Department of Industrial Engineering

Master’s Degree in Chemical Engineering

Analysis of condensation phenomena
in fiber-based cup

Thesis in
Transport Phenomena

Supervisors: Candidate:

Prof. Eng. Gaetano Lamberti Antonia Calabrese
Prof. Eng. Diego Caccavo
Prof. Eng. Anette Larsson
Dr. Eng. Raffaella De Piano Number:0622201525

Academic Year 2023/2024






CHALMERS

UNIVERSITY OF TECHNOLOGY

Part of this work was developed during the Erasmus project at Chalmers
University of Technology, Goteborg, Sweden. It was performed at the
Department of Chemistry and Chemical Engineering, in the Division of
Applied Chemistry, under the supervision of Prof. Anette Larsson.



Alle mie Persone.
Alla Donna che mi ha insegnato tanto.

E a Me stessa.



This text was printed in-house, in Times New Roman

The scheduled date for the thesis discussion is 20/12/2024 Fisciano, (date of
printing)






Tables of contents

Tables Of CONLENTS .....cuueeeeeeeiiiiceiriirsssssnnnseneccccsssssssssssssssascccss I
110 L) 0 O v
Table of tables.....ccovvveeeriiiiceiiinicnssnnnnneecccsssssssssssssseeecces \%1!
ADSIFACE ..cuiiiiiririninisissssssssssssssssssssssssssssssssssssssssssssssssssssssses IX
INtrodUCHION ....ccciiiieeiiiinrrnnennteieccscsssssssasssseseccssssssssssassssasescss 1

1.1 Single-use packaging 2

1.1.1 Environmental impact 3

1.2 Paper and paperboard packaging 7

1.2.1 How to make paperboard 7

1.2.2 Fiber-based cup 12

1.3 Hygroscopic materials 16

1.3.1 Condensation phenomena 16

1.4 Aims 20
Materials and methods .......cccceeieeeiivrnnieccscsnnreccsssnsseccsons 21

2.1 Materials 22

2.1.1 Fiber-based cups 22

2.2 Methods 24

2.2.1 Bulk density 24

2.2.2 Water content 27

[1]



Pag. II Analysis of the condensation phenomena  Antonia Calabrese

MOAEIING ...ccoeounrieicnricscnrecssnnresssnsresssnsscsssssessssssssssssssssnsass 3 1

3.1 Physics of the system 32
3.1.1 Sorption equation 32
3.1.2 Adsorption isotherm 33
3.1.3 Transport Equations 35

3.2 Model implementation 40
3.2.1 Assumptions 40
3.2.2 Geometry 40
3.2.3 Parameters 41
3.2.4 Boundary conditions 42
3.2.5 Implementation in the Software 45

Results and diSCUSSION ..eee.eeeeeereeeeeeereecceseeccsssecsssseesssseesseses 47

4.1 Experiment results 48
4.1.1 Bulk density 48
4.1.2 Experimental water content 49
4.1.3 Modified isotherm 53

4.2 Modeling results 54
4.2.1 Moisture content comparison with experiments 54
4.2.2 Temperature and Water Concentration profiles 55
4.2.3 Relative humidity and Liquid saturation profiles 57
4.2.4 Moisture diffusivity equals zero 61

4.3 Parametric sweep 63
4.3.1 Different thickness 63
4.3.2 Different external conditions 65

CONCIUSIONS c..eereeneeerreeencereeereecceseesseecsssessssscsssssessosssssesseces 09

