp,in
dt

= wow (1 + @uin)CppTpin + Q— Aevap(AHpap + AH;)

—vo(l+ ‘Pw,out)cp,angp,out (2,2)
T,,: temperature of paper sheet.
Q: Heating Energy
AH . latent heat of vapor
AH: heat of sorption
Subscripts in and out refers to input and output.
Energy and mass balance are the governing equations to analyze paper drying. Then, the modules
for the various part analysis are introduced with associated governing equations.
Since the whole simulation model mainly focuses on moisture and temperature changes in the
paper during drying, how water content transfers is key. A general principle for modelling the two-
phase transformation involving porous material is:

Sg+ sp=1 (2.3)

s4- the saturation variable of gas phase
s;. the saturation variable of liquid phase
In two phase porous model, capillary forces are included, which cause liquid flow accompanying
pressure gradient. Meanwhile, as moist air flow speed is much larger than that of liquid water,

according to Darcy’s Law, the water velocity u, can be calculated from the pressure gradient p,:

u = ﬂVpg (2.4)

H

W, Viscosity
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Kk;: the permeability of the liquid phase
Apart from the capillary force influenced by air flow, when water is evaporated, air pressure forces
gaseous water out. According to [86], how the moisture content w(¢,,) change with time in the

porous material can be written as:

%+pgug-Va)v+V-gw+ul-Vpl+V-glC=0 (2.5)
,where
@, relative humidity
w(@y) = &80, + €,5p4wWy, and w,, refers to the mass fraction of steam.
g, the binary diffusion coefficient of water vapor and air in the gas form, which can be written
as gw = —pPgDesfVw,. Desy is the effective diffusion coefficient in the unsaturated medium,
which can be calculated by Millington & Quirk Equation: D,rs = D,4e,*/3s,2%/3, where
D,,q=2.6*10" m?/s

u,: the flow field of convection of vapor due to total pressure gradient

u;: the flow field of convection of liquid water due to total pressure gradient

g1 coefficient of capillary transport of liquid water, calculated by g, = —DW%V%, .D,,

is the diffusion coefficient calculated by: D,, = 1078 * exp (—2.8 + 2 %) [86]

p: density

£, porosity

Heat transfer is the second topic of the simulation, where water is mainly heated and evaporated
by the heating of the cylinder dryers. According to the rule of mixtures, to calculate the average
thermal properties(pqyg, Cp avg, Kavg) from the solid content(ps, Cyy s, ks), Wet air(pg, C, 4, k4) and

liquid water(p;, Cp,;, k;) we use:
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(PCavg = €p(5gPgCp.g + 51P1Cp1) + OspsCp s (2.6)
Kavg = &p(sgkg + siki) + Osks (2.7)
where
C: specific heat
k: heat transfer coefficient
0,:volume fraction of solid. 6, = 1 — ¢,

Subscripts, s, 1, g, refer to solid, liquid, gas

The model definition describes the thermal drying process, then parameter calculation is

introduced for better understanding.

3. Parameter Calculation for Simulation

With some know parameter from the previous experiments, the weights(M) can be calculated.

Myry =w*xA=wx*xvxW (2.8)
Mgiper = Mgyy * D1y Consistency (2.9)
Myer = ——Liber___ (2.10)

Wet consistency

My aterwety = Mwer * (1 — Wet consistency) (2.11)
According to the rule of mixtures, the density of the paper sheet before drying section can be
calculated:
Pwet = My, * Py, + Mg * pf (2.12)
m: Weight fraction. my = ¢,,,, ms = 1- ¢,,,. Subscripts w and f refer to water and fiber

Linput = V/A = Buwer /A (2.13)

Pwet
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tinpue. the input thickness of the wet paper sheet
V: volume of the paper piece
Absolute permeability « is related with porosity of the porous material by the equation:
K = Abg min” (2.14)
0 min-the volume fraction 85 when no moisture is in the material
A and B are constant from the literature. [87], [88]
When it comes to a two-phase transform process, the relative permeability will be influenced by

the phases and the saturability, which are represented by k., for liquid phase and k,. , for gas

phase.
(1 -11S, S <1/11
krg _{ eps, S, >1/1.1 (2.15)
S1=S1in3
—)°, § > Sy
ky, = {(1—5u) Lol (2,16)
eps, S < S
where

S;;- Irreducible saturation of the liquid phase

The model definition directs construction, including the modules to be used in the software. The
parameter calculation helps define the material properties and the coefficient to be used in the
simulation. Generally, the simulation of moisture is assumed to match theoretical analysis in

chapter 2, section 1.
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Chapter 3

Result and Discussion

The analytical modeling of paper drying process was constructed as the FEA models and the
COMSOL FEA software was used for simulation. The simulation results were compared against
the sensory data measured from our pilot paper production system. . Details of the geometry model

construction to simulation setup are discussed.

