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Abstract  

Increased environmental awareness and a continuing decline in the consumption of conventional 

paper products urge the papermaking industry to find innovative ways to improve material efficiency 

and competitiveness. Foam application is a promising new method for applying chemicals to wet 

webs. It is based on using aqueous foam as a carrier fluid and has simultaneously improved wet web 

runnability and furnish strength in previous studies. The focus of this thesis is to understand if, and 

how, chemical penetration depth can be controlled by modifying foam application parameters.  

A dynamical foam application device for applying a foam curtain to wet sheets on a moving wire is 

presented. It consists of a foam generator, a static slot-die coater and vacuum box, a wire fixed to a 

moving sled and a pressure transducer for vacuum monitoring. Chemical penetration was studied 

with cationic starch, foamed using a commercially available surfactant. The effects of substrate type, 

concentration of starch, amount of starch, viscosity of the starting liquid, vacuum, and drying method 

on starch penetration depth (SPD) and dewatering properties were analyzed in three substrates: two 

types of bleached CTMP handsheets and pilot sheets made from kraft pulp. The mean relative starch 

penetration depths (MR-SPDs) were calculated from iodine-stained cross-sections using image 

analysis software. Quantitative analyses were performed to measure total starch amount and z-

directional distribution (Simulated Starch Content, SSC).  

Operation of the foam application device was successful and target starch amounts were mostly 

reached in the range 1–5 g/m2. The cross-section analysis correlated with results from SSC 

distributions and samples had a MR-SPD 30–55%. The starch penetration depth in bulky CTMP 

handsheets could be controlled by changing the starting solution viscosity and amount of starch 

applied. Likely due to the different structure of pressed and re-wetted pilot sheets, no clear differences 

were detected and all MR-SPDs remained the same (ca. 50%). Vacuum suction and drying method 

had no apparent effect on penetration depth, but sheet dewatering efficiency improved in proportion 

to vacuum intensity. No foam-assisted dewatering was observed, since dewatering was most effective 

in reference samples with the least amount of wet film applied. Due to water retention, starch-

containing samples were wetter than references with pure foam. Overall, the results encourage further 

experimentation with application parameters. 

Keywords: foam application, aqueous foam, foam generator, curtain coating, starch penetration, 

cationic starch, iodine staining, image analysis 
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1 Introduction 

The need for environmentally benign and energy-efficient practices and the declining trend in the 

market for traditional paper products, such as printing paper (Kniivilä & Haltia, 2021), are urging 

the pulp and paper industry to develop new products and technologies to strengthen its 

competitiveness. Conventional papermaking processes are water and energy intensive and require 

large amounts of costly pulp raw material and various chemicals. To make paper products more 

profitable, paper mills run papermachines at higher speeds, use cheaper pulp as raw material and 

produce paper with lower grammage (Oksanen, 2012). Reduction in grammage implies using less 

fibres and more fillers, which increases the demand for strength agents and other additives to 

maintain fibre bonding and web strength. Simultaneously, high machine speed and production rate 

require excellent runnability, which is challenging to achieve with inherently weaker webs. 

Runnability refers to the number of web breaks occurring at a certain production speed (Salminen, 

2010). As the paper furnish is held together by hydrogen bonds, presence of excess water weakens 

bonding and leads to lower strength of wet webs compared to dry webs. Web strength is required 

in every part of the papermaking process, especially in the wet end, as the web moves at rapid 

speed while being transferred between support elements, such as felts and nips. Web breakage is 

likely to occur at a transfer point, resulting in lost material and expensive down-time (Roisum, 

1990).  

Thus, the need for sufficient strength of the web in the critical parts of the papermachine is evident, 

but the methods for improving wet web stiffness and dryness are limited. Conventional methods, 

such as pressing and drainage aids, effectively remove water, but also impact web quality. For 

instance, subjecting the web to high pressing loads in the press section leads to reduction in 

thickness and bulk, and drainage aids can have adverse effects on web formation when used in 

large amounts in the former section. Therefore, other methods are needed. Besides improving web 

handling and runnability, improved dewatering and increased dryness of the wet web also reduce 

energy demand in the dryer section (Oksanen, 2012). 

Foam application is an emerging technology that could provide solutions to the aforementioned 

challenges through targeted chemical application and increased strength and dryness of the wet 

web. Sizing chemicals, strength aids or other additives can be distributed to the wet web in a 

controlled manner with foam as a carrier fluid. The main principle is that a layer of foamed 

chemical solution is forced through a porous furnish, whereby foam is destructed but chemicals 

remain in the furnish. The method differs from other coating techniques in that it is performed 



Emmi Henriksson                                                                                                                  Masterʼs Thesis 

2 

 

directly on the wet web and significantly less water is added through foam, which is mainly air, 

than through solvent-based coatings. Essentially, foam application can perform the same function 

as spray application, without the problematic aspects of chemical sprays. In addition, the surface 

tension-reducing properties of foam assist in more effective dewatering of wet webs at the same 

amount of pressing. Stable aqueous foams (Figure 1) have many unique properties that can be 

utilized in existing papermaking machinery. Foam application has no known use in the 

papermaking industry, however, and overall limited information about the technology is available, 

which implies a need for further research (Kinnunen-Raudaskoski et al., 2016; Kinnunen-

Raudaskoski, 2017). 

This thesis was written as part of laboratory-scale research that aims to aid in the eventual up-

scaling and commercialization of the foam application method. The foam application line is a 

dynamical laboratory-scale system consisting of a foam generator, mobile sled, applicator, and 

vacuum box with underpressure measurement. Foamed starch solution is applied onto paper sheets 

on a moving wire using a curtain-type slot applicator. The objective is to better understand the 

effect that different parameters have on the penetration of papermaking chemicals, namely cationic 

starch, into wet paper webs. The mechanisms of how additives behave when applied by foam into 

a paper web are not well known, as chemical penetration is a complex phenomenon and dependent 

on multiple factors. Cationic starch was chosen as the model chemical to be studied in this work, 

as it is a widely available, non-toxic, and inexpensive chemical that is relatively easy to visually 

detect in the paper furnish even without the use of advanced instrumentation. In addition, modified 

starches already have many large-scale applications in the papermaking industry, such as internal 

sizing and strength agents, which makes their application with foam technology a viable and cost-

effective alternative to currently used wet-end methods.  

 

 

  

Figure 1. Bubbles in a foam structure at 4 mm scale (image adapted from Somosvári, 2012). 
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2 Literature review 

2.1 Application of chemicals to paper webs 

Paper and paperboard are a porous network of fibres and additives held together mainly through 

hydrogen bonding. The raw material is raw pulp derived from predominantly wood in Northern 

Europe. Commonly used species are softwoods, such as pine, spruce and fir, or hardwoods, such 

as birch, aspen and oak. Fibres are separated from the wood matrix through a series of pulping 

processes, which can be divided into mechanical, thermal, and chemical treatments, or 

combinations of those. Kraft pulping is an example of chemical pulping and chemi-thermo-

mechanical pulping (CTMP) combines multiple treatments. In addition to long fibres, paper 

products contain varying amounts of fines, and different additives depending on the paper or board 

grade (Alén, 2007; Sirviö, 2008). The term paper is generally used to refer to the final product, a 

thin, dry paper sheet or reel, while terms paper web or furnish are used to describe the intermediate 

product on the papermaking line or the substrate in a converting process (Bajpaj, 2010). Paper 

usually has a grammage, i.e., the weight per unit area, up to 150 g/m2 , while products with higher 

grammages are called paperboard (Paltakari, 2020a). The furnishes used in this thesis are within 

80–150 g/m2. Common to all paper products is the need for chemical additives, which typically 

enhance certain furnish properties or assist in achieving optimal papermaking conditions 

(Paltakari, 2020b).  

2.1.1 Paper furnish 

Papermaking stock is prepared by blending and diluting raw pulps and adding chemicals. Dry pulp 

bales are dispersed in water and slushed in a pulper to form a diluted, pumpable slurry. 

Hydrodynamic shear forces acting on the pulp during slushing separate bundles and flakes into 

individual fibres. A well slushed pulp is a prerequisite in achieving an even formation (Lumiainen 

& Harju, 2007). In a paper mill, the slurry is typically diluted to around 0.2–1% solids content 

(S.c.) in the approach flow system before the headbox after which it is metered through a slot in 

the headbox onto the moving wire. The furnish forms a continuous web that spans from the 

forming wire to the reeling unit at the end of the paper machine, traveling at a speed up to 2000 

m/min. The paper furnish is dewatered with foils and vacuum boxes under the wire, raising the 

solids content to 15–25% (Paltakari & Karlsson, 2010). The drained water, called white water, 

contains unretained fines and additives and is recirculated back to the approach flow system. The 
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weak paper web is supported by fabrics and felts upon transport to the press section, where it is 

further dewatered to 33–55% S.c. In the drying section the web is dried to 91–95% S.c. with the 

help of steam-heated cylinders, convection drying or IR-heaters (Karlsson, 2007). After drying, 

the web can be subjected to finishing processes, such as calendering or surface sizing that improve 

surface properties and control thickness, or coating processes for adding functional properties 

(Maurer, 2009). 

For research purposes, the properties of furnishes are typically tested on laboratory handsheets that 

simulate the conditions used at a paper mill but differ from papermachine webs in many aspects. 

Instead of a continuous web, individual handsheets are prepared in a batch process in a handsheet 

former with a lower forming consistency than at mill scale. Usually, no additives are applied during 

forming and generally, handsheets have good formation and no fibre orientation, unlike web 

formed in a papermachine, where fibres are oriented in the machine direction (Hiltunen, 1999). 

Bulky handsheets are typically pressed, but not calendered or treated with finishing chemicals, 

though the procedure can be altered to suit research needs. 

2.1.2 Location for chemical addition 

In a paper mill, chemicals such as internal sizing agents, fillers, retention aids, starches and dyes, 

and chemicals with special effects, such as dry or wet strength agents, biocides, and anti-foaming 

agents are added at the wet end of the papermachine (Bajpaj, 2010). This can be done through 

stock addition or coating. Wet web addition, such as spraying or foam application, is used to 

improve furnish properties, while dry web coating usually improves surface properties or gives 

added functionality. Addition of starch is the scope of this thesis and suitable wet-end techniques 

are discussed in the following sections. Figure 2 describes possible locations in a papermaking 

line where chemicals can be added, with web solids content indicated in parentheses. Stock 

addition is performed near the headbox before the forming section, spraying and foam application 

can occur in the forming section or near the press section, and surface sizing and coating are 

performed in the dryer section. Sizes and coatings applied to dry webs require additional drying to 

solidify chemicals to the sheet surface (Lehtinen, 2009), while wet-end application usually 

involves one drying step.  
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2.1.3 Starch in papermaking 

Native and modified starches are used as low-cost functional chemicals that improve strength and 

surface properties and aid in chemical retention and dewatering. Most paper and board grades 

contain starch additives in some form, either as binders, internal sizing, surface sizing, or coating. 

Thereby the papermaking industry is one of the largest consumers of starch after the food industry. 

For these reasons and the ease to visually detect it in paper using iodine staining, starch is used as 

the model chemical in this thesis.  

Starches are carbohydrates that naturally occur as granules in various plants, e.g., maize, potato, 

wheat, and tapioca. Typically, starches consist of ca. 20–30% linear amylose molecules and 70–

80% branched amylopectin molecules both built up of α-1-4-linked D-glucose units. Among other 

properties, the granule size and ratio of amylose and amylopectin depend on the plant source. Due 

to the anionic character of hydroxyl groups in glucose, native starches have an anionic charge, like 

cellulose molecules. To improve interactions between starch and cellulosic fibres in paper 

furnishes, starches are chemically modified by substituting hydroxyl groups into molecules with 

cationic charge. Cationization is typically performed with quaternary or tertiary amine groups 

(Figure 3). In the case of potato starch, high phosphate group content imparts an anionic charge 

on the molecule even after cationization, rendering the molecule amphoteric (Maurer, 2009; de 

Clerck, 2009). Amphoteric properties prevent over-cationization of the slurry, which could lead to 

e.g. excessive foaming of process water. This property, along with higher stability compared to 

many other starches, makes potato starch popular in papermaking (Schrijver, 2013). Other physical 

Figure 2. A schematic diagram demonstrating points of addition for chemicals in a typical paper 

machine (Karlsson, 2007; Kinnunen-Raudaskoski et al., 2017; Price & Hubbe, 2021). 
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or chemical modifications, including changing the amylose to amylopectin ratio, molecular 

weight, or gelatinization temperature, are also possible.  

 

 

Starches are typically insoluble in cold water, but dissolve upon heating at 55–80 °C. In hot water 

starch gelatinizes, i.e., starch granules swell and burst, allowing amylose and amylopectin 

molecules to be leached out and form a colloidal dispersion (Schrijver, 2013; de Clerck, 2009). 

This breaks down the original semi-crystalline molecular arrangement and increases solution 

viscosity, which is a prerequisite for application of starch to paper products. To ensure sufficient 

gelatinization, starch is cooked either under atmospheric pressure in a batch-wise cooking tank 

equipped with stirrers at ca. 95 °C for a minimum of 20 min, or under elevated pressure in a steam-

heated jet cooker at temperatures exceeding 120 °C. The jet cooking method is continuous and 

generally results in complete gelatinization of starch fragments, while the degree of gelatinization 

may remain lower in batch-wise cooking. 

Starch retrogradation occurs when the molecules in cooked starch solution rearrange into ordered 

structures upon cooling and prolonged storage time, leading to undesired aggregation and 

thickening of starch solution. Concentrated starch solutions are inherently very viscous and exhibit 

dilatant, or shear-thickening, behaviour. Starch is usually added to the paper furnish at the wet end 

by stock addition or in the dryer section by a size press, spraying or coating (de Clerck, 2009). 

Cationic potato starch is the most common additive dosed at the paper machine wet end to balance 

flocculation and retention of fibres, fines, and additives, enhance dewatering, and improve sheet 

formation and dry strength. The improvement in strength is based on the formation of hydrogen 

bonds between starch molecules and cellulose fibres. Hydrogen bonding is the primary force 

holding the fibre network together, and therefore, in spaces within the sheet where fibre surfaces 

do not readily meet, starch assists in bridging the fibres. This effect can compensate for the loss in 

fibre bonding and strength in less refined and recycled pulps (Maurer, 2009).  

Figure 3. Structure of a cationic starch molecule (Grządka, 2015). 
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2.1.4 Stock addition 

Stock addition is the process of adding chemicals to the slurry in the papermachine headbox. After 

mixing, a uniform slurry is metered onto the forming wire while water is removed from the web 

by gravity and vacuum dewatering. The target is to distribute chemicals evenly into the bulk of the 

paper. However, chemical retention depends on the surface area of fibres, and more chemicals 

tend to adsorb on fines than on long fibres. Fines are flushed away with removed water and not all 

chemicals remain in the web. Therefore, more chemicals are added to the stock to ensure sufficient 

retention. When white water is recycled between the forming section and head box, chemicals 

remaining in water accumulate over time, making it challenging to estimate the exact amount 

added. Undesired reactions with other compounds in the slurry are pronounced at increased 

addition amounts.  

Cationic starch is added to the stock in the headbox to balance flocculation and fibre retention and 

assist in dewatering and formation. When water is removed from the furnish during drying, the 

starch increases bonding between fibres. This means starch only increases dry web strength, with 

no significant improvement of wet web strength. The addition of 0.5–2% starch to the stock is 

sufficient, as the adsorption capacity of cellulosic fibres is limited, and further addition could 

negatively impact formation. Cationic starch also functions as a scavenger for anionic 

polyelectrolytes and colloidal substances in the slurry, which decreases its binding to fibres and 

can cause formation of unwanted hydrocolloid complexes (Maurer, 2009; de Clerck, 2009). The 

limitations of stock addition are one driver for finding more efficient methods to add starch to 

furnishes. 

