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Abstract

A pulp suspension consists of water, fibres, fines, fillers and chemicals, but air or other gases are also
present in practically all pulping processes either in dissolved form or as bubbles. Dissolved gases
seldom disturb the processes, but they are readily converted to gaseous form when conditions change.
The gas bubbles affect the properties of the pulp suspension, reduce the accuracy of certain
measurements, interfere with the runability of the papermachine and detract from the quality of the
end-product. Gases are removed from the process by either mechanical or chemical means, resulting
in increased investments and operational costs. 

The aim of this work was to study the behaviour of gas in pulp and papermaking processes with
laboratory, pilot-scale and mill-scale experiments. Five main areas of the research can be identified:
1. Occurrence of gases in pulp and paper mill processes, 2. Dissolution, precipitation and hold-up of
gases in the pulp suspension and mill water, 3. Effects of gases on certain consistency measurements,
centrifugal pumping and operation of the hydrocyclone. 4. Measurement of the gas content of the pulp
suspension by compression, radiometric, microwave and sonar methods and 5. Removal of gases with
a centrifugal pump equipped with vacuum pump or hydrocyclone equipped light reject removal. 

The results show that the dissolution and precipitation of gas is strongly dependent on the pulp and
water properties. Dissolved and colloidal material reduces the solubility potential of gas, but also
accelerates the precipitation of dissolved gases in gaseous form. The hold-up of precipitated gas
bubbles was found to be much more pronounced in hydrophobic mechanical pulps than in lignin-free
chemical pulps. The accuracy of consistency measurements was affected by free gas in the pulp
suspension, requiring special attention when assessing the results. 

The operation of pressure screens and hydrocyclones was affected only at high volumes of free
gas in the feed suspension. According to the experiments, a reliable gas content measurement can be
achieved by in-line radiometric, microwave or sonar methods, and also by the off-line compression
method if a representative sample is obtained. A centrifugal pump equipped with a gas removing unit
is designed mainly to ensure undisturbed pumping, whereas its gas removal efficiency remains quite
low, especially with small bubbles and at a low gas content. The gas removal efficiency of a
hydrocyclone equipped with light reject removal is good, but decreases with small precipitated
bubbles. These results offer new information of the behaviour of the gas in pulp suspensions and
white water and underline the importance of the bubble generation mechanism in this context.

Keywords: air content, air entrainment, bubbles, consistency measurements, deaeration,
dissolution, gas content measurements, gas removal, precipitation, pulp suspensions
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1 Introduction 

1.1  Background 

The pulp suspension in practically all pulping and papermaking unit processes contains 
gases either in dissolved form or as bubbles. The role of the adsorbed gases on the 
surfaces of fibres and fines was underlined by Boadway (1954), but later considered 
insignificant by other researchers (Ajersch et al. 1992a, b). Gases can enter the pulp and 
papermaking processes as bubbles or in dissolved form, e.g. with raw materials or the 
process water, or else they can be dispersed into the pulp suspension or process water 
directly from the atmosphere via leaking seals, splashing flows and intensive mixing in 
open tanks.  

Dissolved gases do not disturb the operation of unit processes or affect the quality of 
the final product, but they do promote the growth of aerobic micro-organisms and when 
conditions change they can readily turn into harmful gas bubbles. The size of a gas 
bubble depends on the mechanism by which it is generated, dispersed bubbles being 
larger in diameter than those precipitated from supersaturated gases (Rodrigues & Rubio 
2003). Consequently, the effects of gas bubbles and the removal efficiency are dependent 
on the bubble generation mechanism. The most typical effects are foaming, a decrease in 
pumping and thickener capacity and washing efficiency, a negative effect on the accuracy 
of certain measurements and on the fundability of the paper machine and a deterioration 
in the quality of the end-product in terms of decreased strength properties, pinholes and 
specks on the paper web.  

As the speed of paper manufacturing accelerates and the degree of closure of the water 
circulation increases, together with demands for faster grade changes and investments in 
less expensive air removing equipment, problems originating from gases in papermaking 
processes are likely to become more common. Some studies concerning the phenomena 
governing gas-fibre interactions, the effects and removal of gases and the measurement of 
gas content have been carried out since the 1930’s, but most of the published papers have 
been written with a commercial objective. Thus, our knowledge of the basic phenomena 
is still somewhat limited and more research is needed.  
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The aim of this thesis is to gather more detailed information on the explicit behaviour of 
gaseous components in the process water and pulp suspensions, the effects of gases on 
certain unit operations and measurements and the gas removal efficiency of a 
hydrocyclone and gas removing centrifugal pump. At the same time an effort has been 
made to develop and study new gas content measurement methods.  

1.2  The research problem 

The following problems related to the behaviour of gas components in the pulp 
suspension were identified: 

1. Gas content of mill processes. The gas content and its variations in typical pulp and 
paper mill processes are unclear.  

2. Explicit behaviour of gases in mill waters and pulp suspensions. The dissolution 
and supersaturation of gas in simple gas-liquid systems can be resolved theoretically, 
but when a variety of solid and dissolved matter is included in the suspension, the 
theoretical approach must be confirmed with experimental work. Little published 
information is available on the effect of solids and dissolved material on the behaviour 
of gases in the mill water and pulp suspension.  

3. Effects of gases on certain unit processes and measurements. The existence of 
gases in pulping processes has been acknowledged, but their effects on the operation 
of certain unit processes and measurements are still ambiguous.  

4. Gas removal efficiency of a centrifugal pump and hydrocyclone. Gases can be 
removed with a centrifugal pump or a hydrocyclone equipped with light reject 
removal, but detailed information is yet available on the gas removal efficiency of 
these devices. Two mechanisms of bubble formation can be identified: formation from 
supersaturated gases and formation by dispersion.  

5. Importance of average bubble size. The bubble size distribution is dependent on the 
formation mechanism, but the importance of the average bubble size for the effects of 
gases and their removal efficiency has not been investigated.  

6. Reliability of gas content measurements and the importance of the sampling 
procedure for the measurement result – no reference measurement. The 
measurement of gas content is difficult as gases readily change state during 
measurement and sampling. A wide variety of gas content measurements have been 
developed in the past decades, most of them being sampling-based off-line or on-line 
methods. Only a few in-line methods are available. The reliability of these methods 
and the effect of sampling on their accuracy and repeatability remain unknown, 
however, mainly because no reference method is available.  

1.3  Research assumption 

For practical purposes following initial assumption was made: Air conforms to the 
general gas laws in a pilot-scale process. This implies that a good estimate of 



 

 

13

volumetric gas content variations in response to pressure and temperature changes can be 
obtained with the general gas laws.  

1.4  Research hypotheses 

The aim of this thesis was to solve the above research problems by testing the following 
hypotheses: 

1. Gas content of mill processes. The pulp suspensions and circulation water in 
practically all pulping and papermaking processes contain air or other gases (Paper I). 

2. State of gas. The equilibrium between dissolved and gaseous gases is dependent on 
the water and pulp properties, and also on the amounts of adsorbed gases (Paper II). 

3. Gas hold-up. The hold-up of gases is dependent on the bubble formation mechanism, 
as precipitated bubbles are formed on the surfaces of fibres and fines (Paper I). 

4. Effects of gases. The gas content of a pulp suspension affects the operation of the 
process equipment and the measurements made, including pressure screen (Paper I), 
centrifugal pump (Paper I), consistency measurements (Paper III) and hydrocyclone 
(Paper V). 

5. Gas content measurement. The exact volume of air contained in a pulping 
suspension can be measured by in-line methods. The accuracy of off-line methods is 
dependent on the sampling procedure and the sample volume (Papers I and IV). 

6. Gas removal. Gas can be removed with a centrifugal pump equipped with a gas 
removing unit (Paper I) or in hydrocyclone (Paper V) 

7. Bubble size. Two mechanisms of bubble generation are identified: precipitation and 
dispersion. The effects of gases and the removal efficiency are dependent on the 
average bubble size. Precipitated bubbles remain in the pulp suspension and are 
difficult to remove, whereas dispersed bubbles are readily removed (Papers I-V). 

1.5  Research environment 

A pulp suspension is a very heterogeneous composite of fibres, fines, fillers and 
chemicals in solid or dissolved form in an aqueous liquid phase. When a 
thermodynamically unstable gas phase is included in the suspension, the interactions 
between these elements become too complex to be resolved mathematically and 
experimental work is required. The experimental work of this thesis was carried out in the 
form of laboratory, pilot and mill-scale tests.  

The solubility and supersaturation of air in water and pulp suspensions were studied in 
laboratory tests. The effects of air on the reliability of certain consistency measurements 
and on pressure screen and hydrocyclone operation, together with the removal of air with 
a centrifugal pump or hydrocyclone were studied in the stock preparation pilot plant at 
the University of Oulu. The consistency measurement devices used in the pilot 
experiments correspond to the mill-scale equipment, and the air-removing centrifugal 
pump and hydrocyclone are also similar to those used in the mill-scale applications, 
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whereas the pressure screen is only in a small mill-scale range. Actual pulps and process 
waters from Finnish pulp and paper mills were used in both the laboratory and pilot-scale 
experiments. Two bubble generation systems were used, macro-bubbles were created by 
feeding pressurised air through a membrane tube and micro-bubbles were precipitated 
from dissolved air. The air content of the system was readily adjustable and stable during 
testing. The temperature range in the pilot experiments was somewhat lower than in a 
typical industrial process, but the difference is not considered to be important.  

The results obtained with the on-line gas content measurement methods used in the 
pilot-scale experiments were comparable and corresponded to the amount of air fed into 
the system. The results of the pilot-scale experiments are well adaptable to mill-scale 
operations, although only the qualitative results obtained from the screening experiments 
can be adapted to mill-scale pressure screens.  

Mill-scale gas content measurements were carried out by a method developed at the 
Fibre and Particle Engineering Laboratory. The results obtained with this method 
correspond well with the on-line gas content measurements made in the pilot plant. The 
experimental set-ups in the laboratory and in the pilot plant, and also the gas content 
measurements, are presented in more detail in the accompanying papers.  

1.6  Outline of the work 

The first chapter of this thesis describes the problem to be investigated, states the 
hypothesis and presents the research environment and an outline of the work. The most 
typical sources of gases and current gas content in pulp and papermaking operations are 
discussed in the second chapter. The third chapter focuses on the behaviour of gases in 
pulp and paper suspensions in particular, i.e. the principles of solubility, bubble formation 
and gas hold up in a pulp suspension. The fourth chapter describes the most common 
effects of gases in pulp and paper mills. The effects of gas on the cooking, bleaching, 
washing, cleaning and screening of pulp are considered, as is its influence on pulp 
storage, pumping operations and pipe flows. The effects of gases on the operation of the 
paper machine, paper quality and the most typical measurements made in the pulp and 
paper industry are also discussed.  

The operating principles of gas content measurement devices are presented in the fifth 
chapter, where the focus is on the methods commonly used in the industry and on the 
experimental method used in the present pilot-scale experiments. The prevention of gases 
and gas removal methods are reviewed in the sixth chapter, the removal methods being 
divided into passive and active mechanical methods and chemical methods. The most 
important findings are summarised in the seventh chapter, and chapter eight puts forward 
suggestions for further research.  



2 Entrainment of gases in processes 

Gases are readily mixed into pulp suspensions in various process stages, or can enter the 
process with the raw materials. The equilibrium between gaseous and dissolved gases 
must be taken into consideration when evaluating potential gas problems in the process. 
This equilibrium is mainly dependent on the process pressure and temperature, but also 
on the properties of the liquid and solid phases. A large amount of dissolved and colloidal 
surface active material will affect the solubility of gases and the behaviour of bubbles in 
the pulp suspension. It is equally important to note that the volume of gases in the process 
is also dependent on the volumetric pulp flow containing the entrained or dissolved gases. 
The gas content of the headbox stock, for example, is a combination of gases brought into 
the short circulation from stock preparation with the thick stock, gases entrained together 
with the broke, gases mixed with the white water and gases originating from fillers and 
pigments added to the short circulation.  

2.1  Sources 

Gas entrainment in pulp and paper making systems can occur in two basic ways: gases 
can be dispersed into the pulp suspension in any stage of the process where a contact is 
established between a gas phase and the pulp suspension, or else they can enter the 
process in a dissolved form with the raw materials. A few decades ago many unit 
processes were operated at atmospheric pressure, so that gases were readily mixed with 
the suspensions. It was already acknowledged that air can enter the process from the 
screen or pulper, or with broke (De Cew 1929, 1930, 1935). The first studies on the 
sources of air were concentrated on the paper machine environment, and air entrainment 
in the headbox and wire section was widely contemplated (Goumeniouk 1954, Gaveling 
1954, Boadway 1956).  

Despite the fact that the most unit processes nowadays are pressurized, there are still a 
number of opportunities for gases to be introduced into the suspension. Nevertheless, the 
entrainment of gases has not been thoroughly studied. The most typical places where air 
entrainment is caused are still the unpressurized process stages, such as the tanks, chests, 
pulpers and white water receivers, where air is mixed with the suspension or entrained in 
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splashing flows. Air can also be ejected into the suspension through leaking or 
improperly designed sealings. Sometimes the source of gases can be traced to the raw 
materials: wood, recycled paper, broke, fillers, pigments and chemicals. Also, cold raw 
water can carry a significant amount of dissolved air into the process, and if it is rich in 
carbonates this can cause the formation of carbon dioxide under acidic conditions.  