1. CAD Visualization

To better present the drying section, a 3D CAD model is constructed in SolidWorks 2021. The
model is based on the drying machine from the paper pilot plant of the Department of Forest
Biomaterials, NCSU, which is used for teaching and research (see Figure 3.1). There are two
drying section machines in the pilot plant, the first of which is modelled in the Figure 3.2,
containing eight cylindrical dryers. The CAD model captures the most important structures in the
drying section, including the dryers, steam pipe, condensate pipe and the hood. The second drying
section contains five cylinders, which has the similar structure. The sensors are marked in different
color, where the red means the sensors will be installed and the green means the sensors on the
machine, including four temperature sensors which monitor the input and output temperatures of
the paper sheet and the dryer surfaces, two humidity sensors which monitor the humidity of the
environment, two moisture sensors which monitor the moisture of the paper sheet and one pressure
meter which monitor the steam pressure. However, it is important to note that the drying section
in the figure is not a typical representation of a commercial paper machine. For example, the hood

IS not as inclusive as a typical commercial paper machine and will be less likely to recover heat.
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However, the simplified machine still delivers a possibility to demonstrate the impact of Industry

4.0, especially when building a simulation or constructing a smart factory prototype [9].

DANGER)

PINCH POINT
(DK YOuR IS 2

(@) (b)

Figure 3.2 3D CAD model of the first drying section. a)Front view; b)Back view
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2. 2D Geometry in COMSOL

To simulate the change of the paper sheet in drying, the 3D model was simplified to a 2D Model
used in the simulation, which saves computation power and time (see Figure 3.3). From the
complex 3D structure of the paper sheet, a small part of paper is isolated, which is shown in Figure
3.3(a). The small piece, Figure 3.3(b), is simplified to a 2D model which is shown in Figure 3.3(c).
To illustrate the 2D model, the larger grey rectangle represents a space full of air, while the small
rectangle represents a small piece of paper sheet dried in a short time dt. As the paper moves by
the rotation of cylinders, the air can be considered to move reversibly with the same speed of the
machine speed with the paper sheet, where evaporation is removed. Meanwhile, the heat from the

cylinder surface will dry the paper, which is shown by red arrows.

<+
—

Air flow

v

A Small Piece

of Wet Paper Data Reading Point
’ —
i UL
heat

c)
Figure 3.3. The simplification of the model from 3D to 2D. (a) CAD model of Paper sheet. (b) A

part of the paper sheet dried in a short time dt. (c) The heat and force analysis of (b) in 2D

geometry.
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Figure 3.4 Decomposition of paper drying process with multiple phases and the key point

indicating the phase transition.

The thermal drying process can be divided into three phases, as shown in Figure 3.4. The heating
process from the dryer is converted to a 2D plot shown in Figure 3.5 with the temperature between
the cylinder dryers set to 32°C, which is a simplification for preliminary work. The high peak
values represent the period when paper move from a to b or ¢ to d and the heating temperature is
measured from the surface of the dryers. The low throughput values are the periods when paper
move from b to ¢ or d to e, where the heating temperature is ambient temperature, 40°C. The long
vacant period between the drying section 1 and drying section 2 is when paper goes through the
size press section, but the size press was not operating during this experiment. Therefore, the
temperature at that time is set to be the environment temperature. The dryer has a radius of 8

inches, and empirically, 60% of the dryer surface is covered by the paper sheet in phase 1.
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Consequently, the time that paper is on the dryer can be calculated by distance divided by machine
speed. Similarly, the time that paper is in the air can be calculated by the length in air divided by

machine speed.

Drying Section 1 Drying Section 2
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Figure 3.5. Heating process of the paper sheet for moisture simulation from 0Os to 70s, with two

drying sections.
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3. Parameter Calculation

The first simulation is launched on the parameters from the experiment in the paper pilot plant. To
run the simulation, basic parameters of the material were inputted. Properties harvested [87], [89],
[90], which are listed in Table 3.1 and parameters obtained from past experiments, allow for
parameters used for simulation to be calculated and are listed in Table 3.2.

Table 3.1 Thermal and mechanical properties of fiber and water

Thermal Conductivity | Specific Heat Thermal Density
W/m*K KJ/KG*K Diffusivity g/cm?
*10™N-7)m?/s
Fiber wall 0.49 1.45 2.2 1.5
Water 0.607 4.18 1.45 1

Tabel 3.2 Paper properties and environment parameters for simulation

Parameter Value Unit
Input Paper Moisture 5331 %
Input Env Temp 32 °C
Input Env Humidity 57 %
Machine Speed 50 feet/min
Basis Weight(Dry) 68.55 g/m?
Paper Sheet Width 0.25 m
Dry Consistency 2.9 100%
Paper Thickness 500 pum
Density(dry) 1.05 glcm®
Permeability 1.16E-17 m’2
Thermal Conductivity 0.55 W/im*K
Specific Capacity 2.90 KJI/KG*K

4. Simulation result

The 2D model includes a large rectangle of the size of (0.6cm, 0.3cm), which represents the air,
and a small rectangle of the size of (0.2cm, 0.05cm) which represents a small piece of paper over
dt. The drying process is simulated from Os to the 70s, while in the actual manufacturing process
the paper sheet leaves the drying section at about 66s. The data is read every 0.05s in the simulation.
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The data is from the point (0.3,0.01) of the figure, shown in Figure 3.6 as the red dot. The

simulation results are shown below, including the moisture and temperature change.

cm T T T T T T T

0.35F .

0.25F .

0.2 .

0.15F .

0.1 .

0.05 .

-0.05 .

1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 crm

Figure 3.6 2D geometry in COMSOL and the data reading point.