2.1.5 Spray application 

Spray application is used to apply a thin coating onto the moving web by spraying a diluted 

chemical solution or suspension through a collection of nozzles at high pressure (Linnonmaa & 

Trefz, 2009). Starch spraying is used especially in manufacture of corrugating medium, linerboard 

and multiply packaging, though it can also be applied to other paper grades (Maurer, 2009; 

Schrijver, 2013). Spraying serves as an intermediate to stock addition and surface sizing with a 

size press in terms of the location of the spraying unit and the performance of the size (Price & 

Hubbe, 2021). Due to some technical challenges, spraying has not been employed on a larger scale 

in papermaking. 
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Benefits of spraying starch compared to stock addition include higher retention, less interactions 

between starch and other slurry components and the possibility to use cheaper, less modified 

starch. The starch concentration applied is typically 2–4% (Maurer, 2009) and the spraying unit 

can be installed into different parts of the papermaking line, the most usual position being in the 

forming section near the vacuum boxes to facilitate mechanical filtration (Price & Hubbe, 2021). 

The suspension temperature, spraying pressure, alignment of nozzles and spraying pattern all 

affect the outcome. The position of nozzles is important in achieving an even coverage and often 

an overlapping pattern of spray booms is used (Figure 4).  

 

In most applications a suspension of native starch granules is sprayed onto the wet web uncooked 

and filtrated into the web by suction boxes. Starch cooking occurs when the web passes the main 

dryer section. At high machine speeds the temperature for cooking must be sufficiently high, as 

the time for cooking is limited. Insufficiently cooked starch only acts as a filler without assisting 

in bonding (de Clerck, 2009), which is a challenge in spray sizing thinner webs that spend less 

time in the dryer (Price & Hubbe, 2021). Although mechanical retention to the web is rather high, 

the lack of electrochemical attraction to fibres is low in unmodified starch, which easily leads to 

starch enrichment in process water. 

After spraying, the web is pressed and dried normally but starch may migrate within the furnish 

during drying (Maurer, 2009). Challenges with spray technology include the generation of a very 

fine mist that easily spreads to the surroundings. Therefore, the spraying unit must be installed in 

a spraying chamber, which is especially important when spraying chemical solutions with small 

particles, such as nanomaterials, and solvents other than water. The exposure to airborne chemicals 

poses a potential safety and health hazard to mill workers, as it is difficult to avoid inhaled particles 

and slippery floors and equipment. The suspension must also be sufficiently diluted, as too high 

concentration and viscosity results in nozzle blockages and increased maintenance demands. This 

limits the types of substances that can be coated, as well as the coat weights achieved. Additionally, 

Figure 4. Spray coating nozzles (based on Price & Hubbe, 2021). 
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the added water in the spray increases furnish moisture content, weakening the web and increasing 

drying demand (Kinnunen-Raudaskoski et al., 2014).  

2.2 Foam technology 

2.2.1 Foam properties 

Foam can be described a collection of gas bubbles within or on the surface of a continuous phase, 

which can be either a liquid or a solid. In foam application the focus is on liquid foams, in which 

gas bubbles make the structure of the foam appear thick and frothy, resembling shaving cream. 

Foaming occurs when the surface tension of the liquid is lowered, which disrupts the continuous 

liquid phase and entraps gas. This can occur spontaneously during shearing forces acting on a 

fluid, such as in foam formation on the surface upon pouring a beverage. It can also be induced by 

mechanical mixing or injection of gas. The surface tension can only be disrupted by surface 

gradient formation in liquids with impurities, i.e., chemically pure substances do not foam. To 

generate aqueous foam, surface active agents, called surfactants, are added to water to lower 

surface tension and trap air bubbles during mixing. Surfactants are amphiphilic molecules 

consisting of a hydrophilic, water-soluble head and a hydrophobic, water-insoluble hydrocarbon 

tail. At low concentrations surfactants organize at the bubble surface, with the tail oriented toward 

air and the head toward the aqueous liquid, stabilizing the foam (Mirza & Hoekstra, 2009; 

Kinnunen-Raudaskoski, 2017). Depending on the amount and type of surfactant and the intensity 

of mixing, different degrees of foaming are achieved.  

Stable aqueous foams have viscoelastic and pseudoplastic properties, which means they can be 

compressed, and their viscosity decreases when acted on by shearing forces, but they retain their 

structure when the force is removed. These properties allow a foam to flow through a porous 

medium and to act as a carrier of other chemicals. There is no clear definition for a dry or wet 

foam, but generally the more air a foam contains, the less spherical the bubbles and the more the 

structure resembles a rigid honeycomb, described in Figure 5. Regardless of water content, gravity 

leads to a concentration of wet foam at the foam layer bottom with dry foam at the top. In foams 

used in foam application, air content has typically exceeded 80%, with optimum quality achieved 

with 90–95% air (Kinnunen-Raudaskoski et al., 2014). 
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Bubbles are essentially air encapsulated into film walls, which are separated from each other by 

water-filled channels. The channels, called bubble vertices, are connected through a network of 

Plateau borders that are joined through nodes (Figure 6). Particles smaller than bubbles are located 

inside vertices and on bubble surfaces, while larger particles are covered by bubbles and 

mechanically shielded from one another. As a result, when the foam is subjected to shearing and 

compressing forces, aggregation and flocculation of particles is prevented when bubbles remain 

intact. The properties of the foam matrix enable the addition of substances that are typically 

challenging to process alone due to having a high viscosity and poor flow properties (Kinnunen-

Raudaskoski, 2017; Weaire et al, 2012). Foams are formed easily but have poor stability and are 

also destructed easily. Generally, the more elastic and resistant to deforming the foam bubbles are, 

the more stable the foam and the better the quality.  

 

 

 

 

 

 

 

Figure 5. Air content in foams: a) liquid, b) bubbly liquid, c), wet foam, d) dry foam, e) air (image 

from Asikainen et al., 2020). 

Figure 6. Left: Surfactants at the air-solution interface. Right: A honeycomb-like foam structure 

(Kinnunen-Raudaskoski, 2017; Mirza & Hoekstra, 2009). 
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2.2.2 Use of foam as a carrier medium 

The study of foam phenomena, such as formation, stabilization and break-down, are typically 

associated with colloid and interface science, but due to their versatile properties foams have a 

wide range of applications. Early studies on foams were published in the late 19th century, but 

practical applications have varied over time with changing needs within industries (Exerova & 

Kruglyakov, 1997; Kinnunen-Raudaskoski et al., 2014). Foam has been used to displace another 

fluid within a porous medium or to transport chemicals into a porous substrate in pharmaceutical, 

cosmetics, textiles, and oil recovery industries (Trybala, 2019). Using foam as a carrier implies the 

foam is destructed a certain time after performing its mass transfer function, and the final product 

contains no foam. In enhanced oil recovery, foam penetrates into pores within a rock reservoir and 

displaces crude oil in the porous rock, which enhances the flow of oil out of the ground into a 

production well (Schramm & Isaacs, 2012). In pharmaceutical and cosmetics applications foams 

are used as carriers for active agents in ointments and skin care products, and applications in the 

textile industry include foams as carriers for dyes and finishing chemicals (Isarin et al., 1995; 

Kinnunen-Raudaskoski et al., 2014; Trybala, 2019). 

Reports and patents describing foam as a carrier in paper applications were published in 1970’s–

1980’s, but the technology had no breakthrough at the time (Kinnunen-Raudaskoski, 2017). Only 

one process utilizing bubble generation has been actively used in papermaking, namely, the 

flotation process for de-inking of recycled pulps (Valkama, 2021). Apart from this, the focus has 

been on foam control and use of defoaming agents (Mirza & Hoekstra, 2009).  

The search for innovative and more sustainable methods in the pulp and paper sector have made 

foam processes relevant again. Current foam technologies can be divided into three processes: (i) 

foam forming, (ii) foam coating and (iii) foam application, of which the latter is the focus of this 

work. All three were influenced by a process for forming paper webs with foam as the suspending 

medium, the “Radfoam process” developed by the Wiggins Teape company (Gatward & Radvan, 

1973; Kidner, 1974). It is considered the first commercial application of foam technology in the 

paper industry. The renewed interest in foam forming has led to active research and development 

of the technology for paper, non-wovens and other web structures (Madani et al., 2014; Lehmonen 

et al., 2019; Kouko et al., 2021). Besides forming of webs, foam is suitable for coating fibrous 

substrates. Most experiments have focused on dry webs, such as early foam coating methods for 

applying surface sizing or other chemicals onto dry paper (Jenkins, 1977; Bruun, 1979) and more 

recent publications, including foam coating of low-coat weight pigment layers (Kenttä et al., 
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2014), cellulose nanofibrils (Kinnunen-Raudaskoski et al., 2014) and functionalized cellulose 

nanofibrils in production of antimicrobial and photocatalytic surfaces (Kinnunen-Raudaskoski et 

al., 2017). 

2.2.3 Foam application 

Only a few research publications can be found on foam application, which is similar to foam 

coating but is performed onto wet webs. Skelton (1987) introduced foam application as a means 

to improve wet web dewatering after pressing. Similar experiments had been done on dewatering 

textile webs and other permeable sheets with foam (Lauchenauer, 1984), and the target of this 

research was to demonstrate the benefits of foam-assisted dewatering (FAD), rather than apply 

chemicals to wet webs. Foam was found to improve dewatering both when sucked through the 

sheet by vacuum and by pressing in the papermachine press. Chemical application onto wet webs 

was researched at laboratory-scale and VTT’s pilot papermaking environment by Kinnunen-

Raudaskoski et al. (2016). Strength additives, including starch, were applied to webs with a 

curtain-type applicator before dewatering with high-vacuum suction boxes. The addition of 

polymers improved dewatering and strength of dry and wet webs, with the increase in mechanical 

properties being greater for wet webs. In addition, foam application with wet end strength 

additives, including starch, has been compared with simulated stock addition on laboratory 

handsheets with an experimental set-up (Bliss et al., 2021). Here foam application resulted in better 

strength properties than simulated wet end addition, with increased foam-assisted dewatering.  

The previous research shows clear benefits with foam application, which makes it a potential 

alternative to stock addition and spraying. Like a spraying unit, a foam applicator can be installed 

at the forming section of a papermachine, where vacuum boxes provide suction for foam 

penetration into the sheet. As foam is mainly air, only a small amount of liquid is applied compared 

to conventional coatings and sprays. At the same time, a higher concentration of chemicals can be 

applied due to the viscoelastic properties of carrier foams. No nozzle blockage issues or misting 

occurs, which makes maintenance easier and the work environment safer. 

As a non-contact method, low wet web strength is not a limitation and can, in fact, be enhanced 

through the dewatering effect of foam. No additional drying is required after the web passes the 

dryer section. In addition, the retention of chemicals can be assumed better than in stock addition, 

and less limitations regarding chemical charge exist when the web is mechanically filtrated by 

vacuum. A pre-cooked solution of starch can be used and starch gelatinization in the dryer section 
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is less important. Foam application can also enable addition of chemicals that have previously not 

been applied to paper (Kinnunen-Raudaskoski et al., 2015).  

Foam applicator design 

The experimental work in this thesis builds on findings from VTT pilot trials and other 

publications. No standard foam application line exists, and different systems have been described 

in literature. Usual components include a foam generation unit, an applicator, a wire, a dewatering 

unit, and drying section. These may be part of a papermaking line or be separate units. To study 

parameters that influence chemical penetration into the furnish, a laboratory-scale dynamic device 

was assembled in this work. Here the basic function of the device is explained, with equipment 

details and operational parameters given in section 3.2.  

Schematic pictures of the device are given in Figures 7 and 8. The applicator and vacuum box are 

static, while the wire is attached to a mobile sled that can be moved back and forth by a motor-

driven pulley system. The wire travels in-between the applicator and vacuum suction slot, as 

visualized in Figure 7. The foam generator and vacuum cleaner are separate units connected to the 

application line via a hose. In addition, the line has an external pressure transducer for monitoring 

the vacuum level in the vacuum box and a valve for controlling this vacuum level.  

 

 

Figure 7. Schematic illustration of the front view of the foam applicator. 

 



Emmi Henriksson                                                                                                                  Masterʼs Thesis 

14 

 

 

 

Process parameters 

Parameters that potentially influence chemical application can be roughly divided into (i) substrate 

characteristics, (ii) foam characteristics, (iii) properties of the applied chemicals, (iv) process 

parameters during application, (v) dewatering methods, and (vi) drying methods. The effect of 

many of these parameters on chemical penetration is currently unknown, which is the motivation 

for experimenting with some of them in this work. Parameters expected to affect foam application 

are summarized in Table 1. 

(i) Substrate characteristics 

Foam application is possible on many types of porous substrates with similar improvements in 

dewatering and increase in web strength. The role of substrate type in chemical penetration depth 

can be assumed to be important (Bliss et al., 2021). Pulp type and grammage are important 

properties; for example, Kinnunen-Raudaskoski et al. (2016) and Bliss et al. used bleached 

softwood sheets, with grammages 80 g/m2 and 100 g/m2, respectively. In Skelton’s (1987) 

experiments, 50 g/m2  pilot paper from a bleached kraft pulp mix was used. Also, fibre length, 

porosity, thickness, and density of the furnish affect the structure, along with various treatments, 

e.g.  pressing and drying. Initial water content is important in evaluating water removal and the 

amount of wet film applied with foam. The sheet solids content was 25% in Skelton’s experiments 

Figure 8. Schematic illustration of the side view of the foam application line. 
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(re-wetted sheets), ca. 23% for Kinnunen-Raudaskoski et al. and 8–25% for Bliss et al., which all 

represent solids content in the forming section of a papermachine. 

(ii) Foam characteristics 

A stable, homogenously mixed foam is a prerequisite for good application. It can be generated 

with a handheld beater or a laboratory mixer, but using a foam generator or a mixing tank is more 

effective (Kouko et al., 2021). In this work, foam is generated in a commercially available, 

automatic laboratory aerator. The solution containing chemicals and surfactants is mixed with 

pressurized air under high shearing forces with a rotor-stator or impeller. The air inlet, pressure 

and mixing speed are controlled. Depending on the equipment, foam can be generated 

continuously or in batches, but must be applied soon after generation, as it destabilizes and 

collapses fast.  

The best practical parameter for foam stability control is the backpressure value, i.e., the pressure 

of the foam exiting the foam generator (Kinnunen-Raudaskoski, 2017). Other quality indicators 

are pumping behaviour and visual appearance. Here the appearance of foam refers to bubbles 

visible through the pumping hose and the evenness of the foam curtain at the application slot. In 

VTT trials, controlling these properties has been sufficient in achieving good runnability of the 

application line. In an in-depth characterization, other parameters, such as bubble size and 

distribution, would also be controlled. The foam air content affects density and viscosity. Skelton 

reported using foam with a density of ca. 40 g/l, Bliss et al. used a target of 250 g/l and Kinnunen-

Raudaskoski et al. used 200 g/l and 300 g/l. An air content 90–95%, which corresponds to densities 

50–200 g/l (Kinnunen-Raudaskoski et al., 2014), has given the best foam stability in VTT trials. 

Foam viscosity increases with increased starting liquid viscosity (Kinnunen-Raudaskoski et al., 

2017). However, these two viscosities differ, as foam contains 90% air while the starting liquid is 

starch solution and behaves very differently. Instability of foams makes measuring their viscosity 

challenging, and only liquid viscosity is measured in this work. 

(iii) Properties of the applied chemicals 

Foam consists of surfactants or other surface tension-lowering agents, in addition to target 

chemicals to be distributed into the furnish. These chemicals can be strength additives, thickeners, 

sizing agents, pigments, etc. Possible interactions that they have with other foam constituents, or 

the substrate must be considered to avoid undesired reactions, e.g., aggregation and flocculation. 