The main reason for carbon dioxide problems, however, is the trend towards neutral 
papermaking processes, together with the increased use of calcium carbonate as a filler. 
CaCO3 remains unaltered in alkaline processes, but below pH 8 it starts to decompose 
and under neutral conditions the equilibrium moves towards HCO3

-. Below pH 7, the 
equilibrium is on the CO2 and H2O side, implying that most of the calcium carbonate has 
decomposed into dissolved CO2 and calcium ions. When the pressure or temperature 
conditions change, the dissolved CO2 is released in gaseous form. As the solubility of 
CO2 is 50 times higher than that of nitrogen and 100 times higher that of oxygen, the 
volumes of supersaturating CO2 can be very high. According to Rauch et al. (2002), 
selective gas measurements have shown that in some cases over 90% of the dissolved 
gases have been CO2. The decomposition of CaCO3 with changing pH from alkaline to 
neutral and slightly acidic is described by Rauch et al. (2002) in the following manner: 

pH>8  CaCO3    Ca2+ + CO3
2- 

pH 7-8  CO3
2- + H+  HCO3

- 

pH 5-7  HCO3
- + H+  CO2 * H2O 

Another ongoing trend in papermaking is closure of the water circulation in a mill, which 
can lead to increased growth of micro-organisms. The balance between aerobic and 
anaerobic bacteria depends on the amount of dissolved oxygen in the circulation water. If 
this is high, aerobic micro-organisms are dominant, producing carbon dioxide as their 
metabolic product. According to Woodward (1996), as the degree of closure of the water 
circulation approaches 100%, the dissolved oxygen is depleted, the system shifts from an 
aerobic to an anaerobic state and anaerobic micro-organisms prevail. These in turn can 
produce a variety of gases, such as nauseous hydrogen sulphide gas or highly explosive 
hydrogen gas. Furthermore, the microbiological production of gases can generate local 
acidic areas where the formation of carbon dioxide from calcium carbonate can occur.  

2.2  Occurrence 

The gas content of different pulp and papermaking processes has been quantified by 
researchers in past decades from various standpoints and with a variety of measurement 
devices. Thus the results must also be evaluated carefully. In the following the results of 
the most recent studies concerning the gas content of contemporary mill processes are 
reviewed.  

Ajersch et al. (1992a, b) used the density measurement method to determine the gas 
content of the headbox stock in two newsprint machines. As they acknowledged, the 
results for the first machine were quite surprising; they measured zero gas content in a 
machine which did not have any active gas removal system in use. Measurements in 
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another machine, however, yielded a gas content of 0.25%. Matula & Kukkamäki (1998) 
defined the gas balance in the short circulation of certain paper machines and in the slice 
flow of a pilot-scale hydraulic headbox, and their results give a good indication of the 
changes in gas content in different process stages and an estimate of the release of 
dissolved gases in the slice flow. In these cases only 10 - 15% of the total gas content was 
introduced into the approach system with the thick stock line, whereas the rest was 
entrained in the suspension in the approach system (Matula & Kukkamäki 1998). They 
noticed that the volume of free gases was 3 to 5 times higher in the slice flow than in the 
manifold, which they assumed to originate from the release of dissolved gases. These 
measurements demonstrated a random variation in air content before deaeration, typically 
of 5-20%, although occasionally it was much greater, 100-200%.  

The ultrasonic method was used by Pietikäinen (1992a) to measure the gas content in 
the short circulations of certain paper mills in North America. His results show that the 
air content varied from 0 to 1.2% depending on the measurement point. He also found out 
that the ultrasonic method can be used for defoamer control purposes as well as on-line 
monitoring of the entrainment of gases in the process. The limitations of the ultrasonic 
method nevertheless affect the possibilities for comparing the results obtained at different 
locations. Schulz & Scott (1993a) measured the gas content in a coated recycled 
boxboard mill with a manual measurement device. They found that in the headbox the 
gas content did not correlate with that in the stock preparation but was more dependent 
on that in the short circulation. They also saw that variations in gas content at specific 
locations indicated changes in the furnish components or in the condition of the 
papermaking equipment.  

The air content in different positions in several Finnish pulp and paper mills was 
measured here by the water compression method (Paper I), the measurement points being 
located mainly in the approach systems of the paper machine, but also at some locations 
in the pulp mills. The aim was to form an overview of the air content in different unit 
operations and eventually to create a gas balance for one mill. It was soon noticed, 
however, that it was impossible to acquire enough data for the creation of a balance, 
although the monitoring could be carried out satisfactorily. It was found that the typical 
level of gas in the stock preparation was 3% or below. As expected, higher gas contents 
were observed only after deinking flotation. The results also showed a high short-term 
variation in gas content at specific locations which was, according to these results, 
unrelated to the stock properties or the condition of the papermaking equipment, but was 
more stochastic in nature.  
 



3 State of gases in pulp suspensions 

In addition to the properties gas and liquid, the equilibrium in a gas-liquid system is 
dependent on pressure and temperature. When the pressure rises or the temperature 
decreases free gases become dissolved in the liquid phase, and as the pressure is released 
or the temperature increases the gases are liberated back to a gaseous phase. The time 
required for the dissolution and precipitation to take place is dependent on the properties 
of the gas and liquid, the surface area and the mixing intensity.  

In simple two-phase systems with a pure liquid and a limited number of gaseous 
components, it is possible to calculate the state of gas, but the situation becomes very 
complex in a three-phase system where solid material is present as well. The solid phase 
has an influence on the precipitation of the gases, since bubbles readily form on the 
surfaces of solid particles and all solid material will dissolve in the liquid phase to some 
extent and affect the solubility of gases. Gases are also adsorbed on the solid phase 
directly from the gas phase or from gases in dissolved form. In typical pulp and 
papermaking suspensions, where the amount of colloidal and dissolved material in the 
liquid phase is great, experimental work is required to study the solubility and 
supersaturation of gases.  

3.1  Solubility of gases  

In order to understand the phenomena governing the mechanisms of gases dissolving in 
mill water, the behaviour of gases under temperature and pressure as well as the 
principles of solubility in pure liquids must be perceived.  

The solubility of gases in liquids is based on the intermolecular forces between gas 
and liquid molecules. The electron cloud of non-polar gases such as O2 and N2 is 
normally symmetrically distributed between the two atoms. When a polar water molecule 
approaches a non-polar molecule, the electron cloud retreats and reduces the repulsion of 
the negative forces. As a result, the gas molecule forms a temporarily induced dipole, 
causing the gas molecule and H2O to be electrically attracted to each other (Fig. 1). This 
attraction between the oppositely charged poles is a dipole-induced dipole force, often 
referred as the London force or the Van der Waals force. The creation of these forces then 
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explains the mechanism by which gases dissolve in water. As these forces intensify with 
increasing molecular size, this mechanism also explains why the solubility of gases of 
larger molecular size is greater. But because dipole-induced dipole forces are weak, only 
1/100 of hydrogen bonds, for instance, the volume of soluble non-polar gases is greatly 
affected by temperature and the partial pressure of the gases.  

 

 

Fig. 1. A temporarily induced dipole (WOW 2006) 

The maximum solubility of a particular gas in a certain liquid is mainly dependent on 
pressure and temperature. The relationship between the pressure, temperature and volume 
of a gas is determined by the basic gas laws: Boyle’s law, Charles’ law and Guy-Lussac's 
law. Based on his experimental work, Robert Boyle discovered in 1662 that at constant 
temperature the volume of a given gas is inversely proportional to the pressure applied 
and that the density (mass/volume) increases directly with pressure. Boyle's law can be 
expressed by the following equation: 

2221 VpVp = , (1) 

where 

p1, p2   are the pressures 1 and 2 [Pa]  
V1, V2  are the volumes 1 and 2 [m3]. 

Charles' law (discovered by Jacques Charles around 1787) states that the volume of a gas 
at constant pressure is directly proportional to the absolute temperature (V1/T1 = V2/T2), 
while Guy-Lussac's law (discovered by Joseph Louis Gay-Lussac in 1809) states that the 
pressure of a gas of constant volume is directly proportional to the absolute temperature 
(p1/T1 = p2/T2). Any two of the three gas laws can be combined into a General or 
Combined gas law:  
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where  

T1, T2   are the temperatures 1 and 2 [K]. 

In 1811 Amedeo Avogadro hypothesized that at the same temperature and pressure equal 
volumes of gases contain the same number of molecules. Avogadro’s law states that ratio 
between the volume of a gas and the amount of moles is constant (V/n=a). The Ideal gas 
law (Eq. 3) combines the general gas law with Avogadro’s law and enables the amounts 
of gases to be calculated:  
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nRTpV = , (3) 

where 

R   is the gas constant 8.314 [JK-1mol-1] 
n  is the number of moles in the gas [mol]. 

The ideal gas law is accurate at low pressures and high temperatures but becomes 
inaccurate at higher pressures and lower temperatures.  

The British chemist and physicist John Dalton noticed in 1801 that the total pressure 
of a system is the sum of the pressures that each gas would separately exert at the same 
volume. This is called the partial pressure and can be determined using Dalton's law of 
partial pressures: 

...CBAtot pppp ++= , (4) 

where  

ptot  is the total pressure of the system [Pa] 
pA, pB, pC are the partial pressures of the gases A, B, C... respectively [Pa]. 

Another English chemist, William Henry, in 1801, was the first to report the relationship 
between partial pressure and the solubility of a gas in a liquid: 

AcA xHp =  , (5) 

where 

pA  is the partial pressure of gas A [atm] 
Hc  is Henry's constant [atm] 
xA  is the mole fraction of the solute in the liquid phase. 

Henry’s law (Eq. 5) states that the amount of gas that dissolves in a given volume of 
solvent at a specified temperature is proportional to the partial pressure of the gas above 
the liquid, provided the gas does not react with the solvent. At this pressure the number of 
gas molecules entering solution rises until an equilibrium is reached. At a higher pressure 
the momentum of the gas molecules is greater and consequently the number of the gas 
molecules that enter and leave the solution is greater. At equilibrium the number of gas 
molecules entering and leaving the solution is equal and the gas concentration in the 
solution is constant.  

Henry’s constant defines the relationship between temperature and solubility. The 
constants of Henry’s law have been defined for the most common gases with respect to 
solvents at various temperatures and pressures. The solubilities of certain gases in water 
at a pressure of 1 atm are presented in Table 1.  
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Table 1. Solubilities (inverse value of Henry’s constant) of certain gases in water at a 
pressure of 1 atm, expressed in ppm’s (adapted from Perry & Green 1999).  

Gases 0° C 20° C 40° C 60° C 80° C 

Carbon dioxide (CO2) 3346.0 1688.0 973.0 576.0 na 

Nitrogen (N2) 18.9 12.5 9.6 8.3 7.9 
Oxygen (O2) 38.5 25.0 18.5 15.9 14.5 
Air  23.3 15.2 11.5 9.9 9.4 

The maximum concentration of gas in a liquid can be calculated using Henry’s law, but at 
constant pressure and temperature the rate of dissolution is determined by diffusion. 
Diffusion coefficients vary greatly, being approximately 0.1 to 1 cm2s-1 in gases, and 
about 10-4 to 10-5 cm2s-1 in liquids (Tommila 1969, Seinfeld 1998). The diffusion rate of a 
gas depends on the molar mass of its molecule. Experimental work by Thomas Graham in 
1833 led to conclusion that under equal conditions of temperature and pressure, the rate 
of diffusion of a gas is inversely proportional to the square root of its molar mass. 
Graham’s law is thus: 
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where 

v1, v2   are the diffusion rates of gases 1 and 2 [mols-1] 
M1, M2  are the molar masses of gases 1 and 2 [gmol-1]. 

In 1855 the German physiologist and inventor Adolf Fick derived Fick's first law of 
diffusion (Eq. 7), which states that local differences in solute concentration will result in 
a net flux of solute molecules from high concentration regions to low concentration 
regions. The total mass transfer rate NA can be determined from Fick’s law (Eckenfelder 
1989). As shown in Eq. 7, the diffusion rate depends not only on the diffusion coefficient 
of the liquid and the concentration gradient but also on the mass transfer area, e.g. on the 
average bubble size and void fraction.  

dy
dcADN LA −= , (7) 

where 

DL  is the diffusion coefficient of a liquid [molm-2s-1] 
dc/dy  is the concentration gradient parallel to the transfer area [molm-2] 
A   is the mass transfer area [m2]. 

These basic gas laws can be used to calculate the maximum solubility and dissolution 
rates of gases in liquids under ideal conditions, when the pressures, temperatures and 
number of elements in the system are limited. Pulp and papermaking suspensions, 
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however, contain several hundreds of dissolved and colloidal components as well as solid 
material, all of which affect the dissolving of gases. Surface active materials accumulate 
on the surfaces of gas bubbles and slow down diffusion through the boundary layer 
between the gas and liquid (Jones et al. 1999). Dissolved material reduces the solubility 
of the gas molecules, allocating locations between the water molecules to which the gas 
molecules can be transferred upon entering solution.  

The gas molecules from the liquid or gas phase can attach to the surfaces of the solid 
material by physical adsorption, i.e. physisorption, in which they adhere by van der Waals 
forces or electrostatic attraction without the formation of a chemical bond. The number of 
adsorbed molecules depends on the concentration of molecules in the proximity of the 
surface and the surface properties and area. The role of adsorbed gases in the equilibrium 
between the free and bound gas was underlined by Boadway (1954) based on his 
measurements comparing the amounts of dissolved gases in headbox stock and white 
water. Later, the adsorption of gases on the solid surfaces in a fibre suspension was 
disregarded or not considered significant (Ajersch et al. 1992a, b). The interactions 
between gas molecules and these components are described in Fig. 2. This figure shows 
the transfer of gas molecules through boundary layer between gas and liquid phases and 
further to liquid phase and to surfaces of solid phase.  
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SOLID PHASE

Bubble
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Surface active material
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Desorption
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 - temperature
 - pressure 
 - other soluble compounds
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Fig. 2. Interactions between the gas phase, liquid phase and solid phase in a pulp suspension.  