4.1 Moisture Change

Moisture change is shown in the Figure 3.7 involving the comparison between the simulation result
and the actual data obtained from experiment. The blue line shows the trend of the simulation
result while the red line is a line plot based on the 14 points. The simulation result matches the
general trend of the actual data over the first 40 seconds with variance but the change between

different drying stages is clearer than the actual data. After 40 s, the falling-rate phase appears
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earlier than the actual situation, resulting in a high final moisture than the actual. The calculation
of the root mean square error (RMSE) between the simulation and the actual data is 3.07, which is
a small value and acceptable. The dynamic study of the moisture is shown in Figure 3.8. The color
represents the moisture value-the change from red to blue represents the moisture change from
high to low. Figure 3.9 shows the simulated evaporation rate, which starts at a high value and then

declines with each contact with the drying cylinders. Generally, the moisture simulation is

acceptable, but further verification of results is needed.
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Figure 3.7 Comparison of moisture change between the simulation data of the read point and
the real data.
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Figure 3.8 Screenshot of the FEA simulation animation on the moisture change of the drying

process with 25 time points from 0Os to 70s.
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Figure 3.9 Evaporation rate change from the simulation result.

A simulation is used for computing power to assist analyze various conditions and estimate results.
Then, moisture change under different conditions is analyzed by the simulation with various
parameters controlled by the operator.

4.1.1 Effect of machine speed on paper moisture

Machine speed is an important parameter in papermaking. If the speed is too fast, then the
continuity of paper is challenged, resulting in breaks. If the speed is slow, the thickness is higher
than the target. In drying, machine speed also influences drying rate of the paper sheet. Further,

machine speed can be converted to drying time of paper. Therefore, a comparison of moisture
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change under different machine speeds is launched: 40 feet/min, 50 feet/min, 60 feet/min and 70

feet/min.

50 — 40 feet/m!n

50 feet/min

40 60 feet/min
NS —— 70 feet/min
]
g 30
g

20

10 M

0 20 40 60 80
Time/s

Figure 3.10 Effect of 4 different machine speed (40 feet/min, 50 feet/min, 60 feet/min,70 feet/min)

on moisture change.

Figure 3.10 indicates that the main difference in moisture change is the time spent in the dryer.
With increase in machine speed, drying time decreases which results in drying inadequacy.
Focusing on the final moisture of the paper sheet, the value increases with machine speed ( see
Figure 3.11), with 6%, 5.6%, 8.7%, 13.5% corresponding to the speed at 40 feet/min, 50 feet/min,
60 feet/min and 70 feet/min. From 40 feet/min to 50 feet/min, the final moisture decreases ~6.67%,
while that of changing machine speed from 50 feet/min to 60 feet/min and 60 feet/min to 70
feet/min are 55.36% and 55.17%, respectively, indicating 50 feet/min is the best speed. Further,

the continuity of the paper is negatively influenced with speed increase. Meanwhile, a slow speed
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indicates a long drying time, but due to the paper structural quality and theory of drying, the results
are similar. Therefore, to save the energy and cost, a machine speed that allows the paper to be
thoroughly dried while the energy and resources consumption is minimum should be chosen,
which is the 50 feet/min in our group of simulations. For applications, the machine speed can be

decided with groups of simulations, considering drying result and energy consumption.
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g 8.7
[v]
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5 8
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g
=
4
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0
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Machine Speed(feet/min)

Figure 3.11 Final paper moisture differs with the machine speed (40 feet/min, 50 feet/min, 60

feet/min,70 feet/min).

4.1.2 Effect of initial paper thickness on paper moisture

Papers of different thickness behave differently in drying and can be controlled by operator
through control of basis weight valve. Theoretically, paper with higher thickness will have slower
drying rates. Therefore, a study of paper with various thickness was launched at value of 0.03cm,
0.04cm, and 0.05cm (see Figure 3.12). The thickness of 0.03 cm shows the fastest drying while
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the thickness of 0.05 cm shows the lowest drying, but final moistures all converge at ~5%.
Meanwhile, the drying rate of three models all decrease to ~28s when the paper is near the 8" dryer
of the first drying section. The simulation result matches the production experience that usually

the first drying section is enough to dry the paper.

0 10 20 30 40 50 60 70
Time/s

Figure 3.12 Effect of three different initial paper thickness (0.03cm, 0.04cm, 0.05cm) on
moisture.

4.2 Temperature Change

Due to the sparsity of the data, a temperature simulation is run with a different set of heating
temperatures (Appendix C) under which actual paper temperature is monitored during drying. The
temperature change is shown in Figure 3.13. The simulation captures the trend of the actual
situation. The simulated drying in the first drying section matches the trend of the real data,
especially at the beginning of the simulation. However, the fluctuation of the simulation result is

larger than that of the actual process, especially when the paper leaves the first drying section and
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enters the second drying section. This may be due to the model being overly simplified because it
ignores the influence from neighboring piece of paper. Meanwhile, during drying, the thermal
properties and mechanical properties vary with moisture. A dynamic simulation can be seen in
Figure 3.14. The color represents temperature: cool color represents low temperature and vice

Versa.