Thus, the charge of particles is important. In this work a non-ionic surfactant based on ethoxylated 

isotridecanol was chosen, but sodium dodecyl sulfate (SDS) has been used in foam application 
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experiments by Skelton, Bliss et al., and Kinnunen-Raudaskoski et al. SDS has an anionic charge, 

which makes it more likely to form polymer-surfactant complexes with cationic starch molecules 

(Merta, 2001). In addition, it may negatively affect bonding strength within the sheet (Bliss et al., 

2021). A non-ionic surfactant should have less interactions with cationic starch. 

(iv) Process parameters during application 

Non-contact methods have been used to apply foam to sheets, including an auxiliary headbox 

(Skelton, 1987), a curtain type slot-die coater (Kinnunen-Raudaskoski et al., 2016) and a draw-

down coater (Bliss et al., 2021). In this work, the same type of curtain coating was used as in pilot 

experiments by Kinnunen-Raudaskoski et al. The foam is applied above the wire as a narrow 

curtain across the cross-section of the sheet and sucked into the sheet by vacuum. The application 

height is the distance of the applicator slot from the wire, which describes the thickness of the 

foam layer that can be applied at a time. From a paper machine perspective, finding the widest gap 

between the coater and wire, while applying the smallest amount of foam, is most beneficial so 

that the substrate has space to run smoothly under the coater at high speeds. However, based on 

previous tests, increasing the gap destabilizes the foam curtain and leads to an uneven coating. The 

slot width and length also affect the form of the curtain.  

The amount of applied chemicals can be controlled by varying the volume of foam pumped from 

the foam generator to the sheet and adjusting sled speed.  The pilot line used for dewatering 

experiments by Skelton (1987) was run at 150 m/min with a 3 mm foam layer applied through a 

headbox and in experiments by Kinnunen-Raudaskoski et al. (2016) the pilot machine speed was 

300 m/min and the liquid intake rate by the foam generator 55 l/h. The liquid intake rate (LIR) is 

the amount of liquid foamed within a certain time by the foam generator and can be considered 

equivalent to the amount of liquid pumped to the applicator. In this work the pumping rate and 

wire speed are significantly lower than in pilot equipment. Additionally, the length of the hose for 

pumping foam and the wire mesh size may affect the outcome (Kinnunen-Raudaskoski, 2017), but 

in this work they were kept constant. 

(v) Dewatering and (vi) drying methods 

The furnish can be dewatered using vacuum suction, pressing or a combination of both, as in 

experiments by Skelton (1987) and Kinnunen-Raudaskoski et al. (2016). The pressing load affects 

the sheet dryness and density. However, in this work only vacuum suction is used and the vacuum 

intensity can be varied using a valve. The pressure in suction boxes in a papermachine can vary 
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between 15–40 kPa, and the pressure is applied as a pulse through multiple slots in a row of suction 

boxes (Åslund, 2008). In this work, the max. pressure is less than 30 kPa with only one slot.  

The dwell time of a sheet over the vacuum is determined by the sled speed. The vacuum cleaner 

removes air from within the vacuum box, inducing a partial vacuum that pulls the foam curtain 

through the sheet. The principle is the same as in suction box dewatering in a paper machine, where 

water removal at the wire side creates a pressure drop that draws in air at the sheet surface. Thereby 

some water in the furnish is displaced by air (or foam), reducing the sheet water content (Åslund, 

2008). Likely due to the mechanical properties of foam and presence of surface tension-lowering 

agents, dewatering is more effective compared to a stream of air passing through the sheet. 

Simultaneously foam collapses, leaving behind liquid entrapped in bubble vertices (Skelton, 

1987). Foam application on a sheet with vacuum suction is illustrated in Figure 9.  

 

 

During drying samples after foam application, the main variables are the method, time, and 

temperature of drying. Drum drying can be used to simulate drying in a continuous papermaking 

process, where steam heated cylinder rolls are commonly used. Drying is essential in determining 

chemical penetration to the web, as wet samples are challenging to handle and applied chemicals, 

such as starch, can migrate within the wet furnish after foam has been destructed. Thus, drying 

helps to immobilize the chemicals. In addition, the dry weights of the sheets are relevant in this 

work for determining dewatering behaviour and solids content of the sheets after application.  

  

Figure 9. Illustration of foam suction through a sheet by vacuum-assisted dewatering. 
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Table 1. Foam application parameters summarized 

 

2.3 Methods for detecting starch penetration in the furnish 

The method for detecting chemicals in a paper furnish depends on the properties of the chemicals 

used. For simply visually detecting foam penetration in a sheet, dyes could be used to colour the 

foam in the foam generator. In detecting starch molecules in paper furnishes, iodine staining is a 

well-known, fast, and economical visual method. It is based on the ability of linear starch 

molecules, i.e., amylose and linear parts of amylopectin, to form inclusion complexes with a range 

of small molecules. In inclusion complexes a host molecule exists in a coil-structure with a 

hydrophobic interior that can accommodate a hydrophobic guest molecule (Jonhed, 2006). When 

iodine-potassium iodide solution, which is commonly used as the reagent, is brought into contact 

with a starch-containing paper sample, the iodine molecules intercalate into the starch coils (Figure 

10). The complex formation initiates the transfer of electrons that facilitate intense absorption of 

light. This is perceived as a colour reaction between iodine and amylose, which results in a dark 

blue colour. Due to its mostly branched structure, amylopectin, the other constituent in starch, 

forms a different complex with iodine that results in a lighter, reddish-brown colour. The 

concentrations of amylose, amylopectin and iodide ions present all affect the perceived colour 

(Kuznetsov et al., 2007; Ophardt, 2003). Paper samples containing potato starch, which mainly 

consists of amylopectin, therefore often appear dark brown or reddish in iodine-stained spots. 

(i) Substrate 
characteristics

Type

• Kraft-pulp sheet, 
CTMP handsheet, 
non-woven sheet 
etc.

Treatment

• Drying, pressing 
etc.

Grammage (gsm)

Solids content

• Initial (w-%)

• Afer application 
(w-%)

(ii) Foam 
characteristics

Density (g/L)

Air content (w-%)

Bubble size

Bubble size 
distribution

Rheological 
properties

• Viscosity profile of 
foam

• Viscosity profile of 
starting liquid

(iii) Applied 
chemicals

Type

• Foaming agent, 
strength agent, 
thickener etc.

Charge (anionic, 
cationic, no charge)

Molar mass (g/mol)

Structure (linear, 
branched)

Inter-molecular 
interactions

(iv) Application 
parameters

Sled speed (m/min)

Foam generator 
liquid intake rate 

(L/h)

Pumping hose length 
(m)

Wire material and 
mesh size

Application height 
(mm)

Slot 
parameters

• Slot 
width/length 
(cm)

• Slot gap (mm)

(v) Dewatering 
methods

Vacuum-assisted 
dewatering

• Vacuum level 
(kPa)

• Vacuum box lid 
gap (mm)

• Number of slots

External pressure 
(pressing)

(vi) Drying 
methods

Method

• Oven

• Drying drum

• Room temperature 
etc.

Time

Temperature

Humidity
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Iodine staining can be performed on paper directly, without pre-treatment or expensive 

instruments. The only requirement for the sample type is that it contains no initial starch, as this 

would interfere with detecting surface applied starch. The thickness of a starch layer can easily be 

analysed by cutting a sample into cross-sections that are imaged with a microscope or camera. 

Image analysis tools can be used to calculate the mean relative starch penetration depth (MR-SPD) 

in individual points (Maurer, 2009).  

To obtain continuous z-directional starch profiles, more advanced image analysis methods are 

needed. A method has been developed by Lipponen et al. (2004), where a standardised sample 

treatment and computer-assisted image analysis are used to estimate starch distribution across the 

sample. This so-called Simulated Starch Content (SSC) analysis is based on a large dataset of 

cross-sections. The analyses of both individual cross-sections and the SSC method are based on 

the same principle, namely, classifying and counting the number of pixels that represent starch in 

a digital image. In this work the SSC method is used as a complementary method to compare 

results to the cross-section method. Generally, the challenge in visual assessments is both the 

accuracy, as there is variation in starch layer thickness within a sample, and the susceptibility of 

the method to errors by the personnel performing the analysis (Lipponen et al, 2004). Analysing a 

large number of samples, as in the SSC method, improves the accuracy but is also laborious to 

perform (Linnonmaa & Trefz, 2009). Setting the algorithm for the computer-assisted starch 

penetration analysis requires suitable instruments and experience of the method for the sample 

type in question. Access to these resources was limited and the quick cross-section analysis was 

chosen as a sufficiently simple and accurate method for experimental foam application studies.  

  

Figure 10. Illustration of amylose coiled around a tri-iodide ion adapted from a figure by Ophardt 

(2003). 



Emmi Henriksson                                                                                                                  Masterʼs Thesis 

20 

 

3 Experimental work 

The objective in this work was to understand the effect of foam application parameters on starch 

penetration depth by changing one parameter at a time, while keeping other conditions constant. 

The parameters selected were substrate type, the concentration of applied starch, amount of applied 

starch, viscosity of the starting liquid, vacuum level, and drying method. A series of experiments 

consisting of three to four trial points per parameter was set up. Keeping test conditions as constant 

as would be ideal was challenging and some of the experimental series have more than one 

variable. More details on parameters are found in section 3.3 and Appendix B. 

The general steps are described in Figure 11. The process started with substrate and starch solution 

preparation (section 3.1), followed by foam application (section 3.2), iodine analysis, imaging and 

starch content and penetration analyses (section 3.4). Other steps include plotting vacuum profiles 

(3.2.4), measuring viscosity of the starting liquid (section 3.5.1) and calculation of water balances 

(section 3.5.2).  

 

 

 

 

STEP 1 

Substrate 
preparation

STEP 2

Starch cooking 

STEP 3

Foam generator 
setup

STEP 4

Vacuum &vacuum 
measurement setup

STEP 5

Weighing of wet 
samples

STEP 6

Foam application 
onto the substrate

STEP 7

Weighing of 
coated samples

STEP 8

Drying & 
conditioning

STEP 9

Weighing of dry 
samples

STEP 10

Iodine staining & 
cutting into cross-

sections

STEP 11

Imaging cross-
sections & image 

analysis

STEP 12

Calculating starch 
penetration depth 
& other properties 

Figure 11. The process steps involved in foam application. 
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3.1 Materials 

The materials used in experiments are listed in Table 2. The substrate preparation is discussed in 

section 3.1.1 and starch solution preparation in section 3.1.2. More details on addition amounts of 

chemicals can be found for each experimental series in section 3.3.  

                        Table 2. Materials used in foam application experiments 

Substrate Chemicals Surfactant 

Preliminary CTMP 

handsheets, bleached 
Cationic potato starch, Raisamyl 50021 (Chemigate) Marlipal O13/100 

Kraft pilot sheets, 

pressed 
Carboxymethyl cellulose, Finnfix 30000 (Nouryon)  

CTMP handsheets, bleached Carboxymethyl cellulose, Finnfix 4000 (Nouryon)  

3.1.1 Starch solution 

Starch cooking was performed batch-wise in a cooking vessel under continuous mixing with a 

laboratory mixer. Solutions with different concentrations were prepared from cationic potato 

starch powder of the brand Raisamyl 50021 (Chemigate), with the dry matter content ca. 100% 

and degree of substitution 0.035. Ca. 3–4 kg of starch solution was needed per experiment. 

Cooking proceeded as follows: cold water was heated in a glass decanter in a cooking vessel to 60 

°C and slowly starch powder was added under mixing. The mixture was heated to 90 °C and 

cooked for 30–40 min. Water was added to adjust solution concentration. A small sample was 

taken to measure the dry matter content with an IR-balance to check the concentration. The 

solutions were stored in a cool room overnight and used in experiments the following day. Before 

foam application 0.4% v/v surfactant, ethoxylated isotridecanol, with the product name Marlipal 

O13/100 (Sasol) was added. The solution was mixed ca. 10 min at room temperature, to dissolve 

the surfactant and obtain a clear solution. Strong foaming was to be avoided at this stage, to prevent 

the starting liquid density from changing.  
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3.1.2 Substrate 

Handsheet preparation 

Two types of bleached chemi-thermo-mechanical (B/CTMP) handsheets were used. The first 

group named “Preliminary CTMP handsheets” were prepared for another VTT project and used 

as test sheets. The exact preparation method of these sheets is not known and not discussed in 

further detail. The other handsheets were prepared from starch-free pulp provided by one of the 

industrial partners, with an initial dry content 88.5%.  

A 10 to 15 kg pulp with 1% solids content was prepared by diluting and soaking dry pulp overnight 

and thereafter slushing for 60 min at 1500–2000 rpm with a mixer (High-Shear Dispermix, Ystral 

GmbH). Handsheets with dimensions 16.2 cm x 16.5 cm, dry grammage 150 g/m2 and initial 

solids content 11–13% were prepared in a laboratory sheet former according to the standard ISO 

5269-1:2005, without pressing or drying of the sheets (Figure 12). To achieve the desired 

grammage, 395 g of 1% suspension was transferred into the sheet former and diluted to the water 

mark. The pulp was mixed with a handsheet former mixer and left to sit for 10 s before opening 

the draining valve. The sheet was drained for ca. 7 s and dried with one blotter and a sheet weight 

for 20 s. The wet sheet and blotter were removed from the forming wire and placed wire-side down 

on a transparent plastic sheet for overhead projectors. Another plastic sheet was placed on the 

blotter-side. In this way, wet samples were stacked and sealed in a plastic bag, which was stored 

in a cool room until foam application experiments.  
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Rewetting of pilot samples 

The pilot samples were pine kraft pulp, containing no stock sizing and only retention aid, collected 

after pressing from an industrial partner’s pilot paper machine. The sheets were stored in a cool 

room and taken out before foam application to be cut into 20 cm x 30 cm samples with a guillotine. 

The initial solids content was ca. 50% and to increase the sheet water content, the samples were 

rewetted to a solids content 21–23%. The rewetting was done by placing one sample at a time on 

a wire into a bath of cool water. The sheet was left to soak in the water bath for 5 min. Excess 

water droplets were shaken off the wire, the sheet was weighed and used in foam application trials.  

3.2 Foam application 

3.2.1 Foam application line set-up 

The coating line consisted of a slot-die coater (Magnojet, Zimmer GmbH) and a wire (Gapmaster 

Pro F35654GM, Valmet) incorporated into a mobile metallic sled with adjustable speed. The 

applicator height, slot gap and coating width were adjustable. The applicator had a 2 mm slot gap 

and was positioned at a 0.2 mm distance between the sheet and applicator lip. The coating width 

Figure 12. Sheet preparation. A: Preparation of sheets from dilute pulp in sheet former. B: Drained 

sheet covered with blotter. C: Pressing with sheet weight ca. 20 s. D: Wet sheet removed from wire and 

placed between two plastic membranes. E: Wet sheets stacked in a pile. F: Stored in a plastic bag in a 

cool room. 

A B C

D E F
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was kept at 15 cm to leave a coating-free rim at the sheet edges. The wire dimensions were 50 cm 

x 138 cm, of which 80 cm was usable for coating. The sled speed was controlled by a motor-driven 

pulley system with a rope tightened around the sled. The motor was a Klee Drive 3-phase induction 

motor with a Vacon 20 VFD to control speed. The motor speed range was 2–10 m/min. The foam 

application line is pictured in Figure 13.  

 

 

The foam was produced in a separate foam generator (Pico-Mix, Hansa Mixer), see Figure 14, 

with the capacity to pump 1–12 l/h liquid. The rotation speed, air content, foam density and liquid 

intake rate of the foam generator (LIR) were adjustable. The foam generator was connected to the 

applicator via a 10.6 m plastic hose and supplied with pressurized air at the air inlet (7 bar). 