Due to these complex interactions in three-phase systems, experimental work is required 
to estimate the maximum solubility and dissolution rate. The solubility of oxygen in 
process water of different types is studied in Paper II, where it is considered that as the 
solubility of oxygen corresponds to that of nitrogen, the behaviour of air can be estimated 
from these measurements alone. It was also observed that when the amount of other 
dissolved components in water increases, the solubility potential of oxygen decreases. 
The ions dissolved in the liquid phase readily bond with water molecules, and clearly 
reduce the chances of oxygen molecules diffusing into the liquid phase. The dissolution 
rate in pure water was slightly higher than that in mill water, which could indicate that the 
adsorption of air on the solid surfaces limits or reduces the dissolution rate. Despite 
opinions to the contrary, this is an important factor in the equilibrium of gases in pulp 
suspensions.  
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3.2  Bubble formation 

The two basic mechanisms for the formation of gas bubbles in the liquid phase are 
nucleation from supersaturated gases and entrainment from the surrounding gas phase by 
dispersion. Biological activity can also generate free gases into a suspension. Bubbles 
formed from the surrounding gas phase are typically larger than bubbles generated from a 
dissolved form. Whereas the number and the size distribution of bubbles that are 
dispersed in a suspension is dependent on the specific entrainment location, the number 
and size distribution of precipitated bubbles can be estimated according to the formation 
theory.  

Bubble formation from a supersaturated solution includes two steps: nucleation and 
growth. The fundamental principles of bubble nucleation by supersaturation are 
summarized by Jones et al. (1999), who define four types of nucleation; Type I: Classical 
homogeneous nucleation, Type II: Classical heterogeneous nucleation, Type III: Pseudo-
classical nucleation and Type IV: Non-classical nucleation.  

In Type I classical homogenous nucleation, the nucleation occurs in a homogeneous 
liquid where no gas cavities are present. In the initial formation of the gas embryo, the 
energy barrier that must be overcome is very high, and therefore the supersaturation level 
that is required is 100 times that of the nucleation pressure. Type II nucleation is 
essentially similar to Type I but is catalysed by the presence of solid material in the 
liquid. Bubbles are formed on pits in the surface of the container, or particles, and 
nucleation requires comparable levels of supersaturation to those in Type I. In Types I 
and II the critical radius for a bubble nucleus is determined according to the Young-
Laplace equation (Eq. 8), showing that smaller bubbles are created as the pressure 
difference during nucleation increases or the surface tension of the solvent decreases 
(Edzwald 1995).  

p
rc Δ
=

σ2
 , (8) 

where 

rc  is the critical radius [m] 
σ  is the surface tension [Pas] 
Δp  is the pressure difference during nucleation [Pa]. 

In both Type III and IV, nucleation takes place from pre-existing gas cavities on the 
surface of the container or suspended particles as well as metastable microbubbles in the 
bulk of the solution. At the moment of supersaturation in Type III nucleation, the radius 
of curvature of the meniscus of these cavities is less than the critical radius, hence there is 
a nucleation energy barrier which must be overcome, whereas in Type IV nucleation the 
pre-existing cavities have radius of curvature of the meniscus greater than that required to 
overcome the nucleation energy barrier. In both Type III and IV, nucleation is achieved 
with low levels of supersaturation (Jones et al. 1999), so that they are the consequence of 
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bubble formation in practical applications such as pulp and papermaking circulations and 
in dissolved air flotation (Dubre et al. 1998).  

Type III and IV nucleation are dependent on the existence of gas-filled cavities, the 
stability of which depends on the radius of curvature of the meniscus, which in turn 
depends on the contact angle of the gas-solid-liquid interface and the geometry of the 
nucleation site (Jones et al. 1999). The increased hydrophobicity of the site enhances the 
stability of the gas cavity. The recently discovered nanobubbles (Attard et al. 2002) are 
thought to cover the hydrophobic surfaces of solids to form a thin gas film, but their 
influence on bubble formation, the solubility and adsorption of gases is still unclear.  

After nucleation to the solid surface, the growth rate of a bubble is governed by 
molecular diffusion, and detachment from the solid surface occurs if the disconnecting 
forces become greater than the adhesion forces (Jones et al. 1999). The main detaching 
force in laminar flow is buoyancy, others being the drag force and surface tension. If 
attached to a solid surface, the relationship of the forces also determines the bubble size 
in Type III and IV nucleation. The total volume of precipitating air can be estimated 
according to Henry’s law (Eq. 9) (Takahashi et al. 1979): 
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where 

VA  is the volume of gases generated during the pressure release [m3] 
ρf  is the density of water [gm-3] 
Mf  is the mole mass of water [g] 
p  is the upper pressure [Pa] 
p0  is the lower pressure [Pa] 
R  is the molar gas constant [JK-1 mol-1] 
T  is temperature [K] 
HE  is Henry’s constant. 

A clear difference between pure water and mill water, which contains solids, was 
observed when studying the effect of nucleation sites on the precipitation rate (Paper II). 
The release of dissolved oxygen from pure water to the equilibrium level required 
intensive mixing after depressurization, whereas the supersaturated dissolved oxygen was 
almost completely liberated from the nuclei-abundant mill water at the moment of 
pressure release. The release of dissolved air was notably slower from the headbox stock 
than from the white water in the same paper machine, which could indicate desorption of 
gases from solid surfaces.  

The parameters affecting the size distribution of bubbles generated from 
supersaturated gases have been studied when optimising the performance of dissolved air 
flotation (Lundgren 1976, Takahashi et al. 1979, Dupre et al. 1998a, b). In order to obtain 
the best clarification result, the aim is to generate as uniform a distribution of small 
bubbles as possible. The main factors contributing to the average bubble size, according 
to these studies, are the degree of air saturation and the hydrodynamic conditions and 
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geometry of the formation zone. It has been found that a partially saturated liquid 
promotes a wider distribution of bubbles, and that a saturation level higher than 70% is 
needed to obtain a uniform distribution of small bubbles. A turbulent flow pattern and 
sudden pressure release will be more effective in creating small bubbles than a laminar 
flow and a long nozzle. Since small bubbles are undesirable in pulp and paper making 
applications, conditions in which small bubbles are generated should be avoided. Typical 
pressure release locations in a pulp and paper mill are valves, tank inlets, the headbox lip 
flow and the wire section in the gap former. It is shown by Honkanen et al. (2005) that 
supersaturation of air at the ball valve creates the bimodal bubble size distribution that 
can be considered dominant in mill processes. These experiments were performed with 
tap water, but considering the quantity of stabilising substances and the lower surface 
tension of the pulp suspension, smaller bubbles must be emphasised in mill processes.  

3.3  Gas hold-up 

The natural tendency of a gas bubble after it is introduced into a liquid is to rise towards 
the surface, at a velocity that is dependent on the properties of the liquid and the gas and 
on the bubble size. When a bubble moves upwards at a constant speed, the sum of the 
forces affecting it, i.e. the gravitational force, buoyancy and drag force, is zero. The drag 
force for spherical particles can be calculated according to Stokes’ law (Gabriel Stokes 
1851): FD = 6πrμw, while the gravitational force FG = mgasg and the buoyancy FB = 
Vgρgas. By resolving the velocity from the equation FG + FD - FB = 0, we obtain for the 
rising speed of the bubble:  
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where 

w   is the rising speed of the bubble [ms-1] 
g   is the acceleration due to gravity [ms-2] 
r  is the radius of the bubble [m] 
ρliquid  is the density of the liquid [kgm-3] 
ρgas  is the density of the gas [kgm-3] 
μ   is the dynamic viscosity [Pas] [kgs-1m-1] 
K is the Rybczynski-Hadamard correction factor. 

The Rybczynski-Hadamard correction factor is used to compensate viscosity difference 
between gas and liquid phases. As Stokes' law applies when the Reynold’s number is less 
then 0.5 (Vauck & Müller 1992), Eq. 10 is only applicable when calculating the rising 
speeds of small particles. The use of this equation is also limited by bubble size due to the 
deformation of large bubbles as they rise and lose their spherical shape. Experimental 
work has demonstrated that the rising speeds of bubbles larger than 100 μm deviate from 
those calculated according to Eq. 10 (Edzwald 1995, originally by Clift et al. 1978). 
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The solid material that has dispersed into a liquid phase affects the behaviour of 
bubbles, i.e. the fibres, fibre flocks and fibre network in pulp suspensions can change the 
bubble size distribution, affect channelling of the bubbles and cause bubbles to be trapped 
by the fibre network or to adhere to the surfaces of fibres or fines. Attachment can occur 
when bubbles are generated from supersaturated gas on fibre surfaces or after collisions 
between bubbles and fibres. The rising speeds of bubbles are greatly affected by these 
interactions with the fibre network.  

The terminology in the literature describing gases in a pulp suspension is quite 
diverse. The terms entrained or dispersed gases are typically used for all the gas bubbles 
in a suspension and bound gas for dissolved and adsorbed gases. The term free gas is 
used when describing bubbles that are not attached to fibres or fines and will leave the 
suspension when standing at atmospheric pressure. Precipitated or supersaturated bubbles 
are generated from dissolved gases and can be either free gas bubbles or residual bubbles. 
The terms residual and bound are used of bubbles that do not leave the suspension when 
standing still and are thus often attached to fines, fibres or fibre networks. Stabilised 
bubbles are bubbles that have surface-active material in the gas-liquid boundary layer.  

The term gas hold-up is defined as the ratio between the volumetric gas fraction and 
the total volume of the suspension when maximum gas uptake is reached. The maximum 
value can be measured during or directly after aeration. It is difficult to compare hold-up 
values between experiments, because the aeration procedures, experimental setups and 
gas content measurement techniques often differ quite considerably, but the results of 
such experiments show that the factors affecting gas hold-up are bubble size, pulp 
concentration, and the physical properties and flow characteristics of the suspension.  

The first observations concerning the behaviour of bubbles in fibre suspensions were 
reported by De Cew (1935), who stated that air on the dried fibres has a stronger affinity 
for the fibres than for the water, and therefore the fibres must be beaten within water to 
dislodge the gas in the form of fine particles, which may escape if not dissolve. This work 
was continued in the 1950’s by Goumeniouk (1954), Gavelin (1954), Boadway (1956) 
and Brecht and Kirchner (1959), who studied the behaviour of gases in the headbox and 
on the wire. Goumeniouk (1954) noted that large bubbles readily float out from the 
suspension in the headbox, whereas small bubbles are often attached to the fibres and 
entangled in the wire. The restraining forces focused on the bubble may then be larger 
than the buoyancy forces and the position of the bubble in the steady flowing suspension 
will be static. He also observed that when a suspension is subjected to sufficient 
acceleration forces the relative position of the bubble changes and it can surface or 
coalescence with another bubble. He concluded that the amount of gas that remains in the 
suspension is a characteristic of the stock and the physical conditions. Boadway (1954) 
made similar findings when studying the measurement of gas content and the behaviour 
of gas bubbles in the headbox and wire section.  

Gavelin’s (1954) experiments on the effects of air bubbles on drainage showed that 
entrained air mixed into a suspension is often spontaneously removed. On the other hand, 
the small gas bubbles that are generated from a supersaturated form are often firmly 
attached to fibres or formed inside fibres and are therefore more difficult to remove. He 
noted that precipitated bubbles readily gather fibre flocks and can retard the flow through 
a fibre mat. Brecht and Kirchner (1959) found that the air hold-up of groundwood stock 
was markedly higher than that of other stocks and considered this to depend on the water 
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properties of the suspension. It is probable, however, that the hydrophobicity of the 
lignin-covered groundwood fibres and fines was the main contributor to these 
observations. The experiments conducted by Sedivy (1979) showed that an increment in 
the specific surface area, i.e. a decrease in Canadian Standard Freeness, led to increased 
gas hold-up, especially with groundwood pulp.  

Much of the research into gas hold-up in recent years has been focused on estimating 
the performance of the unit operations in which gas is deliberately introduced, such as 
dissolved air flotation, deinking flotation processes and bleaching. The effectiveness of 
these processes depends on the uniform distribution of gas in the pulp suspension.  

The effect of consistency on air hold-up in a pulp suspension was studied by Doch et 
al. (1986), who noted that chemical pulp had the lowest air hold-up and TMP the highest, 
with air hold-up values of over 50% achieved at a consistency of 20%. Air hold-up 
increased with increasing consistency in all the pulps tested. When studying deinking 
flotation, Walmsley (1992) found that hold-up decreased at fibre consistencies beyond 
0.6%, and reasoned that the bubbles trapped in the fibre network more readily coalesce 
and consequently cleave a channel in the network through which other bubbles can reach 
the surface. Similar results were obtained by Went et al. (1993), but the consistencies 
were even lower. According to these results, air hold-up decreased between consistencies 
of 0 to 1%, but remained constant at higher consistencies, as bubble coalescence was 
almost complete. Pelton & Piette (1992) extrapolated the bubble escape diameter and 
concluded that the bubble size required for breaking through the fibre network increases 
linearly, independent of the pulp type. A channelling tendency at increased consistencies 
was also observed by Lindsay et al (1995), Ajersch & Pelton (1999) and Schulz & 
Heindel (2000) in their flotation studies. Garner & Heindel (2000) found that increased 
fibre length favoured the formation of larger bubbles and promoted channelling. 

Schulz & Scott (1993b) introduced a new methodology for determining the air hold-up 
and the air release properties of a pulp suspension, in which the aeration and mixing are 
turned off after reaching the maximum gas uptake and the sample is allowed to deaerate 
until an equilibrium is reached. The maximum and equilibrium air levels are reported, 
and an exponential function can be fitted to the experimental data recorded during 
deaeration.  

In gas hold-up studies bubbles are normally dispersed into the suspension with an 
agitator or through a porous stone. The precipitated bubbles that are typical in pulp and 
papermaking processes are smaller than dispersed bubbles and are often formed on the 
fibre surfaces (Gavelin 1954). The hold-up of these bubbles generated from 
supersaturated forms and bubbles created through porous stone was studied in Paper I, 
and more detailed results are presented by Virkkala et al. (1999). The method developed 
by Schulz & Scott (1993b) was used to describe the air release properties of a pulp 
suspension, and the fitting of exponential functions to the experimental data was 
presented by Forström (1999) in his master’s thesis. The hold-up of gas fed through 
porous stone was negligible, whereas clear differences in the hold-up of precipitated 
bubbles were observed between fibre types. The release of precipitated bubbles was 
clearly slowest from hydrophobic, unbleached mechanical pulp and fastest from bleached 
chemical pulp. Although Ajersch & Pelton (1999) disputed the existence of fibre-bubble 
attachment on account of the lack of photographic evidence and based on the results from 
the contact angle measurements, the results of Virkkala et al. (1999) confirm that it can 
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take place if the bubble is generated from supersaturated gases. The attachment was 
weak, however, and the bubbles could easily be detached from the fibres with gentle 
agitation.  