Temperature Change

1201 —— Actual Temp
Simulated Temp

100

80

1 iy I /\/\\

Temp(degC)

40

20

0 10 20 30 40 50 60 70
Time/s

Figure 3.13 Comparison of temperature change between the simulation data and the real data.
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Figure 3.14 Screenshot of the FEA simulation animation on the temperature change of the

drying process with 25 time points from Os to 70s.
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In this Chapter, the CAD model construction and FEA simulation are introduced. The CAD model
can be used to illustrate the mechanical structure of the drying section and how paper is dried. The
FEA simulation analyzes moistures and temperatures of a small piece of paper during drying. The
moisture simulation result matches theoretical analyse of drying, but the variance is still obvious.
The temperature simulation captures the general trend of the real temperature change in the
experiment. Generally, the simulation results agree with actual data. However, due to the
simplification of the model and the limit of the software, the accuracy of the simulation is not
optimal. The thermal and geometrical properties are set to be static while in real world they change.
Further, two groups of the extrapolation demonstrate the potential of simulation, which can be

used for prediction and optimization.
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Chapter 4

Conclusions

The aim of the study was 1) To review how Industry 4.0 influences the PPI, especially drying,
which helps us construct a general view of the trend of future development. 2) To build a finite
element analysis simulation in paper drying, which is a prototype for a first-principle model. A
physics/math-constrained ML model is believed to be a potential method to optimize drying,
saving energy and reducing cost. A data driven model can be constructed by ML, but with the

constraints of first principle model, allows the accuracy to be improved.

1. Preliminary Insights

In this study, a finite element analysis simulation is launched on the paper thermal drying process
based on parameters from past papermaking studies. The model focuses on the simulation of
moisture change and temperature changes in drying. The simulation shows a relatively satisfying
result in simulating moisture changes in drying, with a moisture change plot that matches the trend
of actual data. However, the simulation makes good prediction before the falling-rate phase of the
dying but leaves a higher final moisture value in the last phase. Meanwhile, two groups of
comparisons are carried out to analyze the parameters that influence drying, which can be
manipulated by operators, including machine speed and paper thickness. The simulation shows
that drying with a machine speed of 40 feet/min, and 50 feet/min ultimately converge to a low
moisture value as the drying process is long enough to dry the wet paper sheet, but 40 feet/min
will contribute to a longer drying time. The 60 feet/min and 70 feet/min both contribute to a higher

ultimate moisture value, recommending 50 feet/min be applied. The thickness analysis

54



demonstrates the small thickness results in faster drying rate, but ultimately moisture will converge
to a low value. For the temperature simulation, the result captures the characteristics of the actual
data, but with a large fluctuation. Thirdly, an important point of this simulation is that the data can
be read from multiple points in the small piece of paper, which guarantees the scale of data.

However, the model is still rudimentary with drawbacks to be overcome. First, no heat transfer
module is involved for simulating the heat change. Further, due to the simplification of the model
and the coupling of multi-physics, the dynamic change of the parameters in the process, such as
thickness, thermal properties, etc. are not taken into consideration. For example, the thermal
properties at the end of the process are different from the beginning, which influences the later
stage, then consequently influences simulation results. Last, but not least, the limitation of the
software itself affected simulation. For example, the software cannot simulate the structural
changes in drying because paper drying is complex due to the coupling of changes in structure,

mechanics, moisture, and heat.

2. Future Development

The modeling of thermal drying by smart technologies is of great potential, where many possible
methods can be applied to optimize it. Two primary ideas of the future development of this model
are proposed, including optimization of the first-principle model itself and development of a
physics-constrained neural network model.

2.1 Model Optimization

Firstly, the heat transfer module should be optimized in any future simulation, contributing to a
new model with better coupling of heat and mass transportation, which increases complexity of

the simulation. Some possible directions include adding a belt on the paper, adding an air gap
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between the paper and dryer, etc. The current model is oversimplified, resulting in a large error in
simulating temperature change. It is hoped therefore an optimized model can reduce this error.
Further, since the goal is to reduce energy consumption, a new model on energy consumption of
drying should be constructed using Simulink in order to analyze energy transfer in drying. Finally,
all physical changes and energy changes should be linked to construct a complex first principle
model of the entire drying. This new model can be used for several purposes: 1. To make
predictions on drying; 2.To optimize process parameters; 3. To generate synthesized data to solve
data sparsity.

2.2 Physics-constrained machine learning twin model

As mentioned above, one purpose of a first-principle model is to generate synthesized data. Due
to the lack of real-time data, a data driven model cannot be constructed. Therefore, data from
simulation is a possible avenue. Because of big data set from simulation, a data-driven model can
be made through ML under physical constraints. The physics-constrained neural network has been
applied in other advanced manufacturing areas [91], [92] dealing with data sparsity and promoting
accuracy of predictions. Therefore, a physics-constrained machine learning model can be

constructed to optimize drying.

56



[1]
[2]

[3]

[4]

[5]

[6]

[7]

8]

[9]