| 245 {3 D 1 T 2 U RRPPRRRRRRPRY




Table of contents Pag. III




Pag. IV Analysis of the condensation phenomena  Antonia Calabrese

Table of figures

Figure 1. Primary, secondary, and tertiary packaging.[1].......ccccccevvverienienirnnnnns 2
Figure 2. Single-use plastic Waste.[S].....ccvevvirvierierieniieieeie e see e eve e e 4
Figure 3. Plastic Packaging Banned and Fiber-Based Packaging Approved........ 5
Figure 4. Mechanical process for pulp.[8] .....ccceeierieiieiieeee e 7
Figure 5. The chemical process for pulp.[8] .....ccovevieiieiieiiieieeeeeee e 8
Figure 6. Process for recycling fiber.[8] ........cccevieiieiiiniieiiieereeeee e 9
Figure 7. Simplified diagram of the forming process.[8].......ccccoovevrriinieneennen. 10
Figure 8. Principal features in the manufacture of paper/paperboard — the
number of headboxes will vary on the product.[8] .......c.ccocevvieiieninininenieene. 11
Figure 9. Different sizes of Paper CUPS. .....coeeeeierieneneneiieieieerese e 13
Figure 10. Design elements of a single-wall paper cup adapted from Mohan and
KouKouIas (2004)[7]..veeveeeerieniieieeieetesiesteesteeteevesaeseee e eseensessaesssesseenseessens 14
Figure 11. Single-wall paper cup manufactured by SOLO.[7] ..ccccoevirirennnen. 14
Figure 12. Double-wall paper cup manufacturing by Seda Packaging showing
the OULET WaALL[ 7] evieeiieiiieeiee ettt ettt e et e et e e beeeabeesabeeenns 15
Figure 13. Double-wall paper cup with Thermolite™ insulation from LBP
ManufaCturiNg. [7] .. eccveeeeeieeeiere ettt 15
Figure 14. Heterogeneous condensation.[12] .........ccoeoevienienienieiieieeeeeee 17
Figure 15. Film condensation on a vertical wall.[13] ......c..ccocveiieiinineeee. 18
Figure 16. Temperature gradient. ...........ccceeverveerieecienieiieneenieereeeeeeeesseesseesnens 19
Figure 17. Concentration gradient. ..........cceccvevveeeieeierieriereenieereeeeseeeeseesseesnens 19
Figure 18 Small (a) and big (b) CUPS. ..eeeeerrierieiieiecie et 22
Figure 19. Delamination material. ...........ccoccvevvierieecieiiieiieneeie e 24
Figure 20. Thermobalance XM 60..........ccceecvierrieeriiieriiieeiieerieesieeeieeeieeesiee e 26
Figure 21. KNOWN VOIUMES.........eeiiuiiiiieeiieiiieeiee ettt 26
Figure 22. Cups sequence for the different times. ........c.ccoceeceeveevcninicncneennene. 27
Figure 23. Section of the measurement (a) and know volume (b). ...........cc....... 28

Figure 24. Thermobalance with samples inside............ccccoceveeevvevininineneenenee. 29




Table of contents Pag. V

Figure 25. Example of fiber-based porosity.[14].......cccceeviriininienienieceeee, 32
Figure 26. Adsorption isotherm from values of literature. ...........ccccceeeeeennennen. 33
Figure 27. Isotherm implemented in COMSOL. .......cccccooiiiiiiiniiiieiieceee, 35
Figure 28. Geometry COMSOL Multiphysics software 1D.........cccceeveeciennennee. 40
Figure 29. 1D representation of the system geometry; the symmetry axis x=0..42
Figure 30. Physics chosen in COMSOL MultiphySics. .......cccceeierierieecrennenen. 45
Figure 31. Implementation of adsorption isotherm. ............ccocoeenirenreneenuencnne. 45
Figure 32. Heat transfer in COMSOL Multiphysics software. ..........cccoeeveeenennee. 46
Figure 33. Step function for the cold temperature. ..........ccccevverveviecieecrennenen. 46
Figure 34. Mass transfer in COMSOL Multiphysics software. .............ccoeeuenee. 46
Figure 35. Experimental data for small and big cups. .........ccoecvevvevvecieecrennennen. 49
Figure 36. Images of the cups at different times: 30 minutes (a), 1 hour (b), 2

hours (¢) and 6 hoUTS (d). ...ccoveervieeiiieciieeiee e sre e e eaee e 51
Figure 37. Modified 1SOtherm............coooiiiieiiiiiieieee e 53
Figure 38. Comparison between experimental data and modeling data. ............ 55
Figure 39. Temperature (a) and Concentration (b) profiles. .........cccceveerernnnnee. 56
Figure 40. Relative humidity (a) and Liquid saturation (b) profiles. .................. 58

Figure 41 Comparison of water content with diffusivity of 1.1x10"'?[m?%/s] and
0[m?/s], at 22°C and 37% relative humidity. ...........ccoooeveveivveeeereeeeeeeeeeerenee 61

Figure 42. Water content (a) and liquid saturation (b) at different thickness, at
22.4%C ANA 37%0u 10ttt ettt ettt sttt saeneas 64