4 Effects of gases 

The earliest reports on the adverse effects of gases in papermaking were published by De 
Cew (1929, 1930, 1935), who concluded one of his papers by stating that “If the time 
ever comes when paper is made from liquids and solids only, there will be far less 
difficulty in operation than there is today”. Now, 70 years later, our understanding of the 
behaviour of gases and their effects has increased considerably, but gases still cause 
various problems in pulp and papermaking processes.  

The most obvious of these problems is foam formation, leading to fibre, fines and 
filler losses and dirt build-up in tanks and pipes. In the paper machine itself gas bubbles 
can cause web breaks and specks or pinholes, thus increasing operating costs and 
detracting from paper quality. Air and other gases contribute to such problems, but are 
also added in certain unit operations, e.g. bleaching and deinking flotation. These gases 
can cause problems in the subsequent stages of the process. Some effects of gases on the 
operation of unit processes will be discussed below. 

4.1  Pulping, bleaching and washing 

A substantial amount of air is present in wood capillaries and fibre lumina after debarking 
and chipping. This air prevents the uniform penetration of cooking liquids that is needed 
for equal reaction rates within the chip, and also reduces the apparent density of the chip 
and causes uneven motion of the chip column inside the digester. Pre-steaming is used to 
remove air from the chips. Several mechanisms can be identified. With steaming, the air 
inside the chip is heated, increasing the volume and subsequently reducing the amount of 
air. The increment in vapour pressure inside the chip expels air and the higher vapour 
pressure outside the chip creates partial pressure gradients that cause the air to diffuse out 
of the chip (Marcoccia et al. 1999). Other methods, such as vacuum removal and 
displacement of air with condensable gases such as sulphur dioxide, have been proposed 
for air removal, but are not used in mill-scale operations (Malkov et al. 2003).  

In the oxygen delignification stage entrained air reduces the driving force of the 
delignification reactions by diluting the oxygen and occupying the reaction sites (Hitzroth 
1996). The entrained air reduces the mixing efficiency in the oxygen delignification 
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reactor. In the oxygen delignification stage, and also in the bleaching of chemical pulps, 
bleaching agents such as oxygen, ozone and chlorine are typically introduced into the 
pulp suspension in the form of gas bubbles, thus the presence of entrained air can prevent 
contact between the bleaching gases and fibres as well as diluting the concentration of the 
effective gases.  

In brownstock bleaching and the washing stage of bleaching, entrained air reduces 
washing efficiency. According to Shackford (1992), two basic mechanisms can be 
identified. Small, stabilized bubbles can prevent the movement of liquid between fibres 
and through the wire, whereas larger bubbles may create an open void through the fibre 
mat, channelling the liquid flow. With low capacities this may reduce the pressure 
difference over the fibre mat (Nelson 1989). These two mechanisms can also reduce the 
efficiency of deckers and thickeners.  

Sodium dithionite is typically used as an active chemical in the bleaching of 
mechanical and recycled pulps, and not only is pH control important in order to avoid 
decomposition of dithionite, but dissolved air also increases dithionite consumption. 
Dithionite reacts with oxygen and decomposes, forming sulphites and sulphates. Removal 
of air prior to the bleaching sequence reduces bleaching costs and improves the result.  

In unit operations such as cooking and bleaching it is important to ensure adequate 
retention time in order to allow completion of the reactions. Entrained air increases the 
volume of the pulp suspension, thus reducing the retention times in the reactors and 
tanks, and may lead to incomplete reactions, insufficient capacity and eventually 
impaired pulp quality. The capacity of all other pulp handling unit operations, such as 
pumping and screening, and also of tanks and silos, is similarly reduced if the amount of 
entrained air is increased.  

4.2  Cleaning and screening 

Air can be mixed into the pulp suspension during atmospheric cleaning and screening, as 
De Cew (1930, 1935) pointed out in the 1930’s, but it can also be removed from the 
screen or cleaner via the topmost air ventilation valve. Nevertheless, very few reports are 
available on the effects of air on centrifugal cleaning. Bliss (1993) stated that the volumes 
of air typically found in pulping operations have an insignificant effect on cleaner 
performance, but he did remark that air reduces the dwell time and the capacity of the 
hydrocyclone in proportion to its volumetric ratio. The effect of air on the cleaning result 
was studied in the Paper V, where it was shown have little effect on the performance of 
the hydrocyclone.  

Hitzroth (1996) reported that an excessive amount of air can lead to insufficient 
throughput in brownstock screening and may even require investment in new screening 
capacity. He believed that the reason for inadequate capacity was the increase in 
volumetric flow. The effect of air on the screening efficiency was not reported.  

Even though pressure screens are nowadays commonly used in the pulp and paper 
industry and gases can be found in virtually all modern pressure screens, there is very 
little material available on the effect of air on screening efficiency in the public domain. 
The effect of air on the performance of a pressure screen was investigated in Paper I and 
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by Ämmälä et al. (2000). The results show that when operating at a low feed pressure or 
with a low accept flow, air will reduce the screening efficiency significantly, but with 
higher levels of feed pressure and accept flow, i.e. under conditions more typical of 
industrial applications, entrained air does not seem to affect screening.  

4.3  Storage 

If insufficient time is provided for the gas bubbles to be evacuated from the tank, gas 
starts to accumulate in the suspension and in the circulation. The evacuation time is 
dependent on the geometry of the tank, pulp properties and bubble size, and removal can 
be assisted with agitation. Entrained air in chests and tanks can lead to various problems 
such as flocculation of fibres, flotation and foaming. Even very small amounts of air are 
reported to cause flotation and impaired water purification in sedimentation clarification 
(Jacobsson 1981). Fibres and fines readily attach to the surfaces of bubble and form 
flocks, causing consistency variations, flotation and subsequent fibre, fines and filler 
losses (Pietikäinen 1986). These losses are typically associated with foaming. Most pulp 
suspensions contain substantial amounts of surface-active agents, which gather on the gas 
liquid interface. As a bubble rises to the surface of a pulp suspension, foam is formed. 
Foaming is one of the most typical problems caused by entrained air in pulp and 
papermaking processes.  

Gases reduce the efficiency of agitation and mixing and can lead to uneven pulp 
distribution in tanks. The behaviour of gases in the high shear mixers used for mixing 
gases and chemicals into suspensions was studied by Bennington (1993). Centrifugal 
forces in the mixer segregate the gases as the gas phase is drawn into the areas of lower 
pressure around the impeller. This leads to a reduction in mixing power, which is 
transferred to the suspension, and eventually very little mixing occurs in the suspension 
(Bennington 1993).  

4.4  Pipe flows and pumping  

Pulp suspension is typically pumped through the pulp and paper mill with a centrifugal 
pump, and its gas content is known to reduce the pumping capacity and cause plugging. 
As about 30% of the energy used in the pulp and paper industry is consumed in this 
pumping, the entrained air has a significant economic effect.  

When dimensioning stock pumping and piping, an accurate estimate of the head loss 
in the system must be obtained. The first to report on the effects of air entrainment on the 
head loss were Karter & Durst (1966), when investigating the pipe flow of a low-
consistency pulp suspension. Their results demonstrated that deaeration reduced the head 
loss by up to 90% at low flow velocities. It was thought that at such velocities the air 
affects fibre-to-fibre friction, which is dominant over fibre-to-wall friction as far as head 
loss is concerned. In similar experiments, Turner et al. (1976) achieved a reduction in 
friction, but a much smaller one than those reported by Karter & Durst (1966).  
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Based on studies of low-consistency centrifugal pumping, Risk (1969) claimed that air 
entrainment has a significant effect on pumping capacity. He found that 2.5% air 
entrainment results in a 16% reduction in capacity, but the decline in efficiency occurs 
only with higher levels of gas content. He also noted that a 50% oversized pump is 
required when pumping at a 3% air content, for example, and proposed increasing the 
recirculation between the impeller and side plate to break up air pockets that are formed 
in the impeller eye, thus discharging them to the pump outlet. An increased tendency for 
cavitation and hampered transmission of energy to the suspension being pumped was 
reported by Horo & Niskanen (1978), who saw that energy was consumed in the 
compression and transformation of air bubbles. A similar cushioning effect has been 
thought to reduce the efficiency of valley-type refiners (De Cew 1935), but no 
information is available on the effect of entrained air on the operation of modern refiners.  

Duffy et al. (1978) noted that the wall shear stress decreases as the air content of a 
high-consistency stock increases. These experiments were performed with bleached kraft 
pine pulp at 19% consistency and the air content varied from 6.6% to 34.5%. Contrary to 
pulp flows at lower consistencies, they found it likely that gas bubbles become trapped 
against the inner walls of the piping and thus reduce the friction between the pulp 
suspension and the pipe. Later, Longdill & Duffy (1988) pointed out that this method was 
successfully used in industry when pumping high-consistency stock. Lewis & Roll (1997) 
obtained similar results when studying the pulsation of a medium-consistency system, 
showing that, in addition to a reduction in pulsation with the additional air feed, the 
piping friction was also lowered by about 20%. No information on the amount of air feed 
or the consistency is available. Gullichsen et al. (1981) called attention to the 
disadvantageous effects of air in medium-consistency pumping, observing that excessive 
air accumulating at the gravitational centre of the open impeller was the major obstacle in 
MC pumping, not the elevated consistency. This led to the development of an integrated 
gas separating device that lowered the gas content to a level which enabled successful 
MC pumping.  

Karassik & McGuire (1998) and Algers (1984, 1985) studied the effect of air on 
centrifugal pumping and stated that the air content of a pulp suspension significantly 
reduces the head of the centrifugal pump at a given capacity level (Fig. 3). The minimum 
flow rate needed to sweep air out of the pump, i.e. at a lower flow rate air starts to 
accumulate in the impeller eye, causing plugging, is described in Fig. 3. According to 
Karassik & McGuire (1998), the actual plugging phenomenon is nevertheless not yet 
fully understood.  
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Fig. 3. Effect of entrained air on the head capacity curve of a centrifugal pump (Karassik & 
McGuire 1998). 

Various methods have been developed to prevent pump plugging. Often a separate 
vacuum pump is used to remove accumulated air bubbles from the impeller. The ability 
of this kind of air-removing unit to maintain a centrifugal pump in operation with high 
volumes of air in the feed flow was studied in Paper I. Without an air-removing unit the 
pump became plugged when the air in the feed was only 2%, but using the vacuum pump 
to remove excess air its operation remained stable at higher air content levels. These 
experiments suggest that the reason for plugging was the accumulation of gas bubbles in 
the impeller passage, i.e. in the regions of lowest pressure.  

The experiments presented in Paper I lead to the conclusion that the plugging tendency 
of a centrifugal pump is dependent on bubble size. When the average size is large, the 
bubbles more readily collect in the middle of the vortex and in the area of lower pressure, 
whereas smaller bubbles tend to migrate with the pulp, without disturbing the pumping. 
The average size of bubble in these experiments was relatively large, thus causing 
plugging at low gas content levels. In most industrial processes the bubbles are smaller, 
as they are often generated by precipitation. Hence, in industry, the undisturbed operation 
of centrifugal pumps can usually be ensured in an industrial context, even with 
substantially higher gas contents.  

In addition to unstable flow, reduced capacity and plugging of the pump, air can also 
cause physical damage to the mechanical sealing on the pump shaft. Suprice et al. (1994) 
studying the accumulation of air in the seal chamber, found that certain seal types are 
unable to rid themselves of the accumulated air. This leads to an increment of seal face 
temperature and can eventually result in seal breakdown.  

The formation of an aerobic microbiological growth is dependent on the oxygen 
dissolved in the liquid phase, and air pockets inside the piping are ideal places for such a 
growth, as the flow velocity in them is low enough for microbes to attach to the inner 
wall of the piping. At some point these slime deposits will detach themselves and can end 
up in the paper machine, causing problems in operation and affecting paper quality. 
According to Tehan (1990), unexpected pressure shifts and faulty valve operation have 
been traced to the sudden release of air pockets.  
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4.4.1  Cavitation 

Cavitation is sometimes referred to as originating from the collapse of gas bubbles 
formed by supersaturation in regions of lower pressure, but this seldom cause severe 
damage (MacKay 1993). More harmful, classical cavitation occurs when the local 
pressure is reduced below the vapour pressure of the liquid and vapour cavities are 
formed. As these cavities then pass into regions of higher pressure they will collapse and 
create shock waves that are much more intense than those caused by the collapse of gas 
bubbles, causing noise, vibration and damage to the pump impeller and other 
components, valves etc. (Gullichsen 1999). In a centrifugal pump the damage caused by 
vapour cavitation can typically be found in the middle and at the outer tips of the impeller 
vanes (MacKay 1993). 

Although vapour cavities typically start to form from small air bubbles and particles 
(Pöytsiä & Palo 1990), a large amount of entrained or precipitated bubbles will reduce the 
tendency for vapour cavitation (Gullichsen 1999). In order to avoid cavitation it must be 
ensured that the liquid pressure is kept below the vapour pressure at all times.  

4.4.2  Pulsation 

One of the main purposes of the approach system and short circulation is to ensure a 
stable flow to the headbox. Unstable flow can cause the segregation of fibres, fines and 
fillers, i.e. small-scale stock concentration variations (Weise et al. 2000), and inconstant 
volumetric slice jet flow. These affect the machine direction basis weight uniformity and 
also make cross-direction profile control more difficult and resulting in extreme cases in a 
web break (Taber 2003). Modern high-speed gap-formers with hydraulic headboxes 
producing printing paper, in particular, are affected by pressure variations (Weise et al. 
2000). Two basic reasons for unstable flow can be identified: mechanical (structural) 
vibrations and pressure pulsation.  

The source of pulsation may be rotating elements such as the impellers of the fan 
pumps or the foil of the pressure screens, valves, non-uniform flow geometry, vibration in 
the elbows or stock consistency variations (Lamoureux 1991, Beckingham 1993). When 
the frequency of pulsation is equal to the specific frequency of the piping or fluid, the 
system resonates and the pulsation is amplified.  