REFERENCES
C. J. Biermann, Handbook of pulping and papermaking, Second. Elsevier, 1996.
P. Bajpai and P. Bajpai, “Brief Description of the Pulp and Papermaking Process,”
Biotechnol. Pulp Pap. Process., pp. 9-26, 2018, doi: 10.1007/978-981-10-7853-8 2.
D. Mboowa, “A review of the traditional pulping methods and the recent improvements in
the pulping processes,” Biomass Convers. Biorefinery, pp. 1-12, 2021.
Q. Zhao, S. Ding, Z. Wen, and A. Toppinen, “Energy flows and carbon footprint in the
forestry-pulp and paper industry,” Forests, vol. 10, no. 9, 2019, doi: 10.3390/f10090725.
IEA, “Pulp and Paper,” 2020. https://www.iea.org/reports/pulp-and-paper.
O.of E. E. and R. E. (EERE)’s A. M. O. Doe, “Bandwidth Study on Energy Use and
Potential Energy Saving Opportunities in U.S. Pulp and Paper Manufacturing,” p. 108,
2015, [Online]. Available:
http://www.energy.gov/sites/prod/files/2015/08/f26/pulp_and_paper_bandwidth_report.pd
f.
Jacobs, “ITP Forest Products: Report for AIChE Pulp and Paper Industry Energy
Bandwidth Study,” 2006. [Online]. Available:
https://www1.eere.energy.gov/manufacturing/resources/forest/pdfs/doe_bandwidth.pdf.
L. Kong and H. Liu, “A Static Energy Model of Conventional Paper Drying for
Multicylinder Paper Machines,” Dry. Technol., vol. 30, no. 3, pp. 276-296, 2012, doi:
10.1080/07373937.2011.635253.
M. A. Hubbe, “Energy efficiency challenges in pulp and paper manufacture: A tutorial

review,” BioResources, vol. 16, no. 4, pp. 8567-8639, 2021.

[10] H. Lasi, P. Fettke, H. G. Kemper, T. Feld, and M. Hoffmann, “Industry 4.0,” Bus. Inf.

S7



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Syst. Eng., vol. 6, no. 4, pp. 239-242, 2014, doi: 10.1007/s12599-014-0334-4.

F. Shrouf, J. Ordieres, and G. Miragliotta, “Smart Factories in Industry 4 . 0 : A Review of
the Concept and of Energy Management Approached in Production Based on the Internet
of Things Paradigm,” pp. 697-701, 2014.

F. Xia, L. Yang, L. Wang, A. V.-1. journal Of, and U. 2012, “Internet of things,” Int. J.
Commun. Syst., vol. 25, no. 9, pp. 1101-1102, 2012, Accessed: Mar. 29, 2021. [Online].
Available:
https://www.academia.edu/download/40650301/danainfo.acppwiszgmk2n0u279qu76cont
entserver.pdf.

B. Persson, “Contextualizing Industry 4.0 in the Pulp and Paper industry,” pp. 1-62, 2018.
C. Heinrich, “Next Generation Digital Twin,” no. May, 2018.

A. El Saddik, “The Convergence of Multimedia Technologies,” no. June, pp. 87-92, 2018.
M. Schluse, M. Priggemeyer, L. Atorf, and J. Rossmann, “Experimentable Digital Twins
— Streamlining Simulation-Based Systems Engineering for Industry 4 . 0,” vol. 14, no. 4,
pp. 1722-1731, 2018.

K. Ernest Jan Kramer, E. Masanet, T. Xu, and E. Worrell, “Energy Efficiency
Improvement and Cost Saving Opportunities for the Pulp and Paper Industry An
ENERGY STAR ® Guide for Energy and Plant Managers Sponsored by the U.S.
Environmental Protection Agency,” 2009. Accessed: Mar. 29, 2021. [Online]. Available:
http://content.ccrasa.com/library 1/29035 - Energy Efficiency Improvement and Cost
Saving Opportunities for the Pulp and Paper Industry.pdf.

N. Martin, N. Anglani, D. Einstein, M. Khrushch, E. Worrell, and L. K. Price,

“Opportunities to Improve Energy Efficiency and Reduce Greenhouse Gas Emissions in

58



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

the U . S . Pulp and Paper Industry,” Ernest Orlando Lawrence Berkeley Natl. Lab., no.
July, p. 58, 2000.

G. A. Baum and G. A. Baum, “Control of The Paper and Board Machine-Today and
Tomorrow,” no. 273, 1988.

A. Todorovic, T. Jacobson, J. Lappalainen, and M. Salonen, “Perspectives of wet-end
chemistry in papermaking,” Nalco Papermak. Cent. Excell., vol. 1, no. March 2009, pp.
1-7,2017.

L. Thames and D. Schaefer, “Software-defined Cloud Manufacturing for Industry 4.0,”
Procedia CIRP, vol. 52, pp. 12-17, 2016, doi: 10.1016/j.procir.2016.07.041.

D. Kolberg and D. Ziihlke, “Lean Automation enabled by Industry 4.0 Technologies,”
IFAC-PapersOnLine, vol. 28, no. 3, pp. 1870-1875, 2015, doi:
10.1016/j.ifacol.2015.06.359.

A. A. F. Saldivar, C. Goh, W. N. Chen, and Y. Li, “Self-organizing tool for smart design
with predictive customer needs and wants to realize Industry 4.0,” 2016 IEEE Congr.
Evol. Comput. CEC 2016, pp. 5317-5324, 2016, doi: 10.1109/CEC.2016.7748366.

G. SzabGszentgroti, B. Végvari, and J. Varga, “Impact of Industry 4 . 0 and Digitization
on Labor Market for 2030-Verification of Keynes * Prediction,” Sustainability, vol. 13,
no. 14, pp. 1-19, 2021.

C. Chute and T. French, “Introducing care 4.0: An integrated care paradigm built on
industry 4.0 capabilities,” Int. J. Environ. Res. Public Health, vol. 16, no. 12, 2019, doi:
10.3390/ijerph16122247.