Figure 43. Parametric sweep at different external conditions............ccceeuereeenee. 66




Pag. VI Analysis of the condensation phenomena  Antonia Calabrese




Table of contents Pag. VII

Table of tables

Table 1. Difference key between plastic and paper for the impact....................... 5
Table 2. General parameters for a small cup(a).......ccceevveveeeierieenieneerieeieeeenen, 23
Table 3. General parameters for big cup(b).......cccceevvereriirierieieeeeeeee e, 23
Table 4. Dimensions of Big cups to calculate the volume...............ccccceeinnnee. 25
Table 5. Dimensions of Small cups to calculate the volume. ...........cccceeueeeenee. 25
Table 6. Calculating VOIUME...........ccciiiiiiiiiiiee e 25
Table 7. External room conditions were taken with the probe. ............c.cccccec.... 27
Table 8. ChoSEN tIMES. ....cc.eeriieiieiieie ettt 28
Table 9. Constant parameter in COMSOL Multiphysics software...................... 41
Table 10. Values calculated for the bulk density (small). .........cccevvevreeererennnen. 48
Table 11. Values calculated for the bulk density (big). ......ccccevververereeienierennne 48
Table 12. Values from "Modified isotherm" .............ccccoevvieiinvienienieeeeeeeeen, 57
Table 13. Values for the partial pressure of the water vapor and the saturation

PIESSUTE At 0°C. ...iiiiiiiiiiiiiieiteet ettt ettt st et e s 59
Table 14. Calculation of Liquid saturation with equation (4.2)........cccceeeuereenen. 60
Table 15. Different conditions for the parametric SWeep. ........cccceevvereeereernennen. 65

Table 16 . Values for the partial pressure of the water vapor and the saturation
PIESSUTE At 0°C. ...eiiiiiiiiiiiiieiee ettt ettt ettt et 66

Table 17. External conditions and the corresponding dew point......................... 67




Pag. VIII Analysis of the condensation phenomena  Antonia Calabrese




Abstract

The growing reduction in the production and use of plastics has brought
about new challenges in the packaging industry, pushing research
toward more innovative and sustainable solutions. Among these
alternatives, paper cups have emerged as a promising choice. However,
they present unique challenges, primarily due to their hygroscopic
properties. These materials tend to absorb moisture from the
surrounding environment, which can lead to a decrease in their
structural integrity when used to contain cold liquids. In such scenarios,
condensation forms on the outer surface of the cup, and unlike plastic,
this moisture permeates into the paper, altering its physical properties.

The goal of this study was to develop and validate a model capable of
accurately describing the condensation and moisture transport
phenomena within a paper cup. To begin, the key variables and
functions of the system were identified and formalized into equations.
These equations were then simulated using COMSOL Multiphysics
software, which allowed for a precise and detailed representation of the
physical processes involved. The model's validity was further ensured
by comparing its predictions with experimental data, including
temperature, humidity, and water content measurements collected
during the experiments.

Through this research, it was concluded that the transport phenomena
and vapor condensation within the pores of the paper cup are closely
linked to external environmental conditions. Specifically, as external
temperature and relative humidity increase, the driving force for
condensation becomes stronger. When the temperature of the
surroundings approaches that of the liquid inside the cup, and the

[IX]
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material contains a certain amount of water vapor under favourable
conditions, condensation begins to occur within the material itself.

It is important to emphasize that even when the liquid diffusivity is not
considered, a portion of the vapor inside the material still condenses,
albeit in minimal amounts. The primary driving force is generated by
the liquid penetrating the material, but it is essential to also account for
the fraction of vapor that condenses and is already in equilibrium within
the material.

Therefore, it is essential to consider not only the external condensation
on the surface of the cup but also the internal condensation of water
vapor that occurs within the material. This internal condensation plays
a crucial role in the overall moisture dynamics and contributes to the
material’s performance and durability.

In summary, this study highlights the importance of understanding the
interaction between the material and the surrounding environment. It
emphasizes that both external and internal condensation mechanisms
must be considered to fully grasp the moisture transport and
condensation behavior in paper cups. Future research could focus on
refining the model to better predict these phenomena under varying
environmental conditions and further optimize the material properties
for improved performance.
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