The first to report on the effects of air entrainment on pulsation in a papermaking 
environment were Mardon et al. (1958). In their experiments the pressure variations 
involved in pulsation in the headbox were reduced by almost 50% when the air content 
decreased to half. Lamoureux (1991) pointed out, however, that air can either attenuate or 
strengthen the pulsation. The resonant frequency is dependent on the piping geometry and 
the acoustic wave speed within the pipe. As there is an exponential change in the wave 
speed at a low air content (0-0.4%), as typically found in approach systems, it is likely 
that the resonant frequency actually occurs, but an attenuation of the pulsation is also 
possible. Lewis and Roll (1997), studying the pulsation of a MC pumping system, 
suggested that feeding additional air into the suspension, thus reducing the acoustic wave 
speed, enabled the pulsation to be reduced to an acceptable level.  
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4.5  Paper machines and paper quality 

Air can be introduced into the wire section of a paper machine from free gas bubbles 
passing through the headbox and the slice, or else it can be formed from supersaturated 
gases in the slice flow or can be mixed into the forming web on the wire. Experiments 
show that the effect of gas content on paper quality depends greatly on the paper quality 
being produced and the type of former used.  

The most common effects of entrained air on the operation of a paper machine were 
already observed by De Cew (1929, 1930, 1935), who reported that air bubbles impair 
formation by interfering with the free movement of fibres, retard the drainage of water 
through the machine wire and produce thin spots in the paper. Research in the 1950’s was 
focused on air entrainment in the headbox and wire section and the effects of air on web 
formation.  

Gavelin (1954) divided bubbles in a pulp suspension into large entrained ones and 
smaller generated ones, and claimed that only the generated air affects drainage and 
formation. He noted that small bubbles attach to fibre surfaces and inside the fibres, 
altering the flow characteristics and flocculation tendency and considerably retarding the 
flow through capillaries. With deaerated stock he obtained much better formation, lower 
porosity and improved printability. According to Gavelin (1954), the folding strength was 
the only strength property that was affected, as it increased slightly after deaeration. 
Brecht & Kirchner (1959) noted in their extensive study of the effects of air on paper 
properties that there was a substantial increase in drainage time and permeability and a 
certain decline in strength properties and smoothness as the gas content of the suspension 
increased. The main results of their experiments are presented in Fig. 4.  
 

 

Fig. 4. Development of the properties of a laboratory sheet as a function of air content. (May 
& Buckman 1975, adapted from Brecht & Keller 1959).  

Improved drainage, formation and smoothness were reported by Varis et al. (1966) when 
studying the effects of deaeration on paper quality in a newsprint machine. The 
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improvements occurred when the gas content was reduced from 2 to 1%, but further gas 
removal did not have any significant beneficial effect on paper quality.  

According to the experiments of Helle (2000), even a small amount of air (0.3%) can 
affect papermaking. He studied the effect of dispersed air on the quality of paper 
produced with the KCL pilot paper machine and found that, especially at low grammages, 
dewatering, retention and tensile strength decreased while porosity and the number of 
pinholes increased. A clear decrease in the vacuum level in the dry vacuum boxes was 
also observed. The results obtained by Helle & Paulapuro (2003) when studying the 
effect of precipitated bubbles in paper making with a moving belt drainage tester were 
quite comparable to those reported earlier by Helle (2000).  

Where all previous studies had been performed on reasonably slow fourdriner formers, 
Lamminen (2004) studied the effects of air on paper machine operation and paper quality 
using a fast gap former machine. Air was fed into the thick stock flow and measured just 
prior to the headbox. Even though the free gas content of the pulp suspension was as high 
as 1%, the changes in the dewatering and strength properties were quite modest. He 
proposed that due to fast dewatering and high gap pressure, the gases are discharged from 
the web before bubble formation and the high turbulence during web formation prevents 
bubbles from interfering with that process. These results revive the question presented by 
Ajersch et al. (1992a): does the gas content affect the operation of a modern paper 
machine? Although the results of Lamminen (2004) show very small effects, the large, 
dispersed bubbles used in these experiments are typically considered much less 
detrimental than small, precipitated bubbles. It is therefore too soon to exclude the 
influence of gas bubbles on the operation of a fast gap former paper machine, but more 
research is required.  

4.6  Measurements 

The most typical measurements made in the pulp and paper industry are of pressure, 
temperature, flow, surface level and consistency measurements. Foam formation can be 
problematic for some surface level measurements, and entrained gases are known to 
affect the accuracy of certain measurements, i.e. coriolis flow meters (Reizner 2002), 
gamma attenuation-based consistency measurements (Steer 2002) and microwave 
consistency transmitters (Jakkula 1988, Virkkala et al. 1998). No detailed information is 
available on the influence of air on the accuracy of on-line measurements, however.  

The effect of the air content of the pulp suspension on the most common in-line 
consistency transmitters was studied here in a pilot-scale pumping system (Paper III). The 
methods tested were the optical, shear force and microwave principles. The shear force 
method determines the consistency of the suspension based on changes in the strength of 
the fibre network in a laminar pulp flow, the optical method operates in the 
electromagnetic near-infrared range and measures the consistency from the ability of the 
fibres to scatter and absorb light, and the microwave method measures the change in the 
propagation time of microwaves caused by variations in the dielectric composition of the 
medium. Fundamentally, entrained air has an effect on the operation principles of all of 



 

 

37

these methods: it affects the strength of the fibre network, it changes the optical 
properties of the suspension and it alters its dielectric properties.  

The effect of air on the accuracy of consistency transmitters proved to be closely 
dependent on the measurement method used, but was not affected by the average bubble 
size. The influence of entrained air on the shear force of the pulp suspension was not 
detectable with a blade-type measurement device, whereas changes in the optical and 
dielectric properties affected the consistency measurements. The results obtained by the 
microwave method in particular showed a very close correlation with the air content of 
the pulp suspension. On the other hand, the microwave method was the least sensitive to 
other sources of error. In other words, this was clearly the most accurate measurement 
method, but the effect of air content must be eliminated in order to obtain reliable 
consistency results.  



5 Measurement of gas content  

When the first investigations concerning the effects of air on the operation of a paper 
machine and on the quality of the paper furnish were initiated, a reliable air content 
measurement device was also required. These first devices from the 1950’s were based on 
measuring the density of the pulp suspension. Soon after, methods based on Boyle’s gas 
law were also introduced. These devices measured the change in volume or pressure of a 
pulp sample, some also indicating the amount of dissolved gases as well as the volume of 
dispersed air.  

More sophisticated devices were developed during the 1980’s and 1990’s, utilizing the 
attenuation and scattering of ultrasound, for example. With all gas content measurement 
methods, off-line or on-line, the challenge was for a long time to obtain a representative 
sample from the process. Only when the first in-line methods were invented was the 
obstacle concerning the reliability of sampling overcome. One can find only scattered 
reports on the effect of sampling procedures on gas content measurements or 
comparisons of different gas content measurement devices in the literature. Comparison 
of gas content measurement methods in terms of accuracy and repeatability is 
problematic because no accepted reference method is available. A short description of the 
most common methods used in the pulp and paper industry is given below.  

5.1  Methods based on density variations 

The first gas content measurements were based on variations in the density of the pulp 
suspension (Smith et al. 1951). As gases differ considerably in density from the other 
main components of a pulp suspension, the volume of gaseous components can be 
calculated, if the density of a gas-free suspension is known, by measuring the density 
variations. The density of the gas-free suspension can be determined either by calculating 
from the densities and consistencies of the other main components, fibres, fillers and 
water or by direct measurement. The volumetric proportion of gas (φgas) can be calculated 
from the density at the test point, when gas free density is known, by means of Eq. 11 as 
presented by Ajersch et al. (1991, 1992a): 
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gasgaspulppulp φρφρρ += , (11) 

where 

ρ  is the measured density at the test point [kgm-3] 
ρpulp  is the density of the gas-free pulp [kgm-3] 
ρgas  is the density of the gas [kgm-3] 
φpulp  is the volumetric proportion of pulp 
φgas  is the volumetric proportion of gas. 

As the density of a gas can be considered ρgas ≈ 0, 

pulppulp φρρ =  (12) 

and 

gaspulp φφ +=1 , (13) 

the volumetric proportion of gases in the pulp suspension can be calculated as: 

pulp

pulp
gas ρ

ρρ
φ

)( −
= . (14) 

The following assumptions must be valid when calculating the volume of gases (Ajersch 
1991): 

− The gas behaves according to the ideal gas law. 
− The aqueous phase is incompressible. 
− No mass transfer occurs between the liquid and gas phase phases. 

In fibre suspensions these assumptions can be held to be valid when operating within 
reasonable pressures and when the measurement is done within such a short period of 
time that mass transfer does not become contributory factor.  

5.1.1  Tappi Useful Method 653  

Tappi Useful Method 653 (earlier Tappi-Routine-Control-Method RC-173, 1953), 
developed as an adaptation of the method of Smith et al. (1951), is based on measuring 
the difference in density between the pulp sample and a reference air-free sample. A pulp 
sample is collected into a glass pipette, weighed and compared with a deaerated sample. 
Volume changes due to temperature variations in the water and air are taken into account 
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and the weight of the fibre fraction of the pulp is determined precisely prior to weighing 
(Smith et al. 1951).  

The measurement procedure is quite tedious and time consuming, taking up to 6 hours 
for a novice and two to three hours even for a practised laboratory technician 
(Woodworth 1990). Even though a precision of ±0.1% is claimed for the procedure, the 
accuracy is dependent on the weighing accuracy, especially at low levels of air content 
(Brecht & Kirchner 1959). Woodworth (1990)’s statement that as the sample remains 
unmanipulated after capture, it serves as a true representation of the process, applies if the 
sampling procedure has been successful, but the major difficulty with this method lies 
precisely in the acquisition of a representative sample 

5.1.2  U-tube densitometer 

Ajersch et al. (1991, 1992a, b) describe two methods for the measurement of entrained 
air with a u-tube densitometer that are modified from methods originally developed by 
Janssens (1984). The first involves continuous measurement of density at a single 
pressure, thus providing only relative values for the air content, although the method as 
such is fast and simple, while the second is based on comparing the output of a 
densitometer measuring an untreated pulp sample with the measurement obtained for a 
sample at elevated pressure (Eq. 15): 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

−
=

2

1
2

12

1
p
pair

ρ
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where  

ρ1, ρ2  are the densities at pressures p1 and p2 [kgm-3] 
p1, p2  are the pressures 1 and 2 [Pa]. 
 
According to Ajersch et al. (1992a) this gives the air content without any prior 
assumptions, but is quite cumbersome and slow. The importance of representative 
sampling and constant pressure from the sampling valve to the measurement device are 
emphasised by the authors (Ajercsh et al. 1992a), who also describe a compensation 
method for use when the temperature differs between the measurement points (Ajersch et 
al. 1991, 1992a, b).  

Pietikäinen (1992b) criticizes these methods on the grounds of the many assumptions 
and auxiliary data items needed. In the single pressure method the density of the air-free 
suspension is considered constant and temperature and pressure have to be measured to a 
high accuracy, while the mass transfer between the gaseous and aqueous phases is not 
taken into account. Pietikäinen (1992b) also comments on the insensitivity of both of 
these methods for distinguishing stabilized air bubbles from unstable ones, which can 
lead to fluctuations of up to ±0.5%-vol in the free air content results. This comment is 
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based on his assumption that stabilized air bubbles are more harmful than free bubbles. 
But as free bubbles can stabilise when conditions change, the total gas content that is 
obtained with a u-tube densitometer is more representative where potential problems of 
air in pulp or in a paper mill are concerned. 

One of the most serious restrictions on the use of a densitometer is the volume of the 
sample obtained for the measurement unit. In the pilot-scale system described by Ajersch 
et al. (1992a) the volumetric flow in the loop was 100-450 dm3/min (1.67-7.5 dm3/s) but 
the flow to the densitometer was only 0.75 dm3/min (0.012 dm3/s). As this is only 0.75 to 
0.17% of the main flow even with the low flow rates used, the representativeness of the 
sample is quite inadequate for measuring air content in mill-scale operations.  

5.1.3  Radiometric density measurement  

The volume of entrained air in a pulp suspension can be determined by means of 
radiometric density measurements based on the attenuation of gamma radiation between 
a radioisotope source and a sensor (Papers I, III and IV). The dominant interaction 
mechanism between the radiation and the material at this energy level is Compton 
scattering. Each electron of an atom acts as a scattering target, and therefore the 
probability of each absorbing atom producing scattering increases linearly with the 
number of electrons in the medium. The measured density of a pulp suspension 
containing air is compared with the density at an elevated pressure, where free gases are 
either compressed to an infinite extent or dissolved in the aqueous phase.  

One major advantage of radiometric density measurement is that its in-line sensor 
performs continuous readings of relative air content variations in the process. On the 
other hand it has some limitations for measuring gas content, partly the same as those 
applying to densitometers. First of all, the exact density of the gas-free pulp, i.e. the 
consistency of the pulp suspension, must be specified. This requires a pressure change in 
the operation of the process, which must be quite considerable if the air content of the 
process is high. The pressure is not readily changed during normal mill operation. 

Secondly, the method is relatively slow due to the long density integration time, and 
therefore cannot detect rapid variations in gas volume. This derives from the instability of 
radiometric radiation, as the quantity of radiometric particles emitted from the source per 
unit time varies. And thirdly, the distribution of the gas bubbles in the pipeline should be 
even, since the radiation beam is typically narrow and fractionation of the gas in the pipe 
will cause an error in the result. These three requirements are typically not met in mill-
scale operations, but radiometric density measurement is a suitable means of measuring 
gas content in pilot scale systems, for example.  

5.2  Methods based on Boyle’s gas law 

Boyle’s law for gases (Eq. 1) determines the relationship between pressure and volume. 
The volume of a gas can be determined either by measuring the volume when changing 
the pressure, or by measuring the pressure when changing the volume, i.e. either 
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expanding or contracting the gas bubbles. The first person to introduce gas content 
measurement based on Boyle’s law was J. D. Boadway in the 1950’s. Since then many 
modifications of his method and other devices for gas content measurement using the 
same principle have been developed.  