M. Schifer, “The fourth industrial revolution: How the EU can lead it,” Eur. View, vol.

17, no. 1, pp. 5-12, 2018, doi: 10.1177/1781685818762890.

59



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

G. Biichi, M. Cugno, and R. Castagnoli, “Smart factory performance and Industry 4.0,”
Technol. Forecast. Soc. Change, vol. 150, no. June 2019, p. 119790, 2020, doi:
10.1016/j.techfore.2019.119790.

R. Baheti and H. Gill, “Cyber-physical Systems,” impact Control Technol., no. 1, 2011.
N. Jazdi, “Cyber physical systems in the context of Industry 4.0,” Proc. 2014 IEEE Int.
Conf. Autom. Qual. Testing, Robot. AQTR 2014, pp. 21-23, 2014, doi:
10.1109/AQTR.2014.6857843.

J. Lee, B. Bagheri, and H. A. Kao, “A Cyber-Physical Systems architecture for Industry
4.0-based manufacturing systems,” Manuf. Lett., vol. 3, pp. 18-23, 2015, doi:
10.1016/j.mfglet.2014.12.001.

E. A. Lee, “Cyber physical systems: Design challenges,” Proc. - 11th IEEE Symp.
Object/Component/Service-Oriented Real-Time Distrib. Comput. ISORC 2008, pp. 363—
369, 2008, doi: 10.1109/1SORC.2008.25.

L. Atzori, A. lera, and G. Morabito, “The Internet of Things: A survey,” Comput.
Networks, vol. 54, no. 15, pp. 2787-2805, 2010, doi: 10.1016/j.comnet.2010.05.010.

C. Stergiou, K. E. Psannis, B. G. Kim, and B. Gupta, “Secure integration of IoT and Cloud
Computing,” Futur. Gener. Comput. Syst., vol. 78, pp. 964-975, 2018, doi:
10.1016/j.future.2016.11.031.

C. Yang, W. Shen, and X. Wang, “Applications of Internet of Things in manufacturing,”
Proc. 2016 IEEE 20th Int. Conf. Comput. Support. Coop. Work Des. CSCWD 2016, pp.
670-675, 2016, doi: 10.1109/CSCWD.2016.7566069.

D. Lucke, C. Constantinescu, and E. Westkdmper, “Smart Factory - A Step towards the

Next Generation of Manufacturing,” Manuf. Syst. Technol. New Front., no. Sfb 627, pp.

60



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

115-118, 2008, doi: 10.1007/978-1-84800-267-8_23.

S. Wang, J. Wan, D. Li, and C. Zhang, “Implementing Smart Factory of Industrie 4.0: An
Outlook,” Int. J. Distrib. Sens. Networks, vol. 2016, 2016, doi: 10.1155/2016/3159805.

B. Chen, J. Wan, L. Shu, P. Li, M. Mukherjee, and B. Yin, “Smart Factory of Industry 4.0:
Key Technologies, Application Case, and Challenges,” IEEE Access, vol. 6, pp. 6505—
6519, 2017, doi: 10.1109/ACCESS.2017.2783682.

K. Bowers et al., “Smart Infrastructure: Getting more from strategic assets,” p. 12, 2018,
[Online]. Available: https://www-smartinfrastructure.eng.cam.ac.uk/files/the-smart-
infrastructure-paper.

M. Gallaher, Z. Oliver, K. Rieth, and A. O’Connor, “Economic Analysis of Technology
Infrastructure Needed for Advanced Manufacturing - Smart Manufacturing,” no. August,
p. 149, 2016.

Wollschlaeger, Martin, T. Sauter, and J. Jasperneite, “The future of industrial
communication: Automation networks in the era of the internet of things and industry
4.0,” IEEE Ind. Electron. Mag., vol. 11, no. 1, pp. 17-27, 2017.

A. L. Hammett, R. L. Youngs, X. Sun, and M. Chandra, “Non-wood fiber as an alternative
to wood fiber in China’s pulp and paper industry,” Holzforschung, vol. 55, no. 2, pp. 219—
224, 2001, doi: 10.1515/HF.2001.036.

R. M. Rowell, Ed., Handbook of Wood Chemistry and Wood Composites. CRC press,
2012.

W.P. Armstrong, Plant Fibers. 2010.

D. Mcdonald and R. Amiri, “The Nature of the Mechanical Pulping Process,” Pulp Pap.,

vol. 105, no. 8, pp. 27-32, 2004.

61



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

T. K. Das and C. Houtman, “Evaluating Chemical-, Mechanical-, and Bio-Pulping
Processes and Their Sustainability Characterization Using Life-Cycle Assessment,”
Environ. Prog., vol. 23, no. 4, pp. 347-357, 2004, doi: 10.1002/ep.10054.

P. Bajpai, Green Chemistry and Sustainability in Pulp and Paper Industry. Springer
International Publishing, 2015.

H. Sixta, Handbook of Pulp, 1st ed. Wiley-VCH, 2006.

P. Bajpai, Biotechnology for Pulp and Paper Processing. New York: Springer, 2012.

M. C. Iglesias, D. Gomez-maldonado, M. S. Peresin, and B. K. Via, “Pulping Processes
and Their Effects on Cellulose Fibers and Nanofibrillated Cellulose Properties : A
Review,” vol. 70, no. 19, pp. 10-21, 2020, doi: 10.13073/FPJ-D-19-00038.