Experimental trials have shown that a backpressure 2–2.5 bar at the foam outlet produces a good 

quality foam. The underpressure in the vacuum box was generated with a vacuum cleaner (Kärcher 

Professional NT 20/1 np), connected to the coating line by a 2.5 m long and 40 mm diameter pipe. 

The vacuum box was covered with a replaceable lid made of a 5 mm thick steel plate, which had 

four suction slots. Two lids were available, with either 3.5 mm or 10 mm gap width for the slots. 

During application only one slot was open at a time, and the rest were sealed with a plastic cover 

and tape. A pressure transducer and valve were located at a T-junction in the vacuum line pipe 

(see Figure 8 section 2.2.3). The valve allowed for more control over vacuum intensity during 

application, with the operational window being 10–25 kPa. The vacuum intensity was chosen by 

placing an impermeable plastic sheet on the vacuum box lid to obstruct air flow to the vacuum 

Figure 13. The foam application line. 
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cleaner and monitoring the pressure reading while opening the valve to the position in which the 

desired vacuum was reached.  

 

 

 

 

 

 

 

3.2.2 Sled speed calibration 

A calibration curve was plotted to correlate the foam applicator motor setting with the line speed. 

This was done by measuring the time for the sled to travel 60 cm at each motor setting. The time 

and distance were converted to the unit m/min and plotted against the motor setting. The 

calibration plot is included in Appendix A. 

3.2.3 Foam application onto the substrate 

Foam application began with preparing the foam and switching on the vacuum. Foam was let to 

flow through the applicator slot for ca. 5 min, to remove air bubbles from inside the hose until a 

stable foam curtain was visible in-between the applicator slot and wire. Sled speed was selected, 

and the sled was brought to the starting position. A sheet was weighed and placed onto the wire 

ca. 20 cm from the foam curtain. Up to two parallel samples could be run simultaneously. 

Additionally, the pressure measurement was switched on to monitor the vacuum. Finally, samples 

were run through the foam curtain and then carefully removed from the wire, weighed again, and 

dried. When interrupting the foam coating, e.g., to change the starch solution, modify foam 

parameters, or stop the foam generator in-between experiments, foam was let to drain out of the 

hose and new foam was let to stabilize before new experiments. Foam application onto a sheet and 

application line components are shown in Figure 15.   

Figure 14. Left: The Hansa-mixer foam generator. Right: The Kärcher vacuum cleaner. 
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3.2.4 Vacuum measurement 

The underpressure generated by the vacuum cleaner was measured with a pressure transducer (33X 

Keller AG, Switzerland) controlled by Control Center Series 30 computer software. The placement 

of the transducer is described in Figure 8 (section 2.2.3). The sensor had 0 to -1 bar absolute range 

with 0.5 mbar resolution and a 33 Hz maximum measurement rate. The software plotted the 

underpressure in kPa as a function of time. The data was exported to MS Excel to scale the time 

axis relative to the movement of the sheet over the vacuum slot. 

3.2.5 Drying and conditioning of samples 

All samples were dried after foam application by using either a Kodak glazing dryer or Memmert 

convection oven. Additionally, drying in a microwave oven and at room temperature was used for 

selected samples (section 3.3.6). The drum dryer was heated to 80 °C and the rotation speed was 

measured to be 0.4 rpm. Initially, pilot samples were dried on the drum by placing the foam side 

against the wire with the uncoated side touching the metallic drum surface. The drum drying 

procedure was changed for CTMP handsheets, which stuck to the drum surface even from the 

uncoated side. The CTMP samples were dried in-between two blotters, with the coated side toward 

the drum. Oven drying was performed in a convection oven at 160 °C for 10 min for each sample 

(coated side upward). After drying, all samples were conditioned at 23 °C and 50% relative 

humidity (RH) in a conditioning room for a minimum of 24 hours.  

Figure 15. Top: Foam application onto a handsheet. Bottom left: The slot-die coater pictured from 

underneath. Bottom right: The vacuum box lid with one slot open and the others sealed. 
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3.3 Experimental series 

The parameters set before applying foam were starch concentration, target starch amount, foam 

generator liquid intake rate (LIR), sled speed, vacuum lid gap and vacuum level. The same foam 

density 100 g/l, foam air content 90% and rotor speed 1200 rpm were used for all samples. The 

foam density was calculated by the foam generator based on the starting liquid density. The starting 

liquid density was 1000 g/l and the application width 0.15 m for all experiments. 

The target starch amount was calculated using the following formula: 

 

Target starch amount (g/m2) = 

Starch conc.  (%)

100%
 × V (

L

h
) × ρ (

g

L
)

w (
m

min
) × l (m)

  (equation 1) 

                                              = 

Starch conc.  (%)

100%
 × V (

L

min
) × 

1

60
 × ρ (

g

L
)

w (
m

min
) × l (m)

 ,  (equation 2) 

Where V (
L

h
) = LIR, ρ (

g

L
) = foam density, w (

m

min
) = sled speed and l(m) = application width.  

The amount of wet film applied onto the substrate represents the amount of liquid in foam, 

calculated as follows: 

 Wet film applied (
g

m2
) =  

ρ (
g

L
)  ×  V (

L

min
) 

w (
m

min
) ×  l (m)

,   (equation 3) 

where V (
L

h
) = LIR, ρ (

g

L
) = foam density, w (

m

min
) = sled speed and l (m) = application width.  

3.3.1 Preliminary experiments 

Preliminary experiments were done on CTMP prior to the installation of the pressure transducer 

and valve, and less data was available regarding the substrate. The label “preliminary”, or “P”, is 

used to differentiate these samples from CTMP handsheets used in later experiments. Handsheets 

prepared from CTMP pulp (initial solids content 11.5±0.2%) were used as the substrate and the 

target starch amount was 3 g/m2 for P1–P5. 

Sheets from the same pulp (solids content, 17±0.1%), were used to test the effect of target starch 

amount on starch penetration. In P6–P9 the target starch amount was varied by varying the amount 

of wet film applied at a constant starch solution concentration 2%. The targeted starch amounts 

were 3 g/m2, 4.5 g/m2, 6 g/m2. The same vacuum setting (25 kPa) was used, and the samples were 
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dried in a convection oven at 160 °C. The variables are given in Table 3. A reference sample was 

run over the vacuum slot without starch or foam addition. 

Table 3. Variables used in preliminary experiments 

Sample Foam formulation LIR (l/h) 
Wet film applied 

(g/m2) 

Sled speed 

(m/min) 

Vacuum lid 

(mm) 

P1 Marlipal 0.4% v/v + 0.5% starch 12 603.0 2.2 10 

P2 Marlipal 0.4% v/v + 2% starch 12 154.0 8.5 10 

P3 Marlipal 0.4% v/v + 0.5% starch 12 603.0 2.2 3.5 

P4 Marlipal 0.4% v/v + 2% starch 12 154.0 8.5 3.5 

P5 Marlipal 0.4% v/v + 3% starch 8 101.0 8.5 3.5 

Ref_0 - 0 0.0 2.2 3.5 

P6 Marlipal 0.4% v/v + 2% starch 6 148.1 4.5 3.5 

P7 Marlipal 0.4% v/v + 2% starch 9 222.2 4.5 3.5 

P8 Marlipal 0.4% v/v + 2% starch 12 296.3 4.5 3.5 

P9 Marlipal 0.4% v/v + 2% starch 12 148.1 9 3.5 

 

3.3.2 Amount of applied starch 

The effect of target starch amount on penetration depth was also studied in CTMP handsheets and 

re-wetted pilot sheets (Table 4). The initial solids content was 12.6±0.6% in CTMP handsheets 

and 23.2±1.4% in pilot samples. Amount of wet film applied was controlled by changing the LIR 

at a constant sled speed 4.5 m/min. The LIRs used were 6 l/h, 9 l/h and 12 l/h, which corresponds 

to 148.1 g/m2, 222.2 g/m2 and 296.3 g/m2 wet film applied, respectively. The vacuum lid gap was 

3.5 mm, the vacuum 25 kPa. Reference sheets were prepared with and without foam. 
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Table 4. Variables used in studying the effect of applied starch amount on trial points and 

references 

Sample Substrate Foam formulation Starch target 

amount 

(g/m2) 

LIR 

(l/h) 

Wet film 

applied 

(g/m2) 

Sled 

speed 

(m/min) 

Drying 

method 

CTMP-

TP1 
CTMP HS 150 

gsm 

Marlipal 0.4% v/v + 2% 

starch 
3 6 148.1 

4.5 

 

Oven 

160°C 

CTMP-

TP2 
CTMP HS 150 

gsm 

Marlipal 0.4% v/v + 2% 

starch 
4.5 9 222.2 4.5 

Oven 

160°C 

CTMP-

TP3 
CTMP HS 150 

gsm 

Marlipal 0.4% v/v + 2% 

starch 
6 12 296.3 

4.5 

 

Oven 

160°C 

CTMP-

Ref1 
CTMP HS 150 

gsm 
- 0 0 0 9 

Oven 

160°C 

CTMP-

Ref2 
CTMP HS 150 

gsm 
- 0 0 0 4.5 

Oven 

160°C 

CTMP-

Ref3 
CTMP HS 150 

gsm 
Marlipal 0.4% v/v 0 6 148.1 4.5 

Oven 

160°C 

CTMP-

Ref4 
CTMP HS 150 

gsm 
Marlipal 0.4% v/v 0 9 222.2 4.5 

Oven 

160°C 

CTMP-

Ref5 
CTMP HS 150 

gsm 
Marlipal 0.4% v/v 0 12 296.3 4.5 

Oven 

160°C 

Pilot-TP1 
Kraft pilot 

sheets 80 gsm 

Marlipal 0.4% v/v + 2% 

starch 
3 6 148.1 4.5 

Kodak 

dryer 

80°C 

Pilot-TP2 
Kraft pilot 

sheets 80 gsm 

Marlipal 0.4% v/v + 2% 

starch 
4.5 9 222.2 4.5 

Kodak 

dryer 

80°C 

Pilot-TP3 
Kraft pilot 

sheets 80 gsm 

Marlipal 0.4% v/v + 2% 

starch 
6 12 296.3 4.5 

Kodak 

dryer 

80°C 

Pilot-TP4 
Kraft pilot 

sheets 80 gsm 

Marlipal 0.4% v/v + 2% 

starch 
3 12 148.1 9 

Kodak 

dryer 

80°C 

Pilot-Ref1 
Kraft pilot 

sheets 80 gsm 
- 0 0 0 9 

Kodak 

dryer 

80°C 

Pilot-Ref2 
Kraft pilot 

sheets 80 gsm 
- 0 0 0 4.5 

Kodak 

dryer 

80°C 

Pilot-Ref3 
Kraft pilot 

sheets 80 gsm 
Marlipal 0.4% v/v 0 6 148.1 4.5 

Kodak 

dryer 

80°C 

Pilot-Ref4 
Kraft pilot 

sheets 80 gsm 
Marlipal 0.4% v/v 0 9 222.2 4.5 

Kodak 

dryer 

80°C 

Pilot-Ref5 
Kraft pilot 

sheets 80 gsm 
Marlipal 0.4% v/v 0 12 296.3 4.5 

Kodak 

dryer 

80°C 
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3.3.3 Starting liquid viscosity 

Solution viscosity can be increased by increasing concentration, but the objective was to keep the 

starch concentration constant. Carboxymethylcellulose (CMC) was chosen as the thickening agent 

due to its availability and excellent thickening properties. For CTMP substrates, solutions 

containing 0.25% and 0.5% w/w CMC and 0.5% starch were prepared using a solution of dissolved 

CMC powder (Finnfix 4000, Nouryon). For re-wetted pilot samples, another CMC grade was used 

(Finnfix 30000, Nouryon) to make the same concentrations. After addition of surfactant, solutions 

were foamed. The variables used are shown in Table 6. The target starch amount was 1 g/m2, LIR 

8 l/h, wet film applied 197.5 g/m2, sled speed 4.5 m/min and vacuum 25 kPa. The vacuum lid gap 

10 mm was used for pilot sheets, to test whether it would affect starch penetration into the denser 

structure. Due to CTMP sheets sticking to the drum surface, these were dried in the oven and others 

in the drum. 

Table 6. Variables used in studying the effect of the starting liquid viscosity 

Sample Substrate Foam formulation 
Vacuum lid 

(mm) 

Drying method 

CTMP-TP4 CTMP HS 150 gsm Marlipal 0.4% v/v + 0.5% starch  3.5 Oven 160°C 

CTMP-TP5 
CTMP HS 150 gsm 

Marlipal 0.4% v/v + 0.5% starch + 

0.25% CMC 
3.5 Oven 160°C 

CTMP-TP6 
CTMP HS 150 gsm 

Marlipal 0.4% v/v + 0.5% starch + 

0.5% CMC 
3.5 Oven 160°C 

Pilot-TP5 Kraft pilot sheets 80 gsm Marlipal 0.4% v/v + 0.5% starch  10 Kodak dryer 80°C 

Pilot-TP6 Kraft pilot sheets 80 gsm Marlipal 0.4% v/v + 0.5% starch + 

0.25% CMC 
10 Kodak dryer 80°C 

Pilot-TP7 Kraft pilot sheets 80 gsm Marlipal 0.4% v/v + 0.5% starch + 

0.5% CMC 
10 Kodak dryer 80°C 
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3.3.5 Vacuum level 

The effect of vacuum suction on SPD was studied with two vacuum settings. The experiments 

(Table 7) were done on CTMP handsheets with sled speed 4.5 m/min, vacuum lid 3.5 mm and the 

vacuum valve partially open to achieve vacuums 10 kPa and 15 kPa. The samples were dried in 

the Kodak dryer in-between blotters at 80 °C.  

Table 7. Variables used in studying the effect of underpressure change on handsheets 

Sample Foam formulation Starch target 

amount (g/m2) 

LIR (l/h) Wet film 

applied 

(g/m2) 

Vacuum level 

(kPa) 

      

CTMP-TP7 Marlipal 0.4% v/v + 0.5% 

starch 

0.8 6 148.1 -10 

CTMP-TP8 Marlipal 0.4% v/v + 0.5% 

starch 

1 8 197.5 -15 

CTMP-Ref5 - 0 0 0 -10 

CTMP-Ref6 Marlipal 0.4% v/v 0 6 148.1 -10 

CTMP-Ref7 - 0 0 0 -15 

CTMP-Ref8 Marlipal 0.4% v/v 0 8 197.5 -15 

 

3.3.6 Drying method 

The effect of drying was studied using four methods: the Kodak dryer, oven, microwave and drying 

at room temperature in the conditioning room. Drum dried samples were dried at 80 °C for 7 min 

in-between two blotters with the uncoated side toward the drum roll. This method was the same as 

for CTMP-TP8, except that the sheet was facing the other way during drum drying to see if the 

direction affects the SPD. The oven-dried samples were dried at 160 °C for 10 min, microwave 

dried samples at 900 W on a blotter for 2 min and without a blotter for 1 min. Samples dried at 

room temperature were left on a metallic plate in the conditioning room at 23 °C and RH 50% 

overnight. Besides drying, parameters used were the same as for CTMP-TP8 (Table 7). 

3.4 Starch penetration analysis 

3.4.1 Iodine staining  

Iodine staining was performed by dropping 1–2 drops (0.05–0.10 ml with a 7 ml Pasteur pipette), 

of 1.0% w/v iodine-potassium iodide (I2 −KI) solution (Fischer Scientific) in a 3 x 4 pattern onto 

starch-coated sheets. The sample was dried for 5 min in a convection oven at 105 °C, whereby the 

iodine solution turned dark. The samples were cut in cross-machine (CM) direction with sharp 
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scissors into thin strips. The strips were cut in CM direction to avoid cutting along areas with 

residual starch from the wire, which is more common in the machine direction (MD). Each strip 

contained a spot representing the left, centre, and right side of the sheet in MD. The scheme for 

cutting samples is described in Figure 16. The cross-sections were stored in a dry, sealed plastic 

bag before imaging. 