5.2.1  The expansion method (Boadway method) 

The first gas content measurement arrangement developed by Boadway (1953) involved 
spraying a stock sample into a vacuum system where the gas evacuates the stock and the 
volume of gas is detected as a change in the partial gas pressure in the vacuum system. 
The results are accurate at low gas content levels, but with higher volumes of gases 
evacuation was often incomplete and the results were difficult to interpret.  

The Boadway method, which was developed from experiences gained with this first 
principle, is based on measuring the volume of gases in a vacuum created with a vacuum 
pump (Boadway 1956). A sudden vacuum is used to expand the free gas bubbles in the 
sample, and the increase in sample volume gives a measurement for the entrained air. If 
the time under the vacuum is extended, the supersaturated gases will form bubbles, the 
sample volume will increase and the amount of dissolved gases can be calculated. The 
release of dissolved gases can be hastened by using a magnetic stirrer.  

Matula & Kukkamäki (1998) note that the amount of dissolved gases measured by 
Boadway method is always lower than the total amount in the sample. According to 
Boadway (1956), however, the method measures the amount of dissolved gases that are 
liable to be supersaturated in the papermaking processes. He claims that it gives accurate 
readings for very small gas contents and is extremely simple and quick to carry out. 
Modifications of this method have been presented, among others, by Brecht & Kirchner 
(1956), Troland (1966), Landmark from the PFI (1967) and TechPap (2006).  

A commercial version of the Boadway method was developed by the Swedish Celleco 
Company. The Celleco tester consists of a number of fittings and valves and is therefore 
susceptible to leaks and needs an experienced operator (Woodworth 1990). It is seldom 
used nowadays.  

A method for measuring the gas content of MC and HC pulps based on the expansion 
of gases under a vacuum was developed by Dosch et al. (1986). This procedure is carried 
out by acquiring a sample in a plastic bag, measuring its volume, placing the bag in a pre-
set vacuum and measuring the change in volume. The volume of the gases can then be 
calculated according to Boyle’s gas law.  

5.2.2  Mechanical compression methods  

A variety of devices based on mechanical compression have nowadays replaced the 
expansion methods for measuring the volume of free gases in a pulp suspension. Many of 
these compression methods are equipped with a facility for measuring the amount of 
dissolved gases by expansion and subsequent supersaturation.  
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One of the simplest of the compression methods is the Entrained Gas Tester (EGT) 
developed by G. B. Machining. A sample is collected, poured into a plastic cylinder and 
compressed with a screw-driven piston until one atmosphere of excess pressure has been 
reached (Fig. 5). As the pressure indicator in the measurement chamber is a trapped air 
bubble, an excess pressure of one atmosphere is reached when the size of the bubble is 
reduced by half. At this point the pressure is released and the number of revolutions it 
takes to get the knob back is counted. Air content is then calculated according to Boyle’s 
gas law. The accuracy claimed for the device is quite high, the measurement error with air 
content of about 2% being only 1% (GB Machining 2006). It is simple to use, but the 
results are relative to the technique and are also affected by temperature changes 
(Woodworth 1990). The unsophisticated sampling technique and the assessment of 
pressure from the size of the trapped bubble (Hirzroth 1996) can have a significant effect 
on the measurement result.  
 

 

Fig. 5. G.B. Machining, Entrained Gas Tester (Woodworth 1990). 

Papec has developed several gas content measurement devices for the pulp and paper 
industry that are based on the compressibility of gases. Its Manual Air Tester (MAT) 
compresses a sample to a pressure of 1.72 bar (25 psig) with a screw-driven piston. 
Pressure is read from a pressure indicator, compression from the revolutions of the piston 
screw and the volume of gases calculated based on Boyle’s gas law. The method is quite 
fast but suitable only for a gas content above 0.5% (Woodworth 1990). Schulz & Scott 
(1993a) achieved a reproducibility of 0.03% between measurements made on the same 
sample, but bucket sampling inevitably causes inaccuracies in the results.  

A more advanced version of MAT is the Papec QuickAir (Fig. 6), where compression 
is achieved with a compression handle and the result calculated by a microprocessor on 
the basis of information from a pressure sensor and a linear position transducer on the 
piston (Papec 2006). Measurement is fast and, according to the manufacturer, covers a 
range of 0.1-100%, and the accuracy of the average of three samples with a minimum gas 
content is ±0.025%-units (Papec 2006). Leakage from the sealing during compression 
can easily result in faulty readings with both the MAT and QuickAir methods.  
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Fig. 6. Papec QuickAir (Papec 2006). 

The Papec Process Air Measurement (PAM) is an on-line air content tester employing the 
same principle as the above manual testers (Dougherty 1988, 1989). Measurements take 
place automatically using a piston that is actuated by a pneumatic cylinder, and it can be 
used as an on-line measurement method for control purposes (Pietikäinen 1992b). For the 
measurement of air content in a paper mill, the PAM device must be installed so that the 
sample can flow past it. The device is fast, requires little maintenance and its accuracy is 
at the same level as that of MAT (Woodworth 1990).  

Papec’s Pulse Air is also an on-line measurement device that measures the air content 
of a pulp suspension from its compressibility, but without isolating the sample. A high-
speed actuator moves the compression piston in the suspension, generating a pressure 
response that is inversely proportional to the air content (Dougherty 2000). The air 
content obtained is then corrected to standard pressure and temperature conditions. The 
measurement range is from 0.05% to 50%. The manufacturer claims an accuracy of 
0.005%-units at the lower limit of the measurement range and 5%-units at the higher 
limit (Papec 2006).  

The on-line -gas content meter GAS60, originally developed by PTS (later represented 
by Mütek and BGT), measures the volume of the entrained gases by compression and the 
amount of dissolved gases by expansion (Fig .7). The device also has a conductivity 
sensor for measuring dissolved carbon dioxide. The measurement range is up to 8.0% by 
volume and the accuracy from 0.01% to 0.02%, with the upper limit of consistency 3.0% 
(Rauch et al. 1997, Rauch & Burke 2003). Accuracy is again greatly dependent on 
successful sampling, especially as the volume of the measuring cell is only one litre.  
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Fig. 7. The on-line gas content meter by BGT (Rauch et al. 1997, BGT 2006). 

GasStation 100, developed by Ahlstrom, is similar to Gas60, but has additional ultrasonic 
transducers that are used to release the dissolved gases from the sample. This will ensure 
that the result is closer to the total gas content of the suspension. The measurement can be 
carried out both at atmospheric and process pressure (Matula 2000).  

5.2.3  Compression by water 

The gas content measurement device presented in Paper I is based on the same principle 
as most of those currently available: a pulp sample of definite volume is compressed to a 
volume at which the gaseous gases are either reduced to very small microbubbles or 
dissolved in the aqueous phase. The change in sample volume is recorded and the 
percentage of gaseous gases can be calculated.  

The major difference between this device and other compression methods is that 
extrusion is achieved not by a piston but by pumping degassed water into the 
measurement chamber with a diaphragm pump. This arrangement minimizes the risk of 
leaks from the piston fittings. Other differences are that the sampling rate is faster and the 
sample volume is considerably larger, so that the representativeness is better than with 
traditional methods. The continuous sampling arrangement makes it possible to achieve a 
pulp sample at the process pressure or, by releasing the pressure prior to the measurement 
sequence, at atmospheric pressure. The continuous sampling arrangement also sets high 
standards for the connections between the process line and the measurement device. 
Since even the smallest leakage points under certain pressure and flow conditions will 
result in a major error in the gas content result, absolute freedom from leaks is required in 
both the sampling device and the piping between the process line and the measurement 
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device. Furthermore, this device is connected to a computer that collects data from 
pressure and temperature sensors, enabling semi-automatic operation. 

Calculation of the percentage of entrained air directly from the compressibility of a 
sample yields values that are fixed to certain conditions. If results measured under 
different process conditions, i.e. different conditions of temperature and pressure, are to 
be compared, they should be converted to fixed temperature and pressure. Firstly, the 
extension of the measurement container caused by pressure must be allowed for. Due to 
the large volume of the measurement chamber, enlargement is a potential source of error 
especially with low volumes of gases and high process pressures.  

The amount of vaporised water is usually accounted for in the results obtained using 
compression methods, but the differences in collapsibility and regeneration between 
vapour and gas bubbles require deduction of the amount of vapour from the result. In 
addition, the effects of temperature and pressure on the gas volume must also be 
subtracted. After these corrections, comparisons may be made between measurements 
performed at different pressures and temperatures. 

This measurement device was tested in a pilot-scale pumping plant where large 
variations in pressure, flow volume and velocity and the volume of gas could be 
achieved. The only potential source of error in addition to sampling error was leakage of 
the valves, which could be checked by reference to data collected from the pressure 
sensor. If the pressure drop after compression is sudden, there is obviously some leakage 
and the measurement will inevitably be inaccurate and the gas content result higher than 
the actual gas content in the process. When valve leakage was eliminated, the method 
proved to be very reliable and the results reproducible. 

5.3  Acoustic methods 

The gas content of suspensions can be assessed by acoustic methods that measure either 
the attenuation or the speed of sound in the suspension. Ultrasound is typically used for 
attenuation measurements, because the attenuation of ultrasound waves is much greater 
than that of sound waves at audio frequencies and therefore easier to measure 
(Pietikäinen 1992b). As the speed of sound differs considerably between water and gas as 
media, the gas content can be defined by measuring differences in the speed of sound 
within a suspension.  

5.3.1  Ultrasonic method 

In the ultrasonic gas content measurement instrument developed by Karras et al. (1998) 
small, stabilized air bubbles in the pulp suspension attenuate ultrasound, the predominant 
interaction being scattering on the water-air interface. Thus, by recording the attenuation 
of a linearly penetrating beam of ultrasound, the volumetric content of the most harmful 
fraction of air can be determined (Karras et al. 1998). Larger bubbles, fibres, fines or 
filler do not scatter sound to the same extent. Attenuation measurements are performed 
continuously on the suspension flowing through the measurement chamber (Fig. 8) and 
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calibrated by compressing the sample obtained in the measurement chamber between 
closed valves with piston and calculating the amount of entrained gases by means of 
Boyle’s gas law. The piston is also used to create a partial vacuum in order to measure the 
amount of dissolved gases in the suspension.  
 

 

Fig. 8. The ultrasonic gas content measurement device (Karras et al. 1998). 

The effect of bubble size on the attenuation of ultrasound, variations in the colloidal 
material that stabilizes the bubble surface and the higher consistency limit of 1.5% are the 
major factors limiting the usefulness of the ultrasonic method in certain applications at 
pulp and paper mills (Pietikäinen 1992b). Because the average bubble size typically 
increases with increasing air volume, the ultrasonic method is not applicable for 
measurement of high gas content levels. Nevertheless, the ultrasonic method is widely 
used for monitoring and control purposes at positions where the consistency and 
composition of the pulp suspension remain stable and the air content low (Kaunonen & 
Luenser 1989, Karras et al. 1989, Tarhonen & Rantala 1995, Matula & Kukkamäki 1998, 
Penttinen et al. 2002). 

5.3.2  Sonar method 

In the sonar measurement method the volumetric gas content is determined by measuring 
the speed of sound, or the speed at which sound propagates through the process medium 
(Gysling & Loose 2004). This measurement is based on an array of sensors that listen to 
and interpret noise generated by the process machinery, piping and flow, which are 
present in all industrial processes. The entrained air percentage is then calculated directly 
from the measured speed of sound. Since the system uses sensors that are clamped onto 
the pipe (Fig 9), it can be installed during normal operation of the process, no flow 
obstruction or pressure drop occurs at the measurement point, there are no possible 
leaking points and the system has no parts in contact with process fluids that can corrode 
or fail (Gysling & Loose 2004). Means for measuring local volumetric gas content and 
total gas content on the same principle have also been developed recently.  
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Fig. 9. SONARtrac, Sonar measurement method by CiDRA Corp. (Gysling & Loose 2004). 

In Paper IV volumetric gas content measurements obtained with the sonar method were 
compared with products of the microwave and radiometric methods. The results of these 
experiments showed that the sonar method measures the gas content of pulp suspensions 
accurately and independently of the pulp type, bubble size, pressure and flow velocity.  

5.4  Microwave method 

The flight time of microwaves through a medium is dependent on the dielectric properties 
of the components of the medium. As the dielectric properties of water, fibres and air 
differ, the volume of gas can be calculated by measuring the travelling time of 
microwaves if the proportions of fibres and water in the medium are known. The 
principle of this measurement method, introduced by Jakkula (1998) and further 
discussed by Virkkala et al. (1998), is that a transmitter sends a beam of microwave rays 
through the process pipe to a receiver, and the time of propagation is measured. The 
microwave method was used in this thesis (Papers I, IV, V) to measure gas content in 
pilot-scale experiments, where the properties of the pulp suspension are more readily 
controllable and measurable. These experiments proved that the microwave method is the 
most accurate means of measuring the amount of entrained air, as the result was least 
affected by other variables. Its use in mill-scale applications is impractical, however, as 
the varying composition of the suspension necessitates continuous laboratory analyses.  

5.5  Other methods 

The gas content of a pulp suspension or changes in gas content can be evaluated from 
variations in the process conditions. Most typically, gas content is evaluated from the 
amount of foam in the tanks and pulp washers, for example. Sande (1986) developed a 
method for defoamer control based on measuring the foam thickness with conductivity 
sensors. In the case of surface foam, conductivity sensors can directly measure the 
thickness of the foam layer, but with entrained air the measurement is based on a 
theoretical foam-liquid interface, assuming that all of entrained air rises to the surface. In 
this case the measurement can be considered to provide a broad indication of the situation 
at best.  



 

 

49

Changes in the rotation speed of a pump or screen and the vacuum level in the 
deaeration tank can be used to assess the gas content in the process, and a comparison of 
the hydrostatic pressure tank vs. the tank level also gives an estimate of gas content. This 
method requires otherwise stable operation conditions, however, in which the 
consistency, composition and temperature of the process fluid remains unaltered, and 
therefore it can be used only for monitoring purposes.  