P. J. Kleppe, “Kraft Pulping,” Tappi, vol. 53, no. 1, pp. 35-47, 1970.

H. Tran and E. K. Vakkilainen, “The kraft chemcial recovery process,” no. February,
2016.

K. Manskinen, H. Nurmesniemi, and R. Poykio, “Total and extractable non-process
elements in green liquor dregs from the chemical recovery circuit of a semi-chemical pulp
mill,” Chem. Eng. J., vol. 166, no. 3, pp. 954-961, 2011, doi: 10.1016/j.cej.2010.11.082.
H. U. Suess, Pulp Bleaching Today. Walter de Gruyter, 2010.

J. Roux, “STOCK PREPARATION PART 1 — PULP TREATMENT PROCESSES,” no.
September 2001, pp. 19-80, 2018, doi: 10.15376/frc.2001.1.19.STOCK.

J. L. Videau, A. Lemaitre, and C. Foulard, “Dynamic Modelling and Simulation of Paper
Machine Multicylinder Drying Section.,” IFAC Proc., vol. 13, no. 11, pp. 143-151, 1980,
doi: 10.1016/s1474-6670(17)64428-8.

IEA, “Final energy demand in pulp and paper in the Sustainable Development Scenario,

62



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

2000-2030.” Paris, 2020, [Online]. Available: https://www.iea.org/data-and-
statistics/charts/final-energy-demand-in-pulp-and-paper-in-the-sustainable-development-
scenario-2000-2030.

V. Junttila, “Direct Gas Fired Cylinder Heaterfor Paper Drying,” 1992.

S. Stenstrom, “Drying of paper : A review 2000 — 2018,” Dry. Technol., vol. 38, no. 7, pp.
825-845, 2020, doi: 10.1080/07373937.2019.1596949.

I. Lang, R. Smith, R. Tawfik, and N. . Poirier, “High temperature gas-heated drying
cylinders: potential impact on drying rate and product quality its installation could
generate large increases in drying capacity,” Pulp Pap. Canada, vol. 102, no. 3, pp. 34—
38, 2001.

X. Chen, Y. Man, Q. Zheng, Y. Hu, J. Li, and M. Hong, “Industrial verification of energy
saving for the single-tier cylinder based paper drying process,” Energy, vol. 170, pp. 261—
272, 2019, doi: 10.1016/j.energy.2018.12.152.

O. Slitteke, “Modeling and control of the paper machine drying section,” Lund University
General, 2006.

Kiattisak Roonprasang, “Thermal Analysis of Multi-Cylinder Drying Section with variant
Geometry,” Technische Universitit Dresden, 2008.

Y. Zhang, M. Hong, J. Li, J. Ren, and Y. Man, “Energy system optimization model for
tissue papermaking process,” Comput. Chem. Eng., vol. 146, p. 107220, 2021, doi:
10.1016/j.compchemeng.2020.107220.

A. Martynenko and N. N. Misra, “Machine learning in drying,” Dry. Technol., vol. 38, no.
5-6, pp. 596-609, 2020, doi: 10.1080/07373937.2019.1690502.

M. L. H. Khan, S. S. Sablani, M. U. H. Joardder, and M. A. Karim, “Application of

63



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

machine learning-based approach in food drying: opportunities and challenges,” Dry.
Technol., 2020, doi: 10.1080/07373937.2020.1853152.

0. S. Qadri, K. Osama, and A. K. Srivastava, “Foam mat drying of papaya using
microwaves: Machine learning modeling,” J. Food Process Eng., vol. 43, no. 6, 2020, doi:
10.1111/jfpe.13394.

W. Tsai and S. Lai, “Green Production Planning and Control Model with ABC under
Industry 4.0 for the Paper Industry,” 2018, doi: 10.3390/su10082932.

K. Leiviski, “Simulation in Pulp and Paper Industry,” University of Oulu, 1996.

X. Chen, J. Li, H. Liu, Y. Yin, and Y. Zhang, “Energy system diagnosis of paper-drying
process, Part 2: A model-based estimation of energy-saving potentials,” Dry. Technol.,
vol. 34, no. 10, pp. 1219-1230, 2016, doi: 10.1080/07373937.2015.1095206.

M. Medojevic, P. D. Villar, 1. Cosic, A. Rikalovic, N. Sremcev, and M. Lazarevic,
“ENERGY MANAGEMENT IN INDUSTRY 4.0 ECOSYSTEM: A REVIEW ON
POSSIBILITIES AND CONCERNS,” 2018. doi: 10.2507/29th.daaam.proceedings.097.
T. Javied, J. Bakakeu, D. Gessinger, and J. Franke, “Strategic Energy Management in
Industry 4 . 0 Environment,” in 2018 Annual IEEE International Systems Conference
(SysCon), 2018, pp. 4-7.

R. Islam, S. S. Sablani, and A. S. Mujumdar, “An artificial neural network model for
prediction of drying rates,” Dry. Technol., vol. 21, no. 9, pp. 1867-1884, 2003, doi:
10.1081/DRT-120025512.

H. Liu, Y. Zhang, and H. Zhang, “Prediction of effluent quality in papermaking
wastewater treatment processes using dynamic kernel-based extreme learning machine,”

Process Biochem., vol. 97, no. April, pp. 72-79, 2020, doi:

64



[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

10.1016/j.prochio.2020.06.020.