 

3.4.2 Cross-section imaging 

The cross-section strips were photographed using a Canon EOS 77D DSLR camera with a Canon 

EF-S 60mm f/2.8 Macro USM lens. The camera was mounted 11 cm above the sample on a RT1 

camera arm on a Kaiser RS1 copy stand (Figure 17). The sample was fastened between support 

pieces with the cross-section facing the camera starch-side up. EOS Utility computer software was 

used to control the camera while using remote shooting and automatic camera mode with flash on. 

Each cross-section was photographed separately, and the images were labelled with sample codes 

and saved in JPG format without further processing. 

 

Figure 16. The 3x4 scheme for performing iodine staining analysis and cutting cross-sections. 
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3.4.3 Image analysis 

The cross-section images were analysed using ImageJ (Rasband, 1997-2018). Each time a new 

series of samples was analysed, a reference picture of a needle with a known diameter (1600 µm) 

was used to scale the length to pixel ratio (5.517 µm/pixel). For each cross-section, the thickness 

from the top to the bottom of the sheet was measured in three points and marked on the image with 

a numbered label. The SPD was measured in the same three points, with focus on the areas with 

the clearest contrast between substrate sheet and starch layer. To simplify the analysis, any faint 

starch penetration visible as lighter shades below the dark iodine-stained area was dismissed. The 

measurement depth is illustrated in Figure 18. The values for thickness and SPD were exported 

from ImageJ to an Excel table for processing the data. 

Figure 17. The setup for photographing cross-sections. 
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The mean thickness, mean absolute starch penetration depth, and the MR-SPD (equation 8) were 

calculated for each trial point by taking the arithmetic mean of the data points.  

𝑀𝑒𝑎𝑛 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑡𝑎𝑟𝑐ℎ 𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (%) = (∑
𝑆𝑡𝑎𝑟𝑐ℎ 𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑝𝑡ℎ (µ𝑚)

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (µ𝑚)
 × 100%𝑁

1  )
1

𝑁
 ,

(equation 8)       

Where N is the number of points analysed. 

3.4.4 Total starch content 

The total starch content was analyzed at another facility and this section only contains a general 

method description. The total starch content, expressed as a percentage or as grams of starch per 

sheet area, is determined with spectrophotometric methods using a Hitachi U-2900 UV/Vis-

spectrophotometer (or alternatively with a Minolta CM-3610d) at the wavelength 580 nm. The 

method is based on a reaction between iodine-potassium iodide (I2 −KI) solution and starch that 

produces a blue colour, the intensity of which is measured by the spectrophotometer and expressed 

as the absorbance (Hitachi instrument), or transmittance percentage (Minolta instrument). The 

intensity of the colour reaction depends on the amylose-to-amylopectin ratio and treatment of 

starch. In the analysis, 1 g of dry sample is slushed into pulp, and starch is extracted from the pulp 

in multiple washing steps with hot water and diluted hydrochloric acid (HCL), after which the 

extracted starch solution is cooled, diluted, and centrifuged. Part of the centrifuged starch solution 

is diluted and 0.05 M I2 −KI- solution is added. A reference containing only iodine solution and 

diluted HCL is also prepared. The absorbance (or transmittance) is measured with the 

spectrophotometer. A calibration plot is determined for each starch type used and the starch content 

Figure 18. Example image of the analysis of cross-sections with ImageJ software. In the actual 

analysis, penetration is measured in the same point as thickness. 
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of the sample in mg/l is obtained from the calibration plot by entering the absorbance value (or 

transmittance percentage) into the calibration equation. The starch percentage can be calculated 

when the sample volume, weight and dry matter content are known, and if the sheet grammage is 

known, the percentage can be expressed in grams per square metre (Järvinen & Sinkkonen, 2020). 

3.4.5 Z-directional starch distribution 

Plotting starch distributions is based on a method by Lipponen et al. (2004). The method involves 

cutting samples into cross-section strips and dipping them into 0.1 M iodine-potassium iodide 

solution, after which the sample is imaged under standardised microscopy conditions. Grayscale 

images of cross-sections are analysed column by column to detect cross-section edges. Within the 

edges the image is divided into segments, in which pixels are assigned a binary number 1 or 0, 

depending on whether they exceed a grayscale threshold value or not. The threshold value 

determines the darkness of pixels that are labelled as starch and is based on calibration with a 

reference image of base paper without surface starch. Thickness variation of cross-sections is 

avoided by normalizing the column length, which represents sample thickness. The reliability of 

the distribution increases with the number of cross-sectional images analysed but the result is still 

an estimation, since determining the starch distribution with this method is based on assigning 

numerical values to image pixels and does not involve measuring the actual starch content in 

individual pixels. However, the total starch content can be measured separately and combined with 

the equation in this method to give the so-called Simulated Starch Content distribution (SSC). This 

curve gives an estimation of the starch content as the mass per area in different parts of the cross-

section.  

3.5 Other measurements 

3.5.1 Viscosity measurements 

The viscosity measurements were performed with an Anton Paar Physica MCR 301 rheometer and 

Rheoplus and Rheocompass software. The measuring geometry used was bob-and-cup, with a 

concentric cylinder bob (CC27). The shear flow was measured for shear rates 0.1–1000 1/s in 30 

points at a distance 1 mm between bob and cup. The measurement profile was set for viscoelastic 

liquids, with 30 s of pre-shearing the sample at 10 1/s and a 60 s waiting time before shear flow 

measurements. The temperature of the samples was 24–25 °C. Starch solutions with concentrations 
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0.5%, 1.0%, 1.5% and 2% were measured. In addition, samples containing 0.4% Marlipal 

surfactant, as well as 0.25% CMC and 0.5% CMC were measured.  

3.5.2 Water balance calculations 

After drying and conditioning, sheets were weighed and dry weights were used to calculate 

grammage, solids content, water in the sheets initially and water removed from the sheets during 

vacuum dewatering. The grammage of the sheets was calculated with equation (4): 

Grammage (
g

m2
) =  

 mdry sheet (g) 

 Adry sheet (m2)
 ,  (equation 4) 

 

Where  mdry sheet (g) = mass of the sample after drying and conditioning and  Adry sheet (m2) = 

area of the sheet.   

The initial solids content of substrate sheets was calculated with equation (5) and the solids content 

after application with equation (6). 

Initial solids content (%) =  
 mdry sheet (g) 

 mwet sheet,i (g)
 × 100%,  (equation 5) 

 

Where  mdry sheet (g) = mass of the sample after drying and conditioning and  mwet sheet,i (g) = 

the mass of the initial sheet before foam application.   

 

Solids content after application (%) =  
 mdry sheet (g) 

 mwet sheet,a (g)
 × 100%,  (equation 6) 

 

Where  mdry sheet (g) = mass of the sample after drying and conditioning and  mwet sheet,a (g) = 

mass of the sample after passing over the vacuum slot.   

The amount of water in the sheet initially is calculated as: 

Water initially (
g

m2
) =  

 mwet sheet,i (g) × (1−
Initial S.c.(%)

100 
) 

A (m2)
 ,  (equation 7) 

where  mwet sheet,i (g) = mass of the initial sheet before foam application, Initial S. c. (%) = 

initial solids content of the sample and A (m2) = area of the sample. 
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The water remaining in the sample after foam application can be calculated from the dry 

grammage and solids contents after application. Water removed from the sample is obtained by 

subtracting this value from the sum of initial water in the sample and the wet film added during 

application (equation 8):  

Water removed (
g

m2
) =  Water initially (

g

m2
) +  Wet film applied (

g

m2
) 

− Grammage (
g

m2
) × (

100 

S.c.  after application (%)
− 1)               (equation 8) 
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4 Results and discussion 

4.1 Trial point visual appearance 

Figure 19 shows both the foam coated front and uncoated back of an iodine-stained sheet, with 

initial starch solution concentration 2%. Starch is mainly located on the coated side, which was 

the case for all samples. Even when iodine solution was dropped directly onto the wire side, the 

spots on the wire side remained lighter. This indicates iodine solution wets the whole structure and 

genuine variations in starch concentration between the front and back of the sheet can be detected. 

The darker lines visible in Figure 19b are likely caused by residual starch that has remained on the 

wire and transferred to the sample during foam application. Figure 20 shows an example of an 

evenly coated sheet, where the coating width is visible as a sharp change in colour, vs. an unevenly 

coated sheet. 

 

 

 

 

 

Figure 19. A iodine-stained sheet photographed from the a) front and b) back side. 

Figure 20. Example images of an evenly coated (left) and unevenly coated sheet (right). 
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4.2 Starting liquid viscosity 

The starch concentrations used were mainly between 0.5–2%. As expected, the solution viscosity 

increased gradually with increasing starch concentration at shear rates between 1 to 1000 1/s, as 

demonstrated in Figure 21. Starch solutions are known to be dilatant at high concentrations, but 

the samples appear to exhibit slightly shear-thinning properties at very low concentrations.  

 

When CMC is added, the viscosity of 0.5% starch solution is effectively increased as seen in 

Figure 22. At the addition amount 0.25%, CMC raises the solution viscosity to that of 1.5% starch 

solution. At 0.5% CMC addition, the viscosity is increased to that of 2% starch solution.  
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Figure 21. Viscosity of starch solutions as a function of shear rate. 

Figure 22. Viscosity of starch and CMC solutions as a function of shear rate. 
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The addition of 0.4% Marlipal surfactant has no impact on the viscosity for most samples, as 

shown in Figure 23. The only exception is the 2% solution, which exhibits higher viscosity at the 

same shear rates with added surfactant. As no such effect is seen in the other samples with the 

same surfactant amount, it is uncertain if the increased viscosity is caused by the surfactant itself 

or, for instance, by early retrogradation of the 2% starch solution resulting in a thickening effect. 

Also, linear components of starch forming inclusion complexes with hydrophobic tails of 

surfactants could have an increasing effect on viscosity (Jonhed, 2006). If this was the case, the 

complex formation seems to only affect the 2% starch solution.  

 

 

4.3 Vacuum assisted dewatering 

4.3.1 Measured vacuum profiles 

Vacuum profiles were measured for re-wetted pilot sheets and CTMP handsheets. Ideally, the 

pressure level would be monitored directly from the vacuum box. However, installing a pressure 

transducer there was challenging with the existing equipment and the transducer was connected 

via a T-joint to the piping underneath. The vacuum measured from this point was considered 

representative of the level in the vacuum box. Initially the vacuum line had no valve for vacuum 

control and only one setting could be used for most samples. The valve was installed to better 

control the vacuum and test its effect on dewatering and starch penetration.  

The main signals seen in vacuum profiles are explained in Figure 24. The underpressure is static 

when the vacuum cleaner is on and the sled is still (1), and the first peak is observed when the sled 
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Figure 23. Viscosity of starch and CMC solutions with added surfactant as a function of shear rate. 
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starts to move (2). The vacuum increases rapidly when the sheet arrives at the slot (3) and reaches 

the maximum ca. halfway through the sample. The vacuum decreases when the sheet has passed 

(4). The return of pressure to the atmospheric level is seen as an upward spike when the vacuum 

is switched off (5). In some experiments two parallel samples were run simultaneously, as in 

Figure 24. If one sample was prepared, only one vacuum drop is seen. The time axis is scaled to 

begin when the sheet arrives at the slot, which makes comparing the time spent over the vacuum 

slot, i.e., dwell time, easier.  

 

 

Only peaks representing the sheet passing the vacuum slot, i.e. (3) and (4), are displayed in Figure 

25. The initial vacuum levels varied between different runs despite similar process conditions. 

Figure 25a describes re-wetted pilot sheets TP1–TP4 and references in which target starch 

amounts were varied. The dwell time is ca. 4.5 s (sled speed 4.5 m/min) and 2.3 s (sled speed 9 

m/min). Apart from the dwell time, no significant differences are seen between samples. The dwell 

time is slightly lower in some references seen in Figure 25a because they had a smaller initial area.  

The vacuum profiles for re-wetted pilot sheets with modified viscosity of the starting liquid are 

presented in Figure 25b. The starting level is lower than in Figure 25a, and the vacuum drop is 

clearly steeper. The difference could be a result of the wider, 10 mm, vacuum slot gap used. It 

increases the area of the sheet that is exposed to the vacuum at a time, which could potentially 

make the suction more effective. However, the maximum vacuum is still lower than for Pilot-TP1–

Pilot-TP4 and no evidence of more effective dewatering is seen in the solids content after 

Figure 24. An example vacuum profile. 
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application. The wider slot gap may also allow more air to enter the vacuum box and piping, 

bringing the initial pressure level closer to that of atmospheric pressure.  

The vacuum profiles for CTMP trial points with varied starch and CMC amounts are presented in 

Figure25c–d. The dwell time is shorter, 2.6 s (speed 4.5 m/min) and 1.5 s for the reference (speed 

9 m/min), which reflects the smaller area of the handsheets compared to re-wetted pilot sheets. 

Overall, the differences in foam composition or application parameters have little effect on the 

vacuum profile.   

The vacuum profiles after installation of the valve are seen in Figure25e–f. The vacuum was 10 

kPa (Figure25e) and 15 kPa (Figure25f) and multiple parallel samples and references were 

prepared. The underpressure varies between parallel samples more than in previous experiments, 

which indicates that maintaining a stable pressure is more challenging at reduced vacuum intensity. 

However, due to the pressure transducer being located opposite to the pressure valve at a T-

junction, the readings may differ more than if the pressure were measured directly from the 

vacuum box. This means the instability seen in these vacuum profiles does not directly mean 

variation in vacuum suction effect or dewatering in parallel samples.  

 

 

Figure 25. Vacuum profiles for (a) Pilot- TP1–TP4 and references, (b) Pilot-TP5 –TP7, (c) CTMP-

TP1 –TP3 and references, (d) CTMP-TP4–TP6 and reference, (e) CTMP-TP7 and (f) CTMP-TP8. 

. 
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Overall, the measurements have poor reproducibility in terms of initial vacuum level and 

magnitude of the pressure drop when the sheet arrives at the slot. Each run results in a different 

initial pressure, which makes direct comparison challenging. The cause for this could be moisture 

content of the wire or moisture in the piping system or vacuum cleaner. Therefore, little 

information on the effect of application parameters can be obtained. The curves still give a useful 

estimate of the dwell time and overall vacuum stability. 

4.3.2 Dewatering and water balance after foam application 

Solids content and water removal were calculated to understand the effects of applied foam and 

vacuum suction on dryness. Initial solids contents were 11.5 ± 0.2% in P1–P5, 17 ± 0.1% in P6–

P9, 23.2 ± 1.4% in pilot sheets and 12.6 ± 0.6% in CTMP handsheets. The standard deviation in 

initial water content within a substrate type was 1.7% for P1–P5, 0.5% for P6–P9, 7.3% for CTMP 

handsheets and 7.2% for re-wetted pilot sheets. Therefore, variation in initial water content could 

be considered negligible in most cases. A complete list of water balance values is given in 

Appendix C.  

In practice, the amount of wet film applied was directly proportional to LIR, if sled speed and 

other parameters were constant. Thus, the amount of water in each sample before running it over 

the vacuum was a sum of initial water content and added wet film. The water remaining in the 

sheet after application can be estimated when the final solids content is known, and the water 

removed by vacuum can be calculated. These values are indicative, as the exact water amounts are 

not measured. 

In preliminary trial points P1 to P5 and Ref 0, the amount of wet film applied varied with the 

application parameters used. More water was removed with increased wet film applied, but the 

sheet solids content did not rise linearly with water removal. The reference (Ref 0) prepared by 

running a sheet over the vacuum slot without foam showed the largest (8%) increase in solids 

content. Despite the great difference in wet film applied and water removed between trial points 

P1 (wet film 603 g/m2, water removed 969.9 g/m2) and P2 (wet film 154 g/m2, water removed 

515.1 g/m2), the change in solids content was almost the same (4.5%). These two samples were 

prepared using the vacuum slot gap 10 mm, which seemed to affect the solids content more than 

any other parameters.  