Various imaging methods for measuring the void fraction in two-phase (liquid–gas) 
systems are described in the literature. Honkanen et al. (2005) determined the air content 
using a direct imaging method, and results corresponded well with those of other 
methods. Imaging is not applicable to a non-transparent three-phase (liquid–gas–solid) 
suspension, however.  

5.5.1  Measurement of dissolved gases 

The expansion method is typically used in the pulp and paper industry for the 
measurement of dissolved gases, other means being chemical methods, gas 
chromatography and mass spectrometry. One fast and accurate way of measuring the 
amount of a specific gas component is the electrochemical method. This consists of a 
membrane-covered sensor that generates an electrical current equivalent to the amount of 
gas present. In the experimental work for this thesis an electrochemical method 
(Orbisphere 3600) was used to determine the amount of dissolved oxygen.  

5.6  Measurement of the bubble size distribution  

Measurement of the bubble size distribution in a transparent suspension (gas-liquid) is 
typically performed using an imaging method. The continuous or arrested flow is 
photographed and the sizes of the bubbles are counted from the images either manually or 
with an image analysis program. As in volumetric gas content measurements, the 
sampling procedure is crucial. The bubble size can easily vary when the pressure or flow 
conditions change.  

Only a very few attempts have been made to measure the bubble size distributions of 
pulp suspensions. Ajersch et al. (1992b) measured the bubble size distribution in two 
newsprint machines using an imaging method. They isolated a pulp sample in a 
transparent flow cell and allowed the bubbles to rise to the top inner surface of the cell 
prior to photographing them. This arrangement naturally leads to inaccuracy, and only an 
approximate result can be obtained. Another fact that points to serious problems in their 
sampling arrangement is that a period of five hours was needed to obtain a picture and a 
measurement result of only 649 bubbles.  

Honkanen et al. (2005) used a direct imagining method to estimate the bubble size 
distributions in the pilot-scale experiments described in this thesis. The equipment 
consisted of a digital camera and a pulsed back-light that were used to detect bubble 
outlines, and a bubble image recognition algorithm was employed to calculate the size 
distribution and volume of the bubbles. The bubble size distributions in a sintered tube 
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and in supersaturated water were measured directly from the outlet of the centrifugal 
pump.  

Another method for bubble size measurement that was experimented with during this 
work was the Acoustic Bubble Spectrometer (ABS). According to Duraiswami et al. 
(1998), this method is based on a dispersion relation for the propagation of sound waves 
through a bubbly liquid, and it is able to measure the bubble size distribution and void 
fraction in opaque suspensions containing solids, such as pulp suspensions. The 
experiments with a water-bubble suspension nevertheless showed that the measurement 
range of the system is very narrow and the result poorly reproducible, so that the method 
was not suitable for further studies.  

5.7  Sampling 

The results of gas content and bubble size measurements that are based on sampling are 
naturally dependent on the sampling arrangement and procedure. The representativeness 
of the sampling is affected by the sample size, location and type of sampling device, and 
also by the length of the sampling hose. Due to the small time scale fluctuations in gas 
content in processes (Paper I), it is important that the sample size should be large enough 
to be representative. Also, variations in gas content are possible along the diameter of the 
process pipe, especially with a large bubble size in a vertical pipe, so that the placement 
of the sampling device on the perimeter and radius of the pipe must be considered 
carefully.  

When a sample is taken from the process line, the equilibrium between the gas and 
liquid phase can easily change due to a pressure drop in the sampling valve, sampling 
hose and the measurement device itself. A pressure drop of certain degree is inevitable in 
order to obtain a flow from the process pipe to the measurement device. When a sample 
is discharged from the measurement device into the atmosphere, the pressure drop is 
naturally the difference between the process pressure and normal atmospheric pressure. 
The type of sampling valve and the size of its opening, and also the length and diameter 
of the sampling hose, must be selected in order to avoid release of the dissolved gases. 
Experiments with different samples of mill water (Paper II) demonstrated that there are 
substantial differences in the release of supersaturated gases between these, so that 
measurements of free and dissolved gases with the same arrangement can give 
misleading results.  
 



6 Prevention and removal of gases  

When attempting to avoid the detrimental effects of gases in pulp and papermaking 
processes the primary task is to prevent them from entering the process with proper 
design of the equipment, regular maintenance and prompt repairs. To some extent gas 
entrainment is unavoidable and therefore various methods for its removal from the 
suspension have been developed. Traditionally gas is removed with open tanks and wire 
pits, allowing sufficient time for gas bubbles to be evacuated. For near complete gas 
removal, vacuum deaeration tanks have been developed. Centrifugal devices such as 
pumps, cleaners and screens are also used in gas removal, but often degassing chemicals 
and defoaming agents must be employed to enhance gas separation.  

6.1  Process design / maintenance 

Gases are readily mixed into the pulp suspension if not enough attention is paid to 
process design and maintenance. These design considerations must be extended 
throughout the fibre line. A consensus over this issue was reached in the 1950’s, when the 
air entrainment problem was studied intensively in Canada, the USA and Germany. In the 
recent years the spokesman for the importance of good housekeeping to avoid gas 
problems has been P. O. Meinander (1993, 2005).  

The basic considerations when designing a gas-resistant pulp or paper mill are 
discussed by Ewald & Rippl (1982) and Pantaleo (1991). First of all, the pump suction 
piping, inlet piping, tanks and mixers should be dimensioned so that air entrainment is 
minimized. An unsatisfactory design of suction pipe can lead to air entrainment via a 
vortex in the tank. Vortices can also be induced by unnecessary intensive mixing or 
agitation. In certain places, such as outlet of the vacuum deaerator tank and inlet of 
white-water tray, vortex regulators are used (Schwarz & Gmeiner 2000). Excessive 
mixing and free falls of stock will cause splashing and are likely to entrain air in the 
suspension. Inlets are therefore often placed below the surface level of the stock. In 
positions where the surface level varies, special floating inlet piping arrangements have 
been developed. Vertical inlet piping from the bottom of the thick stock tower has been 
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installed to eliminate air entrainment, and also to save on pumping energy (Toukonummi 
1998).  

In order to avoid air pockets building up in the piping, a sufficient flow speed or 
inclined piping should be ensured, especially with thick stock (Ewald & Rippl 1982, 
Pantaleo 1991). Tehan (1990) recommends a flow speed of 3 m/s in order to avoid air 
separation, but issues a reminder regarding the subsequent increment in friction losses. 
Isler & Widmer (1979), studying the behaviour of bubbles in the headbox stock of a 
tissue machine in horizontal pipe flow, concluded that bubbles of size 80 - 300 μm will 
rise to the upper part of the pipe at low flow velocities, but bubbles smaller than 60 μm 
will remain in the suspension. At higher flow velocities the bubbles will be uniformly 
distributed. Sharp bends can further segregate air from the suspension, and air readily 
accumulates in blind ends. Air vents should be installed in the tops of piping, screens and 
cleaners (Ewald & Rippl 1982, Pantaleo 1991). Air can also enter the system via 
improper or faulty sealing in pumps and valves etc., so that careful design, control and 
maintenance of these potential entrainment locations is essential. A substantial amount of 
air is often mixed with white water in receivers, and various means of preventing gas 
entrainment in receivers has been developed, such as centrifugal separators (Futcher & 
Malashenko 1974). 

6.2  Passive mechanical gas removal 

Mechanical gas removal consists of methods for removing gas from a system by 
mechanical rather than chemical means. These can be classified into passive and active 
methods. Passive methods are based on the buoyancy force of bubbles, whereas the 
active methods assist the removal by providing a centrifugal force or partial vacuum, for 
example, and therefore can also remove a proportion of the dissolved gases.  

The passive mechanical methods comprise open tanks, wire pits, white-water silos, 
vertical pipes, flumes etc. with the appropriate dimensions relative to the volumetric flow 
that will allow entrained air bubbles to be evacuated. In addition to the average bubble 
size, the flow patterns within the tank etc. are critical when determining the retention time 
needed for deaeration. Calculation of the rising time in the case of laminar flow in a pure 
liquid is quite straightforward, but in a turbulent multi-phase flow with a wide 
distribution of bubbles that are combining and breaking up, experimental work is often 
required.  

Vertical pipes, called standpipes, installed between the pump and the tank, have been 
used successfully to reduce the air content at a pump inlet (Messenger 1997). The inlet 
flow is led tangentially to the upper part of the vertical pipe, generating a vortex to 
separate the bubbles from the suspension.  

In Fourdrinier-type paper machines wire pits are used to collect the white water 
passing through the wire, the dimensioning of such a pit being designed to allow gas 
removal. The flow velocity in the pit must be slow enough for the gas bubbles to reach 
the surface but sufficient to avoid sedimentation and slime formation. In modern twin 
wire gap formers, where water is removed, instead of gravitational forces with suction 
rolls and suction boxes, off-machine white-water silos are used to collect the water from 
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the wire section. In addition to achieving maximum gas separation, these silos are also 
designed to be used as white-water storage tanks and as feed tanks for thick stock 
dilution. Simulations have shown, however (Matula & Parviainen 2001, Ahola et al. 
2003), that flow patterns in these off-machine silos are far from optimal for deaeration 
(Fig. 10). Furthermore, when aiming to reduce retention times in the short circulation, the 
volumes of storage tanks must be minimized. Off-machine silos are therefore being 
replaced with streamlined receivers (Matula & Parviainen 2001) or flumes (Ahola et al. 
2002, 2003). Simulated flow patterns for an off-machine silo and flume are presented in 
Fig. 10 (Ahola et al. 2003).  

 

Fig. 10. Flow patterns in an off-machine silo and flume (modified from Ahola et al. 2003). 

6.3  Active mechanical gas removal 

Active methods of mechanical gas removal generate circumstances that promote the 
discharge of gas bubbles from the suspension. In certain systems dissolved gases can also 
be released as gas bubbles and evacuated from the system. Air-removing tanks are most 
typically and widely used for gas removal in the short circulation of paper machines, but 
air-removing pumps and hydrocyclones have been developed, too.  

6.3.1  Air-removing tanks  

De Cew (1929) registered the first patent for a new step in the papermaking process, a 
vacuum deaeration tank. The patent describes a means of treating the stock suspension in 
which it is exposed to a partial vacuum pressure that is maintained near the vapour 
pressure of water at the stock temperature. This liberates most gas bubbles from the liquid 
phase and the fibre capillaries, and also a proportion of the dissolved gases.  

De Cew’s vacuum tank was further developed by Clark Vicario Co. and named the 
Deculator after De Cew. It was realised, however, that a partial vacuum was not sufficient 
and that spraying and impingement of the stock were also needed to remove all the gases 
from the suspension (Smith 1952, Jacobsson 1958). Spraying is needed to reduce the 
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dimensions of the liquid phase, thus facilitating the diffusion of dissolved gases to the gas 
phase, and impingement to release the gas bubbles adhering to fibre surfaces (Fig. 11). 
The Deculator was soon challenged by other similar systems, and trade names such as 
Ensovac and Perivac were introduced. The Deculator is nowadays a product of Andritz, 
Metso installs OptiAir Vac deaeration tanks in its paper machines and Voith uses 
VoithVacs. 

The deaeration tank can be equipped with an integrated cleaner system in which the 
accept of the centrifugal cleaner is discharged into the vacuum (Fig.11) (Jacobsson 1958, 
1969). The centrifugal field of the cleaner acts as a pre-separator of free gas bubbles and 
the accept flow provides sufficient speed in the suspension for impingement to occur. The 
vacuum in the deaeration tank extends via the vacuum core of the clearer to the reject 
side, which also improves the operation of the cleaners, as a much larger reject orifice can 
be used and therefore the plugging tendency found in the cleaners is reduced (Jacobsson 
1969). The cleaner unit can be installed directly under the tank or in a separate receiver, 
which in turn discharges into the main receiver. This external receiver, called the “Flying 
wing”, is cheaper to manufacture and easier to maintain than cleaners that discharge 
directly to the main receiver.  

   

Fig. 11. Principles of an air-removing tank (Turnbull 1990) and a degassing receiver with 
integrated cleaner (Jacobsson 1969). 

A number of improvements in the operation of the deaeration tank have been devised 
during the decades following De Cew’s initial patent and the development work carried 
out by Clark & Vicario Co. Major steps were the installation of an overflow weir in the 
vacuum tank and the raising of the tank to the upper level. This ensured a stable vacuum, 
but also reduced the pressure variations in the subsequent process stages, typically in the 
headbox pump (Sweet & Parviainen 2004). The deculator overflow weir can be removed 
and the surface level in the receiver stabilised using control valves and fuzzy logic 
(Matula & Kukkamäki 2001). The design of the main receiver and the inlet piping has 
been optimised in order to obtain stable flow velocities within the receiver, and also to 
provide mixing and avoid sedimentation (Matula 1983, Woodworth 1991, Kirjasniemi & 
Suonperä 2002).  

Schwarz & Gmeiner (2000) present deaeration vessel that maximize the surface area 
between water and air phases by high number of spraying jets and lengthen the dwell 
time of suspension in the spraying phase, thus improving the deaeration. Schwarz & 
Gmeiner (2000) also introduce a simplified vacuum vessel for white water deaeration 
where flow is fed tangentially to a screen basket breaking up to number of individual jets. 
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These jet streams are released in a vacuum space where air is evacuated. Vacuum 
deaerator systems have also been designed and installed for air removal prior to water 
sedimentation, clarification, centrifuging, and thickening, washing and bleaching. 
Improvements in the operation of these unit processes and substantial savings in chemical 
costs are reported by Kurtz (1978) and Hörnstein (1984, 1988).  