E. Peter J. and M. Alan F., “The application of neural networks to Papermaking Industry,”
IEEE Trans. neural networks, vol. 10, no. 6, pp. 1456-1464, 1999.

J.M. Zheng, K.W. Chan, and I. Gibson, “Virtual Reality,” pp. 20-23, 1998.

C. Julie and F. Borko, “Augmented reality: an overview,” in Handbook of augmented
reality, 2011, pp. 3-46.

M. Dimitris, S. Vasilios, Z. Vasilios, and V. Ekaterini, “Warehouse design and operation
using augmented reality technology: A papermaking industry case study.,” Procedia
CIRP, vol. 79, pp. 574-579, 2018, doi: 10.1016/j.procir.2019.02.097.

L. Zhong, Z. Zhong, and X. Peng, “Research on the application of VR technology in the
digital inheritance of ancient papermaking technology,” J. Phys. Conf. Ser., vol. 1453, no.
1, 2020, doi: 10.1088/1742-6596/1453/1/012095.

C. Verdouw, B. Tekinerdogan, A. Beulens, and S. Wolfert, “Digital twins in smart
farming,” Agric. Syst., vol. 189, no. January, p. 103046, 2021, doi:
10.1016/j.agsy.2020.103046.

D. Thijs and D. I. Onwude, “The future of digital twins for drying,” Dry. Technol., vol.
39, no. 1, pp. 1-2, 2021, doi: 10.1080/07373937.2021.1860312.

S. Palit and A. Datta, “Emergence of Digital Twins,” pp. 14-50, 2017.

T. Defraeye et al., “Digital twins probe into food cooling and biochemical quality changes
for reducing losses in refrigerated supply chains,” Resour. Conserv. Recycl., vol. 149, no.
August, pp. 778-794, 2019, doi: 10.1016/j.resconrec.2019.06.002.

Wikipedia, “Finite element method.”

https://en.wikipedia.org/wiki/Finite_element_method.

65



[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

D. V. Hutton, “Fundamentals of Finite Element Analysis.” McGraw-hill, 2004.

H.-C. Huang and A. S. Usmani., Finite Element Analysis for Heat Transfer:Theory and
Software, vol. 8, no. 3. 2012.

A. K. Datta, “Porous media approaches to studying simultaneous heat and mass transfer in
food processes. I: Problem formulations,” J. Food Eng., vol. 80, no. 1, pp. 80-95, 2007,
doi: 10.1016/j.jfoodeng.2006.05.013.

M. Rasi, “Permeability properties of paper materials,” University of Jyvéskyld, 2013.
Patterson, T. Fredrick, and I. K. Rudman, “Water and air permeability of wet sheets.
Project FO02, report 6: a progress report to member companies of the Institute of Paper
Science and Technology,” 1998.

K. Niskanen, S. Simula, K. C. L. Paper, and S. Centre, “Thermal diffusivity of paper,”
vol. 14, no. 3, 1999.

B. M. E. Parker, J. E. Bronlund, and A. J. Mawson, “Moisture Sorption Isotherms for
Paper and Paperboard in Food Chain Conditions Packaging Technology and Science,” no.
February, pp. 193-209, 2006.

D. Liu and Y. Wang, “Multi-fidelity physics-constrained neural network and its
application in materials modeling,” J. Mech. Des. Trans. ASME, vol. 141, no. 12, pp. 1-
13, 2019, doi: 10.1115/1.4044400.

L. Zhang et al., “Hierarchical deep-learning neural networks: finite elements and beyond,”

Comput. Mech., vol. 67, no. 1, pp. 207-230, 2021, doi: 10.1007/s00466-020-01928-9.

66



APPENDICES

67



Appendix A: Temperature Profile for Moisture Simulation

Table A.1 Dryer temperature for moisture simulation

Sample Name | Dryer Temperature /°C Paper Temperature /°C Moisture %
Dryer 1 79.8 57.6 51.1
Dryer 2 77.6 64.7 48.1
Dryer 3 101.5 74.3 411
Dryer 4 98.9 68.4 33.1
Dryer 5 109.1 70.1 28.3
Dryer 6 108.1 64.9 24.0
Dryer 7 83.9 62.4 19.3
Dryer 8 113.4 68.3 12.9
Dryer 9 90.8 59.8 5.7
Dryer 10 92.5 64.1 5.7
Dryer 11 93.1 67.4 55
Dryer 12 96.1 70.0 5.0
Dryer 13 93.5 65.8 4.9
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Appendix B: Temperature Profile for Temperature Simulation

Table B.1 Dryer temperature for temperature simulation

Temperature (°F)

Dryer 8:55 am 10:55 am 12:15 pm
1 100 157 132
2 166 159 159
3 199 200 214
4 207 230 210
5 200 189 226
6 220 230 210
7 185 186 194
8 230 218 233
9 199 210 254
10 208 227 225
11 185 290 235
12 170 237 238
13 220
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Table B.2 Paper temperature during the process

Temperature (°F)

Dryer Input Output Middle
1 53 145 122
2 117 150 132
3 112 185 140
4 119 166 128
5 97 165 127
6 106 150 103
7 91 150 125
8 114 132 89
9 71 167 139

10 94 166 157
11 137 189 157
12 115 183 157
13 149 144
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Appendix C: Settings in COMSOL
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Figure C.3 Set the study.
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