A linear relationship between wet film applied and water removed is demonstrated in Figure 26. 

Here, applied starch amount was intentionally varied by applying different amounts of foam. At 
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the same amount of wet film applied, most water has been removed from CTMP handsheets. These 

also had the highest initial water content of the substrates, which may contribute to the results. 

Foam references have more effective water removal than starch samples for all substrates, which 

indicates that starch retains some water. For references without applied foam (0 g/m2 wet film) 

water removal is clearly the lowest. In these samples the only water available is the initial water 

in the sheet. Sled speed 4.5 m/min was used, except for some references without foam where speed 

9 m/min led to less water removal. 

 

The change in solids content before and after application (Figure 27) shows the combined effects 

of initial water content, wet film applied, and water removed. For most TPs this change is positive, 

meaning the solids content increases. However, the solids content increases less, and trial points 

remain wetter, with an increased amount of wet film applied. In re-wetted pilot sheets, starch 

samples contain more water than initially when the applied wet film exceeds 200 g/m2, but 

references are 3–6% drier than initially. A similar, but more moderate difference is seen between 

CTMP handsheets and references. Starch seems to retain water in the furnish, especially in re-

wetted pilot sheets. The pilot sheets were thinner and of lower grammage (200–300 µm and 80 

gsm) compared to CTMP handsheets (700 µm and 150 gsm). Contrary to other samples, in P6 to 

P9 the solids content after application decreased 1.2–1.7%. These samples had least water removal, 

even though their initial water content was higher than of re-wetted pilot sheets. The reason could 

be clogging of the wire or vacuum slot.  
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Figure 26. Water removal as a function of applied wet film. 
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The change in solids content as a function of CMC amount is presented in Figure 28. CTMP 

handsheets and re-wetted pilot sheets follow a similar pattern, where the 0.25% CMC has the 

highest increase. The same amount of wet film, 198 g/m2, was applied in each case and the 

differences are subtle. The references with no added foam still show the highest increase, with a 

4.5% for CTMP and 6.4% for re-wetted pilot sheet. The starch solution concentration was 0.5%, 

and water removal similar to trial points with 2% solution and 222 g/m2 wet film applied. Now 

the pilot sheets are drier than previously, possibly due to lower concentration and less water 

retention of starch. Again, the amount of water removed is dependent on wet film applied, while 

changed viscosity has no clear effect.  
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Figure 28. Solids content change after application in trial points with added CMC. 
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The effect of vacuum on dewatering of CTMP trial points is seen in Figure 29. The datapoints 

represent different amounts of wet film, both with and without starch. The trial points and 

references at 25 kPa are from previous experiments. Again, references without foam (wet film 0 

g/m2) have the highest increase in dryness, where solids content increases from 0.8% to 4.5% with 

increased vacuum. The negative value seen at 10 kPa indicates the vacuum is not enough to remove 

148.1 g/m2 wet film. The dependence of water removal on vacuum level was as expected, as 

higher vacuum levels result in increased dewatering (Åslund, 2008).  

 

According to the results, water removal and change in solids content is governed mostly by wet 

film applied and the vacuum level used. In almost all references without foam the sheet dryness 

increased more than in foam samples. In foam samples, water removed was only slightly higher 

than the amount of applied wet film, but the increase in solids content remained low compared to 

references. This implies that foam-assisted dewatering is not observed, and the water is removed 

by the vacuum only. Therefore, the foam itself does not increase sheet dryness with the set of 

parameters used in any of the substrates. It remains unclear whether foam stays intact when 

penetrating the sheet, or whether it is partially destructed and forms liquid. In either case, applied 

foam behaves differently to a stream of free air. Another uncertainty is whether the vacuum suction 

acts throughout the thickness of the sample, and to what extent the sheet is compressed during the 

dwell time. In literature, the main mechanism in vacuum induced dewatering has been found to be 

compression of the paper web by vacuum, after which displacement dewatering occurs (Åslund, 

2008). The vacuum slot used in this work is likely not able to compress the wet web to the same 

extent, as only one slot is used at a time without a pulsating effect.  
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4.4 Starch penetration analysis 

4.4.1 Measured starch content 

The starch content was determined quantitatively using the method described in section 3.4.4. Due 

to a shortage of time, total starch content was not measured for CTMP-TP7–CTMP-TP12. Figure 

30 presents a correlation chart for targeted and measured starch amounts for different substrates. 

When comparing targeted and measured amount, the measured values deviate less than 1 g/m2 

from the target in 77% of the trial points. In the rest the measured amount is less, indicating that 

starch has been lost during the process.  

In preliminary trial points P1 to P5 the target 3 g/m2 (2% of the sheet dry weight) is reached in 

almost all samples. When the target amount was varied in P6–P9, the values deviate more. A 

deviation is observed in CTMP handsheets as well. The retained starch increases in proportion to 

wet film applied in CTMP-TP1–CTMP-TP3 but is still less than the target. The highest amount 

measured is ca. 4.5 g/m2 (3% of the dry sheet). For trial points CTMP-TP4–CTMP-TP6 with 

varying amounts of CMC added, all starch applied (1 g/m2) appears to stay in the sheet.  

The pilot sheets retain less starch regardless of application amount, around 2 g/m2. Increasing wet 

film applied has no increasing effect on starch amounts, but increased sled speed (9 m/min) slightly 

lowers the starch amount in Pilot-TP4. For Pilot-TP5–Pilot-TP7, with starch conc. 0.5% and 

various amounts of CMC added while other parameters were kept constant, the target 1 g/m2 was 

mostly reached. The pilot sheets had lower thickness and grammage compared to CTMP, and a 

denser structure due to being pressed, which could influence foam penetration depth and starch 

retention properties.  

The results show that low coat weights of starch can successfully be applied in both CTMP sheets 

and re-wetted pilot sheets. However, the sample type appears to limit the starch retention, with the 

effect being most prominent in thinner and denser pilot sheets. Even in bulky CTMP sheets the 

starch amount could not be increased beyond 5 g/m2. Evidently, some starch is lost upon raising 

the solution concentration and LIR, the cause for which is unclear. If the reason is a limited 

capacity to retain starch in different furnishes, starch could be distributed throughout the sheet with 

unretained starch removed by vacuum. Some starch may already be lost before application to the 

sheet or when handling the sample after foam application. Other reasons can be local variations in 

foam quality or coating evenness. In any case, the starch amount in the furnish can be expected to 

affect the SPD. 



Emmi Henriksson                                                                                                                  Masterʼs Thesis 

48 

 

 

 

4.4.2 Starch penetration from cross-sections and z-directional distributions 

The starch penetration is estimated using MR-SPD data from cross-sections, in addition to 

complementary Simulated Starch Content (SSC) distributions for some trial points. The MR-SPD 

in preliminary samples was measured by including the gradient, i.e., lighter iodine-stained areas, 

which is why the MR-SPD is high for some trial points. In pilot sheet and CTMP trial points, the 

gradient was left out, with only dark iodine-stained areas measured. A complete list of MR-SPD 

values is given in Appendix D. Example images of the cross-sections P1–P9 are shown in Figure 

31.  
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Figure 30. Correlation between measured and target starch amounts. 

Figure 31. Example images of preliminary CTMP handsheet cross-sections with average thickness 

and starch penetration depth (SPD). 
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The target starch amount for P1 to P5 was kept 3 g/m2, while changing the starch concentration, 

sled speed, LIR, and vacuum lid gap. The measured starch amounts were close to the target in all 

samples except P1, where it was lower (section 4.5.1). As indicated by Figure 32, the lower speed, 

2.2 m/min, resulted in 75–80% MR-SPD despite the low starch concentration. It seems more foam 

had time to penetrate the sheet when the wire was moving slowly. At a 4-times higher speed 8.5 

m/min and conc. 2%, the MR-SPD is only 34–48%. The wider vacuum gap has resulted in deeper 

starch penetration.  

The SSC distributions in Figure 32 mostly support the findings. The vertical axis describes the 

simulated starch content, i.e., amount of starch per unit area, and the horizontal axis is the starch 

penetration relative to sheet thickness. The plateaus describe the thickness at which the amount of 

starch per unit area is highest and it would be logical to use the plateau endpoint to estimate mean 

relative penetration depth. However, the starch content decreases at different speed for different 

trial points. In this study, the SPD is chosen as the percentage on the x-axis, at which average 

measured starch content for each sample (section 4.5.1) is reached (small cross in the figures). The 

decline of the plateau is steepest for samples with most surface starch, such as P4 and P5. The 

plateau corresponds to MR-SPD 20–30%. The decline appears linear toward the end in samples 

with an overall lower and more uniform distribution, as in P1 and P3. The main observation is that 

lower sled speed allows for more uniform starch penetration even at a conc. as low as 0.5%, while 

a higher conc. combined with a higher sled speed concentrates the starch at the sheet surface. Using 

the wider, 10 mm vacuum lid has spread starch deeper, at least for trial point P2. 

 

 



Emmi Henriksson                                                                                                                  Masterʼs Thesis 

50 

 

 

 

The target starch amount and LIR were varied from 6 l/h to 12 l/h in trial points P6–P9 (Figure 

33). The starch conc. was 2% and the vacuum lid 3.5 mm. The MR-SPDs clearly increased with 

increased foam amount in P6–P8 and the higher sled speed in P9 slightly reduced MR-SPD. The 

SSC distributions show similar results, except that P7 has the highest total starch amount and P8 

has less than the target amount. This was also the finding in the total starch measurements (section 

4.5.1), on which the SSC curves are based. The starch amounts in P6 and P9 were almost the same, 

which is reflected in the shape of the SSC curves. The endpoints of plateaus (crosses in Figure 

33), match MR-SPDs measured form cross-sections relatively well. A trace of starch on the 

uncoated side of samples is seen as a small peak at 80–100% on the horizontal axis. This is likely 

accumulated starch transferred from the wire. Residual starch clogging the wire may also have 

been the cause for reduced dewatering observed in section 4.3.2 Figure 27. 

Figure 32. Left: MR-SPD measured from cross-sections for P1–P5. Right: SSC distribution for P1–

P5. 
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Example images of re-wetted pilot sheets are shown in Figure 34. The experiment where the target 

starch amount was varied was repeated on pilot sheets, with no significant effect on MR-SPDs 

(Figure 35). In all samples, the MR-SPD measured from cross-sections is ca. 50%, which is also 

the case in the SSC curve. The measured starch content was almost the same (ca. 2 g/m2), less 

than the target despite different amounts of applied foam. This may explain why no differences 

can be seen in MR-SPD either. Notably, the appearance of starch distribution curves differs from 

those for the preliminary substrate. No plateaus are observed, and the curves show an almost linear 

decline. Pilot-TP1 has the highest overall starch level, regardless of being prepared using the 

lowest liquid pumping rate. The higher sled speed, 9 m/min, has led to a lower starch level in Pilot-

TP4. 

In TP5 to TP7, the viscosity of the starting solution was raised by addition of CMC. The hypothesis 

was that a more viscous liquid would result in less starch penetration and offer a method to control 

the MR-SPD. However, the viscosity has no clear effect on MR-SPD, which is close to that of 

previous pilot TPs, despite the lower concentration and starch amount (0.5% and 1 g/m2). Contrary 

to measurements from cross-sections, SSC distributions suggest a greater difference between trial 

points. The sample with 0.5% starch seems to have a starch concentration closer to the top surface, 

whereas with CMC starch is distributed further into the sheet. The SSC and cross-section results 

differ, which could be explained by local variation in the foam coating, or the fact that re-wetted 

pilot samples were rather thin, less than 300 µm, which made detecting the SPD visually from 

Figure 33. Left: MR-SPD measured from cross-sections for P6–P9. Right: SSC distribution for P6–

P9. 
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images rather challenging. In addition, the cationic starch and anionic CMC can interact with each 

other, which may influence starch retention in the furnish (Strand et al, 2017).  

 

 

 

 

Example images of CTMP handsheets are shown in Figure 36. The target starch amount was 

varied in CTMP-TP1–CTMP-TP3. Figure 37 shows that here MR-SPD increased a few percent 

with increasing wet film applied and LIR. The rise in starch content in proportion to LIR is clearly 

visible from the SSC distribution, and the endpoints of plateaus suggest similar values as measured 

from cross-sections. Even though target starch amounts were not fully reached (section 4.5.1), the 

Figure 34. Example images of re-wetted pilot sheet cross-sections with average thickness and starch 

penetration depth (SPD). 

Figure 35. Left: MR-SPD measured from cross-sections for Pilot-TP1–Pilot-TP7. Right: SSC 

distribution for Pilot-TP1–Pilot-TP7. 
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relationship between LIR and measured starch in the dry sheet appears linear. Still, differences in 

MR-SPDs from cross-sections are subtle compared to SSC curves.  

In CTMP-TP4–CTMP-TP6, where starting liquid viscosity was raised by adding CMC, the 

opposite occurs. The MR-SPDs from cross-sections decrease strongly when CMC is added, but 

SSC curves show only subtle differences. The starch solution conc. was 0.5% and the measured 

starch content close to 1 g/m2, which explains the lower starch levels in the SSC graph. The plateau 

endpoints lie at MR-SPD 32–36% for CTMP-TP4 and CTMP-TP5, which is lower than in cross-

sections. The shape of SSC curves suggests that MR-SPDs should be similar. The low starch 

concentration may make it more challenging to distinguish an iodine stain gradient, which could 

explain the difference. However, in CTMP-TP6, with 0.5% added CMC and the highest viscosity 

level of the three, the MR-SPD from cross-sections was clearly the lowest (around 30%) for all 

parallel samples. The standard deviation for cross-section measurements was reasonable, 7–11%. 

Thereby the results seem reliable, and increased viscosity is the likely cause for reduction in MR-

SPD. 

 

 

 

Figure 36. Example images of CTMP cross-sections with average thickness and starch penetration 

depth (SPD). 
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The effect of vacuum suction was tested on CTMP-TP7 and CTMP-TP8 by lowering the vacuum 

from 25 kPa to 10 kPa and 15 kPa, respectively. The target starch content was 0.75 g/m2, for 

CTMP-TP7 and 1 g/m2, for CTMP-TP8, at the solution conc. 0.5%. The cross-sections looked 

like other CTMP handsheets in Figure 36. The MR-SPDs from cross-sections are presented in 

Figure 38, where CTMP-TP4 prepared at 25 kPa (Figure 37), is included for comparison. The 

MR-SPDs are 41% at both 10 kPa and 15 kPa and 52% at 25 kPa vacuum. However, according to 

the SSC distribution in Figure 37, the MR-SPD at 25 kPa could be lower than measured from the 

cross-section. The different drying methods may also affect the outcome. CTMP-TP4 was oven-

dried, while CTMP-TP7 and CTMP-TP8 were drum-dried between blotters. Drum drying resulted 

in reduced thickness, ca. 500 µm, compared to oven drying, where it was ca. 700 µm. In principle, 

thickness has no effect on the calculated MR-SPD, but the location of the starch layer is easier to 

visually detect and separate from a potential starch gradient in a thicker sample. Based on these 

results, vacuum has no apparent effect on SPD. 

Figure 37. Left: MR-SPD measured from cross-sections for CTMP-TP1 – CTMP-TP6. Right: SSC 

distribution for CTMP-TP1 – CTMP-TP6. 
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The same parameters used for CTMP-TP8 were repeated for CTMP-TP9–CTMP-TP12, with 

different drying methods. Apart from drying, the trial points can be considered parallel samples. 