The need for complete gas removal and the question of an acceptable gas content for 
undisturbed papermaking have been under debate in recent years, and the need for faster 
response times and streamlined and cost-effective process design has been emphasised in 
this connection. Major suppliers for the pulp and paper industry have traditionally 
underlined the importance of complete stock and white-water deaeration in the short 
circulation, but the trend recently has been towards only white-water dewatering. This 
can be seen as having originated mainly from P. O. Meinander’s development work on a 
compact wet end system, and especially on a centrifugal white-water deaerator, the Pomp 
pump (Meinander 1993). Since then, Metso has developed its version of a streamlined 
short circulation, the OptiConcept, which relies on white-water deaeration with a vacuum 
tank in the faster machines and passive gas removal with a flume in slower machines 
(Ahola et al. 2002, 2003). Voith has introduced its Advanced Wet End Process (WEP) 
with stock deaeration only at machine speeds over 1000 m/s (Schwarz & Gmeiner 2000, 
Gommel & Köhrs 2003), while Andritz still underlines the necessity for complete 
deaeration, but has launched a ShortFlow process concept with reduced volumes and a 
simplified layout (Matula & Kukkamäki 2001a, b). Although certain generalizations, 
such as the low grammage grades and slow Fourdrinier formers are more susceptible to 
gas related problems than gap formers producing high grammages, can be made, still the 
need for gas removal equipment is evaluated according to the particular former type and 
paper grade.  

6.3.2  Hydrocyclones and screens 

A hydrocyclone separates disadvantageous particles from the pulp suspension by 
centrifugal force. A centrifugal field created inside a conical tube causes the heavier 
particles, like sand particles, to drift to the outer perimeter of the tube and lighter 
components, such as gases, to gravitate into the area of lower pressure in the middle. 
Thus these components can be separated from each other at either end of the cleaner.  

The first authors to discuss a separately operated centrifugal degassing apparatus were 
Freeman & Boadway (1953), when they introduced the Vortrap degasser. In this device 
the removal of gases was assisted by creating a partial vacuum in the core of the cleaner 
with an accompanying vacuum pump. No mentions of the gas removing efficiency or any 
later references concerning this device can be found in the literature, however. A probable 
successor to the Vortrap degasser is the Vorvac vacuum cleaner, in which a vacuum is 
applied to a hollow core developed in the centre of a centrifugal cleaner (Bagchi 1975). 
The Vorvac deaerator is currently a product of the Noss Company. A survey of the gas-
removing efficiency of hydrocyclones at different paper mills by Pietikäinen (1992a) 
showed that these cleaners removed up to 90% of the gas, but the exact measurement 



 

 

56

points are not detailed. Considering the large reduction percentage, it is possible that the 
measurements were made around the deaeration tank when using integrated cleaners.  

Hydrocyclones equipped with a light reject removal option have been reintroduced in 
recent years, and the air removal efficiency of such a cleaner was studied here in Paper V. 
The results show that the removal efficiency was dependent on the bubble size, large 
bubbles being removed with very high efficiency, whereas the removal of smaller bubbles 
was more difficult especially at higher consistencies. It was evident that the movement of 
small, precipitated bubbles is hindered by the fibre network, and therefore their removal 
efficiency is markedly lower than that of larger, dispersed bubbles. To improve gas 
removal efficiency, the conditions in the cleaner feed should be designed to promote the 
creation of larger bubbles, but the applicability of a centrifugal cleaner as a replacement 
for more expensive gas removal methods in the short circulation still requires further 
studies. Eventually, a combination of a passive deaeration device in the white water 
circulation and the gas removing hydrocyclone can lead to substantial savings in the 
economics of the paper mill.  

As in the hydrocyclone, the separation of gases in a screen is based on centrifugal 
forces. An air core forms along the rotating shaft of a rotor that is of a size dependent on 
the rotational speed and the amount of gas in the pulp suspension. The centrifugal forces 
inside the pressure screen are much smaller than those in a hydrocyclone, however, and 
the consistencies are higher, therefore the gas removal efficiency of a pressure screen is 
lower than that of a hydrocyclone. On the other hand, the high shear forces inside the 
screen basket are likely to release some proportion of the dissolved gases and break up 
large bubbles to smaller ones. Even though gases are sometimes passed out of the screen, 
no references to the gas removing capacity of a screen can be found in the literature.  

6.3.3  Gas-removing pumps 

A centrifugal pump creates a centrifugal force field that separates particles on the same 
principle as in a hydrocyclone, the heavier particles migrating to the outer circumference 
of the centrifugal field and the lighter particles to the inner areas. This leads to movement 
of the gas bubbles to the innermost part, enabling their removal. In the traditional 
centrifugal pump, gas removal from the core is achieved by creating a vacuum behind the 
impeller and removing the gas via holes in the vanes of the impeller eye. The vacuum is 
created with an integrated or external vacuum pump. No vacuum pump is needed when 
the inlet pressure is sufficiently high.  

The study of the air removal capacity of a centrifugal pump (ARP33-100) with an 
external vacuum pump in Paper I showed that when the amount of air in the feed is high, 
the reduction efficiency is about 60%, but with a lower air content the reduction is much 
lower. Higher reductions were also achieved at higher rotational speeds, i.e. a more 
intense centrifugal field. The centrifugal force in the pump inlet is nevertheless much 
lower than in a hydrocyclone. Based on observations made during the experiments, the 
bubble size distribution can be considered one of the main contributors determining the 
air-removing efficiency of the pump. The smaller the bubbles, the more probable it is that 
they will migrate with the stock to the outlet of the pump. Increasing the stock 
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consistency will further intensify this phenomenon, as the fibre network restrains the 
movement of small bubbles.  

When testing the air-removing capacity of an ARP pump in brownstock screening of 
one mill installation Hitzroth (1996) noted that the high air contents in that position, over 
8%, were almost halved at low pumping capacity. At a higher capacity the reduction was 
substantially lower, only 17%. It is likely that the average bubble size was smaller than in 
our tests and the stock consistency higher, and therefore these quite low reductions in gas 
content are understandable.  

The Pomp pump developed by Meinander (1996) was further discussed by Helle et al. 
(1998, 1999). In this pump air is centrifuged from the stock in rotating separation zone 
and removed as the pulp flows into the pumping chamber and is then pumped into the 
circulation. The Pomp pump is designed to replace a wire pit for the deaeration of white 
water. Quite a significant reduction in air content was achieved in mill tests (Helle et al. 
1999), the free air content of the white water being reduced to below 0.1%. The Pomp 
pump has been successfully tested for removing entrained air and precipitated soap from 
brown stock washer filtrates as well (Keller et al. 2003).  

6.3.4  Foam breakers 

Foam forms when gas bubbles rise to the surface of a liquid containing surfactants, as 
water drains off from around the bubble and only a thin stabilized layer of water and 
surface-active material remains. Foam causes various problems such as fibre and fines 
losses, and is therefore often destroyed by either mechanical or chemical means. The 
mechanical methods, referred to as foam breakers, include steam and water showers, 
beaters, rolls and ultrasonic methods that are used to destroy the foam layer on the top of 
tanks or chests. Foam breakers can offer only a temporary solution to the foaming 
problem in general, and have often been replaced with efficient chemical degassing and 
antifoaming agents.  

6.4  Chemical gas removal 

Since mechanical gas removal and foam prevention methods are often insufficient to 
eliminate the problems caused by entrained gases, chemical means are required. 
Chemical gas removal methods include degassing (antifoaming) chemicals and 
defoaming chemicals. The degassing chemicals reduce the gas content of the suspension 
by increasing the coalescence of bubbles, and they can also reduce the amount of 
dissolved gases by altering the chemistry of the suspension and increasing the nucleation 
of bubbles (Kurtz 1994).  

Defoaming chemicals, on the other hand, reduce the amount of surface foam and the 
foaming tendency by destroying the foam lamellae, and thus they minimise the 
detrimental effects of foam in processes. Degassing chemicals also reduce the foaming 
tendency in subsequent process stages by reducing the gas content of the suspension. 
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Degassing chemicals are applied to the origin of the entrained air, whereas defoaming 
chemicals are applied near the foaming problem or over the foam surface.  

Defoamers and degassing chemicals can be classified into three types: oil-based, 
water-extended and water-based products. An oil-based defoamer contains hydrocarbons 
from mineral oil or fatty oils from vegetable or animal sources, a water-extended 
defoamer consists mainly of oil, so that water is a minor component, whereas in a water-
based defoamer water is the continuous phase.  

Mineral oil-based anti-foamers and defoamers were typically used until the 1980’s, 
when dioxin precursors were found in some of the oils used in these chemicals. This led 
to the accelerated development of water-based defoamers, which are now more 
commonly used in the pulp and paper industry. Other types have also been introduced 
nowadays, such as silicone emulsions, silicone compounds, surfactant/polymer-based 
concentrates and silica-based products (Kemira 2006). Modern degassing chemicals are 
typically hydrophilic and consist of non-polar hydrocarbon chains that are modified by 
polar groups (Rauch & Burke 2002). These modifications allow the performance of such 
chemicals to be adjusted to specific chemical environments and process conditions.  

As these antifoaming chemicals are expensive, they reduce the profitability of the 
papermaking industry, in addition to which overdosing of defoaming chemicals can lead 
to the formation of deposits in pulp and papermaking processes (Dorris et al. 1985). 
Some oil-based defoamers do not actually reduce the air content, but have a detrimental 
effect on the sizing result (Seibert & Kuhn 1999).  
 



7 Summary 

The aim of this thesis was to study the behaviour of gas in pulp and paper mill processes. 
The work is divided into five main areas: 1. The occurrence of gases in pulp and paper 
mill processes, 2. The dissolution, precipitation and hold-up of gases, 3. Effects of gases, 
4. Measurement of the gas content of a pulp suspension and 5. Removal of gases. The 
main findings of this study are summarized in the following.  

Gas content measurements made in several Finnish pulp and paper mills showed 
considerable content levels in all the unit processes included in the survey. Even though 
these levels, which were reasonably high in some cases, did not cause any imminent 
threat to the operation of the mill, the significant short-term variations in gas content 
point to the possibility of abnormal functioning in unit operations such as pumping or 
screening.  

The kinetics of the dissolution and supersaturation of air in pure water are well 
documented, but experiments indicate that the dissolved and colloidal material 
abundantly present in white-water and pulp suspensions greatly affects the solubility and 
precipitation of air. The solubility potential of mill water was substantially reduced as the 
amount of dissolved material was increased. An increment in solids content also increases 
the precipitation of air and reduces the time needed to release the dissolved air in gaseous 
form. The adsorption of air onto the surfaces of solids was found to affect both the 
dissolving and the precipitation of air in white waters and pulp suspensions. Experiments 
also show that the hold-up of air was dependent on the bubble generation mechanism and 
the hold-up of precipitated bubbles is greatly reliant on the pulp type.  

The pilot-scale studies showed that air can affect the functioning of certain unit 
operations such as pumping, screening and cleaning, and also the accuracy of certain 
consistency measurements. The importance of bubble size for these effects was also 
underlined. Plugging of the centrifugal pump was observed at a reasonably low gas 
content when the bubble size was large and the bubbles readily collected in the eye of the 
impeller, whereas smaller bubbles were thought to flow in the suspension without 
interfering with pumping. The gas removal unit of the ARP pump removes excess 
amounts of gas and maintains un-interrupted pumping. Unbalanced fractionation of the 
pulp with the pressure screen were observed when the gas content was high and the 
capacity at the low end of the operating range, but in the normal operating area the 
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fractionation result was not affected. On the fractionation efficiency of a hydrocyclone air 
had little effect. It was found that the air content of the pulp suspension affected the 
accuracy of certain consistency measurement methods. The microwave method was 
greatly affected and the optical method somewhat affected, whereas no effect was seen on 
the blade-type shear force method. On the other hand, the microwave method was the 
least affected by other parameters such as pulp and flow properties.  

Three in-line gas content measurement methods were tested in the experimental part 
of this thesis; radiometric, microwave and sonar. The radiometric and microwave 
methods need information on the exact concentration or density of the suspension, 
whereas the sonar method proved to give an accurate measurement of gas content 
independently, without any auxiliary information and is therefore readily applicable to the 
control of mill-scale processes. A wide variety of gas content measurement methods have 
been developed in the course of the past fifty years, all based on sampling of the pulp 
suspension in the process line. Even so, little attention has previously been paid to the 
importance of the sampling procedure. An air content measurement device based on 
compression with water was developed here for use in the mill-scale experiments. The 
sampling rate and volume are much greater than in conventional off-line methods, and 
the reproducibility and accuracy of this device is therefore also better.  

The removal of gases from the short circulation of a paper machine often requires 
expensive deaeration tanks, even though there are some less complicated methods 
available nowadays. The gas removal efficiencies of a centrifugal pump equipped with an 
external vacuum pump (ARP) and a hydrocyclone with light reject removal were studied. 
With the ARP pump the larger dispersed bubbles were removed quite efficiently and 
pumping with a higher air content was possible, but the smaller bubbles, which are 
typical of mill-scale operations, detracted from the removal capacity. Similarly, the 
removal of larger dispersed bubbles in the hydrocyclone was more efficient than the 
removal of small bubbles, but the total removal efficiency was quite reasonable and 
therefore the hydrocyclone may offer a means for supplementing or even replacing the 
more expensive gas removal methods.  

The phenomena governing the behaviour of gaseous components in pulp and 
papermaking processes are considered here from a wide perspective, but some areas still 
call for supplementary studies. The experiments on the dissolution and precipitation of air 
in mill circulation water indicated that the dissolved and colloidal material in water and 
the adsorption of air on solid surfaces play an important role in the state of air in mill 
processes. Further investigations are still needed to fully contemplate the importance of 
these interactions. The removal of bubbles was greatly dependent on the bubble 
generation mechanism, the smallest precipitated bubbles being the most difficult to 
remove. Experiments on bubble precipitation should be targeted at creating circumstances 
that promote the generation of large bubbles, which are more readily removed both in the 
laminar flow field in flume-like deaeration devices and in the centrifugal force field of 
hydrocyclones. The achieving of more efficient gas removal in devices of these types 
would also require more detailed information on the movements of bubbles in pulp 
suspensions and white water. This could eventually eliminate the necessity for using more 
complicated and expensive deaeration devices in the short circulation of a paper machine.  
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