Drying immobilizes the starch molecules in the wet sheet. The purpose was to see if the 

temperature and speed of drying affect the SPD. For instance, microwave drying can be achieved 

within a couple of minutes, which makes it the fastest method, while drying at room temperature 

can take many hours. The hypothesis was that microwave drying would result in less starch 

penetration due to the limited time starch molecules have to migrate and drying at room 

temperature would result in the highest SPD. However, no differences were seen as CTMP-TP10–

CTMP-TP12 all had a MR-SPD between 41–42%. For CTMP-TP9 the MR-SPD was lower, 

37.8%. This sample was drum-dried the same way as CTMP-TP8, but with the uncoated side 

toward the drum roll. Although the mean SPD is low, parallel measurements gave higher values. 

Therefore, no conclusion can be drawn as to whether the direction during drum-dying affects SPD 

more than any other drying method. Trial points dried in the oven, microwave and at room 

temperature were placed horizontally on an even surface, with the coated side upward. There were 

no apparent differences in the visual appearance of these trial points to previous CTMP samples 

with the same concentration. The starch conc. and amount used may simply be too low to see 

differences. 

In Figure 39, MR-SPDs measured from cross-sections are plotted against the endpoints of plateaus 

marked in the SSC graphs. For most trial points, the MR-SPD falls in-between 40–55%, which is 

observed in both results from cross-sections and the SSC distributions. In this region, the 

correlation between the methods seems the best. However, this does not accurately describe re-

wetted pilot sheets, where SSC decreased uniformly throughout the sample and starch content was 

rather high toward the bottom of the sheet. For both groups of CTMP trial points, the correlation 
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Emmi Henriksson                                                                                                                  Masterʼs Thesis 

56 

 

was the better the sharper the peak and the more distinct the plateau. One obvious difference 

between the cross-section and SSC method is the use of a standardized and automated procedure 

in the latter, in which iodine-stained pixels are either accepted or rejected by the algorithm based 

on a selected threshold value. No threshold is used in the manual detection from cross-sections, 

meaning a wider range of iodine-stained areas may be labelled as starch penetration. Discerning a 

starch gradient is challenging in samples with low starch addition amount and low concentration. 

However, the standard deviation for cross-section measurements is acceptable (2–13% for all TPs 

analyzed) and thereby the results seem reliable. 
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5 Conclusions 

The advantages of using aqueous foams as carriers for chemicals, e.g., potential reductions in 

material, water, and drying needs, improved papermachine runnability and overcoming technical 

challenges related to stock addition and spraying are the motivation for current foam application 

research. The ability to control chemical penetration depth by selection of appropriate parameters 

would aid the commercialization of the technique, as it would enable foam application to be used 

in different end products. The properties of foams allow more flexibility in applying wet end 

chemicals that are usually applied through stock addition or spraying, but also offer new 

possibilities for entirely new chemicals.  

In this thesis, application of foamed starch solution onto wet paper webs was successfully 

demonstrated. Any chemical that can be prepared into a solution or suspension that can be foamed 

could be employed, but for the sake of simplicity, safety and its established use in the target 

industry, cationic potato starch was chosen. The starch was pre-gelatinized by batch-wise cooking, 

non-ionic surfactants were added, and the solution was foamed in a foam generator prior to 

application. The foam produced contained 90% air and had the density 100 g/l. Three types of 

substrates were used, two different groups of undried, starch-free, and bleached CTMP handsheets 

in addition to re-wetted pressed kraft sheets from a pilot paper machine. The foam was applied 

with a curtain-type slot applicator on a moving wire, with a vacuum box underneath the applicator 

that induced suction of foam into the sheets.  

The vacuum profiles were measured for re-wetted pilot sheets and CTMP sheets and were found 

to be a useful indicator of the dwell time of a sheet over the vacuum slot, which varied between 

1.5 s to 4.9 s. With the current equipment, the vacuum levels can be adjusted between 10 and 25 

kPa, but the measurements are not reproducible between separate runs in terms of the magnitude 

of the pressure drop and initial vacuum level. However, this variation had no apparent effect on 

dewatering or starch penetration results and the vacuum monitoring still provided a method to 

follow the stability of the vacuum during application. FAD was not observed in any of the 

substrates with the parameters used. The water removal depended mainly on the intensity of the 

vacuum and the amount of wet film applied. Water removal increased linearly with the amount of 

wet film applied, but the dryness of the sheets also simultaneously decreased, and more water 

remained in sheets compared to lower application amounts. Water retention was pronounced in 

samples containing starch compared to references. Upon lowering vacuum suction intensity, water 

removal and dewatering decreased proportionally, as could be expected.  
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After drying and conditioning, iodine staining was performed on cross-sections to detect starch. 

The main method for evaluating starch penetration depth (SPD) was by measuring sample and 

starch layer thicknesses from individual cross-sections in ImageJ and calculating mean relative 

starch penetration depths (MR-SPDs). As a complementary analysis z-directional starch 

distribution curves describing the Simulated Starch Content (SSC) were also obtained. Overall, 

the methods showed moderately good correlation, but direct comparison of MR-SPDs and SSC 

distributions is challenging, and results should be interpreted individually for each case. The SSC 

curves were based on measured total starch content. The target starch amounts were reached for 

most trial points in the range 1–5 g/m2. In re-wetted pilot sheets, the measured amount differed 

from the target most. Therefore, some amount of applied starch was either lost or left undetected 

by iodine staining, the reason for which is currently unknown. 

In addition, SSC distributions indicated that CTMP handsheets and re-wetted pilot sheets have a 

very different structure, which impacts the starch penetration profile as well as the amount of starch 

retained and dewatering efficiency. In bulky, 150 gsm CTMP handsheets the SSC profiles were 

more defined, with a clear plateau that showed the location of highest starch content. In 80 gsm 

and inherently thinner pilot sheets, the starch profile decreased linearly throughout the sheet with 

no plateaus. While modified application parameters resulted in no clear differences in pilot sheets 

(SPD ca. 50%), results for CTMP handsheets show that SPD can be controlled by varying the 

starting liquid viscosity and starch amount applied and the MR-SPD measured from cross-sections 

fell in the range 30–55%.  

In conclusion, more experimentation with different parameters is required to better understand 

chemical penetration and other foam phenomena, such as foam-assisted dewatering. In particular, 

the furnish structure and sheet properties such as porosity, permeability and density and their effect 

on starch retention and penetration depth should be investigated. Additionally, experimenting with 

initial sheet solids content and foam density could provide more information about dewatering 

behaviour. Chemicals other than starch could also be used to study e.g., the effects of different 

foam chemistry and molecular size on penetration depth, but this would require a suitable and 

sufficiently simple method for detecting these chemicals. Currently, the simplicity and 

effectiveness of iodine staining-based analyses favour the use of starch as a model chemical. 

Although foam application research is still at an early stage, the results so far are encouraging, and 

the control of chemical penetration depth seems possible with the right set of parameters.   
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6 Swedish Summary – Svensk sammanfattning 

Tillsats av kemikalier i vått papper med skumappliceringsmetoden 

Nyckelord: skumapplicering, vattenbaserat skum, skumgenerator, ridåbestrykning, 

genomträngning av stärkelse, katjonisk stärkelse, jodprov, bildanalys  

Ökad miljömedvetenhet och ett behov av nya innovativa produkter och teknologier som stärker 

konkurrenskraften inom massa- och pappersindustrin har väckt ett nytt intresse för 

skumappliceringsmetoden. Metoden är känd sedan 1970-talet och möjliggör kontrollerat 

applicering av en mångfald av papperskemikalier i vått papper och andra fibrösa substrat med 

hjälp av vattenbaserat skum som transportmedel. Med skum menas en samling av luftbubblor 

suspenderade i en vätska som innehåller ytaktiva ämnen, m.a.o. surfaktanter, som sänker vätskans 

ytspänning och stabiliserar skummet. Transportfunktionen är baserat på att vätskefyllda 

mellanrum mellan bubblor fungerar som fickor för lagring av kemikalier och när skummet tränger 

in i ett poröst medium, som papper, utsätts den för krafter som bryter ner bubblorna och frigör 

kemikalierna.  

Experimenten i detta arbete bygger på tidigare experiment med pilotutrustning, där applicering av 

skum på pappersbanan i våtpartiet av pappersmaskinen förbättrade papprets avvattning och ökade 

torrhalten efter vakuumavvattning med suglådor (Skelton, 1987). I en annan undersökning 

förbättrades styrkeegenskaperna hos både vått och torkat papper efter skumapplicering av 

polymerer, inklusive stärkelse (Kinnunen-Raudaskoski et al., 2016). Orsaken till ökad torrhalt och 

styrka anses vara minskad vattenytspänning och skummets deformerbara struktur som främjar 

genomträngningen av skum och kemikalier in i pappret och samtidigt förskjuter en del vatten. 

Jämfört med addition av kemikalier till mälden via inloppslådan ger skumapplicering bättre 

retention och i motsats till sprayapplikation är det möjligt att applicera högviskösa suspensioner 

utan att det uppstår skadlig dimma som biprodukt. Genom kontroll över vart kemikalierna i pappret 

hamnar skulle metoden erbjuda ett mer flexibelt och attraktivt alternativ till de metoder som 

används idag. För tillfället finns det ändå för lite forskning kring skumapplicering på papper, och 

kunskap om vilka parametrar som styr kemikaliegenomträngningen fattas. För att kunna eventuellt 

skala upp teknologin behövs det en bättre förståelse av skumappliceringsfenomen, vilket ligger 

som grund för den här studien. 

I denna avhandling presenteras en dynamisk apparat för skumapplicering av kemikalier på våta 

pappersark på en flyttbar kälke. Apparaten består av en skumgenerator, en utbytbar vira fästad på 
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kälken, en stationär ridåbestrykare med slitsdysa, en suglåda för avvattning, samt en tryckgivare 

for mätning av vakuumnivå i suglådan. Katjonisk stärkelse valdes som modellkemikalie eftersom 

dess användning inom pappersindustrin är väl etablerad och dess genomträngning kan lätt och 

snabbt detekteras i pappersark med hjälp av jodprov. Skummad stärkelselösning applicerades på 

tre typers substrat: handark av två typers blekt kemitermomekanisk (CTMP) massa och ark 

framställda av kraftmassa i en pilot-pappersmaskin. Parametrarna vars effekt på stärkelsens 

genomträngning och avvattningsegenskaper undersöktes var substrattyp, stärkelsekoncentration, 

stärkelsemängd, stärkelselösningens viskositet, vakuumintensitet och torkningsmetod. Torkade 

prov behandlades med jodlösning och genomträngningens tjocklek mättes i tvärsnitt med hjälp av 

bildanalys, varefter medelvärdet på den relativa genomträngningen av stärkelse kunde beräknas 

(MR-SPD). En kompletterande metod användes för att skapa kontinuerliga distributioner i z-

riktningen av pappret, så kallade simulerade stärkelsedistributioner (SSC). Dessutom mättes 

totalhalten av stärkelse i proven och avvattningsegenskaperna bedömdes genom att beräkna 

vattenbalanser. Vakuumprofiler uppritades för att följa med suglådans arbete under appliceringen. 

Överlag lyckades skumappliceringen bra och målhalten av stärkelse uppnåddes i de flesta prov i 

intervallet 1 – 5 g/m2. SSC-analysen korrelerade relativt bra med tvärsnittsanalysen, där proven 

uppvisade ett genomträngningsvärde, MR-SPD, på 30 – 55 %. Det bästa sättet att kontrollera 

stärkelsens genomträngning i de tjocka CTMP-handarken var modifiering av startvätskans 

viskositet och stärkelsedosering. Detta gällde dock inte för de pressade och tunnare pilotarken, 

vars MR-SPD-värde förblev detsamma, ca 50 % med de testade parametrarna. Vakuumintensiteten 

och torkningsmetoden visade inga märkbara skillnader i stärkelsens genomträngningsdjup, vilket 

delvis kan bero på den låga stärkelsekoncentrationen (0,5 % av startvätskans vikt). Avvattningen 

blev tydligt bättre med högre vakuumnivå. Mera vatten avlägsnades från referenser som kördes 

över suglådan utan skum, vilket tyder på att skummet inte förbättrade avvattningen, och så kallad 

skumassisterad avvattning (foam-assisted dewatering, FAD) observerad av Skelton (1987) inte 

förekom i dessa prov. Prov med applicerad stärkelse innehöll mera vatten efter suglådan jämfört 

med referenser med ren skum, vilket orsakas av stärkelsens förmåga att bibehålla vatten. 

Vakuummätningarna gav en uppskattning av den tid det tar för varje prov att passera suglådan (ca. 

1,5 s – 4,9 s), men p.g.a. variation i initiala vakuumnivån mellan olika körningar erhölls ingen 

värdefull information om processparametrarnas inverkan på trycket. 

Vidare forskning på olika parametrars inverkan på skummets och kemikaliernas genomträngning 

krävs för att nå en bättre förståelse av hur skumappliceringen kan kontrolleras. Utgående från 

resultaten i denna avhandling kunde undersökning av pappersstruktur, särskilt porositet, 
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permeabilitet och densitet, bidra till att förstå deras effekt på stärkelsens retention och 

genomträngningens tjocklek. Dessutom kunde experimentering med skummets densitet och 

papprets initiala torrhalt ge information om avvattningsbeteendet. Andra kemikalier än stärkelse 

skulle även kunna provas, men då krävs en annan metod för att detektera kemikalierna. 

Experimenten hittills är lovande och tyder på att stärkelsens genomträngning kan kontrolleras med 

val av rätta parametrar. 
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8 Appendices 

Appendix A 

The sled speed calibration plot 
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Figure A1. The sled speed calibration plot. The linear pattern in the region 3.5–6 m/min indicates that 

the motor setting correlates well with line speed. 
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Appendix B 

Table B1. Experimental foam application parameters in preliminary sheets 
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P1 P. CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

0.5 % starch 
3 0.5 12 603.0 2.2 10 -25 Oven 160°C 

P2 P. CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

2 % starch 
3 2 12 154.0 8.5 10 -25 Oven 160°C 

P3 P. CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

0.5 % starch 
3 0.5 12 603.0 2.2 3.5 -25 Oven 160°C 

P4 P. CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

2 % starch 
3 2 12 154.0 8.5 3.5 -25 

 

Oven 160°C 

P5 P. CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

3 % starch 
3 3 8 101.0 8.5 3.5 -25 Oven 160°C 

Ref_0 P. CTMP HS 150 gsm - 0 0 0 0.0 2.2 3.5 -25 Oven 160°C 

S
ta
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h
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m

o
u

n
t 

P6 P. CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

2 % starch 
3 2 6 148.1 4.5 3.5 -25 Oven 160°C 

P7 P. CTMP HS 150 gsm 
Surf.0.4 % v/v + 

2 % starch 
4.5 2 9 222.2 4.5 3.5 -25 Oven 160°C 

P8 P. CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

2 % starch 
6 2 12 296.3 4.5 3.5 -25 Oven 160°C 

P9 P. CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

2 % starch 
3 2 12 148.1 9 3.5 -25 Oven 160°C 

         *Marlipal O13/100 surfactant used in all TPs. 
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Table B2. Experimental foam application parameters in re-wetted pilot sheets 
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Pilot-TP1 
Kraft pilot sheets 80 

gsm 

Surf. 0.4 % v/v + 

2 % starch 
3 2 6 148.1 4.5 3.5 -25 Drum 80°C 

Pilot-TP2 
Kraft pilot sheets 80 

gsm 

Surf. 0.4 % v/v + 

2 % starch 
4.5 2 9 222.2 4.5 3.5 -25 Drum 80°C 

Pilot-TP3 
Kraft pilot sheets 80 

gsm 

Surf. 0.4 % v/v + 

2 % starch 
6 2 12 296.3 4.5 3.5 -25 Drum 80°C 

Pilot-TP4 
Kraft pilot sheets 80 

gsm 

Surf. 0.4 % v/v + 

2 % starch 
3 2 12 148.1 9 3.5 -25 Drum 80°C 

V
is
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Pilot-TP5 
Kraft pilot sheets 80 

gsm 

Surf. 0.4 % v/v + 

0.5 % starch  
1 0.5 8 197.5 4.5 10 -25 Drum 80°C 

Pilot-TP6 
Kraft pilot sheets 80 

gsm 

Surf. 0.4 % v/v + 

0.5 % starch + 0.25 

% CMC 

1 0.5 8 197.5 4.5 10 -25 Drum 80°C 

Pilot-TP7 
Kraft pilot sheets 80 

gsm 

Surf. 0.4 % v/v + 

0.5 % starch + 0.5 

% CMC 

1 0.5 8 197.5 4.5 10 -25 Drum 80°C 

R
ef

er
en

ce
s 

Pilot-Ref1 
Kraft pilot sheets 80 

gsm 
- 0 0 0 0 9 3.5 -25 Drum 80°C 

Pilot-Ref2 
Kraft pilot sheets 80 

gsm 
- 0 0 0 0 4.5 3.5 -25 Drum 80°C 

Pilot-Ref3 
Kraft pilot sheets 80 

gsm 
Surf. 0.4 % v/v 0 0 6 148.1 4.5 3.5 -25 Drum 80°C 

Pilot-Ref4 
Kraft pilot sheets 80 

gsm 
Surf. 0.4 % v/v 0 0 9 222.2 4.5 3.5 -25 Drum 80°C 

Pilot-Ref5 
Kraft pilot sheets 80 

gsm 
Surf. 0.4 % v/v 0 0 12 296.3 4.5 3.5 -25 Drum 80°C 

         *Marlipal O13/100 surfactant used in all TPs. 
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Table B3. Experimental foam application parameters in CTMP handsheets 
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D
ry

in
g
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et
h
o
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S
ta

rc
h

 a
m

o
u

n
t 

CTMP-TP1 CTMP HS 150 gsm 
Surf.0.4 % v/v + 

2 % starch 
3 2 6 148.1 4.5 3.5 -25 Oven 160°C 

CTMP-TP2 CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

2 % starch 
4.5 2 9 222.2 4.5 3.5 -25 Oven 160°C 

CTMP-TP3 CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

2 % starch 
6 2 12 296.3 4.5 3.5 -25 Oven 160°C 

V
is

co
si

ty
 

CTMP-TP4 CTMP HS 150 gsm 
Surf.0.4 % v/v + 

0.5 % starch  
1 0.5 8 197.5 4.5 3.5 -25 Oven 160°C 

CTMP-TP5 CTMP HS 150 gsm 

Surf. 0.4 % v/v + 

0.5 % starch + 0.25 

% CMC 

1 0.5 8 197.5 4.5 3.5 -25 Oven 160°C 

CTMP-TP6 CTMP HS 150 gsm 

Surf. 0.4 % v/v + 

0.5 % starch + 0.5 

% CMC 

1 0.5 8 197.5 4.5 3.5 -25 Oven 160°C 

V
a

cu
u

m
 

CTMP-TP7 CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

0.5 % starch 
0.8 0.5 6 148.1 4.5 3.5 -10 Drum 80°C 

CTMP-TP8 CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

0.5 % starch 
1 0.5 8 197.5 4.5 3.5 -15 Drum 80°C 

D
ry

in
g

 m
et

h
o
d
 

CTMP-TP9 CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

0.5 % starch 
1 0.5 8 197.5 4.5 3.5 -15 Drum 80°C 

CTMP-TP10 CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

0.5 % starch 
1 0.5 8 197.5 4.5 3.5 -15 

Microwave 

900W 

CTMP-TP11 CTMP HS 150 gsm 
Surf. 0.4 % v/v + 

0.5 % starch 
1 0.5 8 197.5 4.5 3.5 -15 Oven 160°C 

CTMP-TP12 CTMP hHS 150 gsm 
Surf. 0.4 % v/v + 

0.5 % starch 
1 0.5 8 197.5 4.5 3.5 -15 

Room temp. 

23°C, RH 50% 

R
ef

er
en

ce
s 

CTMP-Ref1 CTMP HS 150 gsm - 0 0 0 0 9 3.5 -25 Oven 160°C 

CTMP-Ref2 CTMP HS 150 gsm - 0 0 0 0 4.5 3.5 -25 Oven 160°C 

CTMP-Ref3 CTMP HS 150 gsm Surf. 0.4 % v/v 0 0 6 148.1 4.5 3.5 -25 Oven 160°C 

CTMP-Ref4 CTMP HS 150 gsm Surf.0.4 % v/v 0 0 9 222.2 4.5 3.5 -25 Oven 160°C 

CTMP-Ref5 CTMP HS 150 gsm Surf.0.4 % v/v 0 0 12 296.3 4.5 3.5 -25 Oven 160°C 

CTMP-Ref6 CTMP HS 150 gsm - 0 0 0 0 4.5 3.5 -10 Drum 80°C 

CTMP-Ref7 CTMP HS 150 gsm Surf. 0.4 % v/v 0 0 6 148.1 4.5 3.5 -10 Drum 80°C 

CTMP-Ref8 CTMP HS 150 gsm - 0 0 0 0 4.5 3.5 -15 Drum 80°C 

CTMP-Ref9 CTMP HS 150 gsm Surf. 0.4 % v/v 0 0 8 197.5 4.5 3.5 -15 Drum 80°C 

         *Marlipal O13/100 surfactant used in all TPs. 
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Appendix C 

Table C1. Calculated solids content and water balance data for preliminary sheets 

 

Sample 
S.c. initially 

(%) 

S.c. after 

application 
(%) 

S.c. 

change 
(%) 

Water initially 

(g/m2) 

Wet film 

applied 
(g/m2) 

Water removed 

(g/m2) 

Dry sheet 

grammage (g/m2) 

P
re

li
m

in
a
ry

 t
es

ts
 

P1 11.4 16 4.6 1140 603 969.9 147.3 

P2 11.4 15.8 4.4 1141 154 515.1 146.3 

P3 11.2 15.2 4 1190 603 952.8 150.6 

P4 11.4 14.3 2.9 1168 154 423.2 150.0 

P5 11.7 15.2 3.5 1143 101 394.3 152.3 

Ref_0 11.6 19.5 7.9 1136 0 526.7 147.6 

S
ta

rc
h
 a

m
o
u
n
t 

P6 17 15.8 -1.2 732.4 148.1 81.1 150 

P7 17.1 15.4 -1.7 727.2 222.2 125.4 150 

P8 16.9 15.5 -1.4 737.6 296.3 216.2 150 

P9 17 15.3 -1.7 731.3 148.1 49.0 150 

 

 

Table C2. Calculated solids content and water balance data for re-wetted pilot sheets 

 Sample 
S.c. initially 

(%) 

S.c. after 

application 
(%) 

S.c. 

change 
(%) 

Water initially 

(g/m2) 

Wet film 

applied 
(g/m2) 

Water removed 

(g/m2) 

Dry sheet 

grammage (g/m2) 

S
ta

rc
h

 a
m

o
u

n
t 

Pilot-TP1 23.4 ± 1.4 25.2 ± 0.6 1.8 292.2 ± 24.6 148.1 171.7 ± 28.1 90.7 ± 0.8 

Pilot-TP2 23.7 ± 0.8 22.7 ± 0.4 -1 284.0 ± 10.4 222.2 196.3 ± 5.6 91.1 ±  1.1 

Pilot-TP3 22.3 ± 1.2 20.8 ± 0.2 -1.5 305.7 ± 20.5 296.3 256.0 ± 18.0 91.0 ± 0.9 

Pilot-TP4 20.5 23.7 3.2 314.1 148.1 187 85.7 

V
is

co
si

ty
 Pilot-TP5 24.6 ± 0.7 25.3 ± 0.2 0.7 273.2 ± 4.7 197.5 207.4 ± 8.8 89 ± 1.9 

Pilot-TP6 25.9 ± 0.7 27.3 ± 1.5 1.4 254.2 ± 11.4 197.5 214.7 ± 14.5 88.6 ± 1.2 

Pilot-TP7 24.7 ± 0.5 25.4 ± 2.4 0.7 267.5 ± 11.2 197.5 205.7 ± 25.1 87.6 ± 1.2 

R
ef

er
en

ce
s 

Pilot-Ref1 22.2 28.3 6.1 312 0 84 90.2 

Pilot-Ref2 22.7 29.1 6.4 297.2 0 78.3 89.7 

Pilot-Ref3 23.4 ± 1.6 27 ± 0.9 3.6 302.7 ± 21.5 148.1 202.5 ± 15.5 92 ± 1.8 

Pilot-Ref4 23 ± 1.6 26.2 ± 0.7 3.2 305.4 ± 29.8 222.2 271.2 ± 19.4 91 ± 0.2 

Pilot-Ref5 21.5 ± 1.2 25.9 ± 1 4.4 332.1 ± 23.6 296.3 367.8 ± 27.1 91 ± 1.8 
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Table C3. Calculated solids content and water balance data for CTMP handsheets 

 

 Sample 
S.c. initially 

(%) 

S.c. after 

application 
(%) 

S.c. 

change 
(%) 

Water initially 

(g/m2) 

Wet film 

applied 
(g/m2) 

Water removed 

(g/m2) 

Dry sheet 

grammage (g/m2) 

S
ta

rc
h
 

a
m

o
u
n
t 

CTMP-TP1 14.3 ± 1.8 16.8 ± 0.8 2.5 890.8 ± 133.3 148.1 307.6 ± 92.6 147 ± 0.2 

CTMP-TP2 13.4 ± 0.2 15.0 ± 0.2 1.6 947.6 ± 18.0 222.2 338.8 ± 6.6 147 ± 0.2 

CTMP-TP3 12.9 ± 0.1 14.4 ± 0.5 1.5 978.1 ± 27.0 296.3 413.3 ± 25.4 144 ± 5.8 

V
is

co
si

ty
 CTMP-TP4 12.9 ± 0.4 15 ± 0.07 2.1 1078.2 ± 40.9 197.5 370.3 ± 36.8 160 ± 1.2 

CTMP-TP5 12.7 ± 0.2 15 ± 0.2 2.3 1051.2 ± 76.7 197.5 380.9 ± 15.5 153 ± 9.6 

CTMP-TP6 13.4 ± 0.3 15.2 ± 0.3 1.8 954.1 ± 26.8 197.5 332.3 ± 8.3 147 ± 1.8 

V
a
cu

u
m

 CTMP-TP7 12.3 ± 0.3 11.9 ± 0.1 -0.4 1082 ± 26.5 148.1 113.9 ± 31.3 151.2 ± 1.8 

CTMP-TP8 12.4 ± 0.3 12.9 ± 0.1 0.5 1193.0 ± 12.0 197.5 256.2 ± 38.3 159.4 ± 7.9 

D
ry

in
g
 m

et
h
o
d

 CTMP-TP9 12.2 ± 0.1 12.4 ± 0.2 0.2 1085.8 ± 2.5 197.5 209.9 ± 6.0 151.7 ± 1.5 

CTMP-TP10 12.3 ± 0.04 12.4 ± 0.07 0.1 1096.7 ± 3.6 197.5 209.2 ± 3.0 154.1 

CTMP-TP11 12.5 ± 0.2 12.3 ± 0.07 -0.2 1146.9 ± 24.9 197.5 218.4 ± 30.1 152.0 ± 0.3 

CTMP-TP12 12.6 ± 0.2 12.6 ± 0.3 0 1053.3 ± 14.0 197.5 200 ± 9.2 152.1 ± 0.6 

R
ef

er
en

ce
s 

CTMP-Ref1 12.8 ± 0.14 15.7 ± 0.4 2.9 1088.7 ± 10.1 0 235.3 ± 9.8 159 ± 0.4 

CTMP-Ref2 12.9 ± 0.1 17.4 ± 0.2 4.5 1075.9 ± 13.2 0 319.5 ± 20.1 159 ± 0.8 

CTMP-Ref3 12.7 15.4 2.7 1086.3 148.1 370.2 157 

CTMP-Ref4 12.6 15.2 2.6 1102.1 222.2 436.6 159 

CTMP-Ref5 12.2 14.8 2.6 1150 296.3 529.4 160 

CTMP-Ref6 12.1 ± 0.06 12.9 ± 0.07 0.8 1057.8 ± 5.1 0 75.0 ± 0.2 145.7 ± 0.2 

CTMP-Ref7 12.1 ± 0.05 12.1 ± 0.2 0 1152.2 ± 62.0 148.1 145.6 ± 32.5 159.0 ± 9.3 

CTMP-Ref8 11.9 ± 0.04 14.1 ± 0.08 2.2 1159.1 ± 19.1 0 203.1 ± 6.7 156.9 ± 3.2 

CTMP-Ref9 12.0 ± 0.05 12.7 ± 0.02 0.7 1193.8 ± 9.0 197.5 271.4 ± 8.4 162.4 ± 0.4 
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Appendix D 

Table D1. Starch penetration depth measured from trial point cross-sections 

Sample Thickness (µm) Starch penetration (µm) MR-SPD (%) 

P1 724.8 ± 17.5 542.3  ± 82.2 74.8 ± 10.1 

P2 699.8 ± 29.4 339.71  ± 61.6 48.5  ± 6.9 

P3 713.5 ± 41.2 571.8  ± 50.4 80.1  ± 2.6 

P4 712.5 ± 12.6 239.2  ± 37.2 33.6  ± 4.9 

P5 691.2 ± 23.1 235.0  ± 28.2 34.0 ± 3.3 

P6 757.3 ± 19.4 192.2 ± 15.8 25.3 ± 2.9 

P7 868.0 ± 26.9 382.5 ± 23.3 44.1 ± 1.9 

P8 777.7 ± 80.1 434.5 ± 75.4 55.9 ± 7.4 

P9 746.0 ± 35.5 328.4 ± 54.8 44.0 ± 6.9 

CTMP-TP1 686.0 ± 40.5 319.3 ± 39.5 46.6 ± 4.9 

CTMP-TP2 676.5 ± 43.1 334.8 ± 43.2 49.5 ± 5.2 

CTMP-TP3 702.5 ± 51.5 371.9 ± 52.1 52.9 ± 5.8 

CTMP-TP4 766.1 ± 53.8 403.6 ± 63.7 52.7 ± 7.8 

CTMP-TP5 727.7 ± 51.7 337.2 ± 46.4 46.3 ± 11.4 

CTMP-TP6 670.7 ± 37.2 206.3 ± 30.7 30.7 ± 8.7 

CTMP-TP7 485.5 ± 54.0 200.0 ± 48.3 41.2 ± 8.3 

CTMP-TP8 499.4 ± 54.2 207.5 ± 61.7 41.5 ± 10.1 

CTMP-TP9 415.5 ± 40.1 156.6 ± 29.2 37.8 ± 7.0 

CTMP-TP10 791.8 ± 82.4 336.3 ± 90.7 42.5 ± 9.5 

CTMP-TP11 759.3 ± 71.0 316.8 ± 72.3 41.7 ± 7.6 

CTMP-TP12 815.5 ± 75.3 344.5 ± 86.1 42.2 ± 8.8 

Pilot-TP1 273.1 ± 46.6 131.6 ± 30.0 48.2 ± 11.9 

Pilot-TP2 247.8 ± 41.1 130.4 ± 33.8 52.6 ± 8.2 

Pilot-TP3 231.1 ± 45.3 115.34 ± 31.2 49.9 ± 8.6 

Pilot-TP4 211.5 ± 43.7 106.8 ± 36.1 50.5 ± 9.1 

Pilot-TP5 290.4± 55.1 148.5 ± 53.2 51.1 ± 11.8 

Pilot-TP6 214.9 ± 28.6 90.1 ± 30.2 41.9 ± 13.2 

Pilot-TP7 259.6 ± 48.3 126.1 ± 39.1 48.6 ± 10.1 

 

 


