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The objective of this thesis was to study the removal of gases from paper mill
circulation waters experimentally and to provide data for CFD modeling. Flow and
bubble size measurements were carried out in a laboratory scale open gas separation
channel. Particle Image Velocimetry (PIV) technique was used to measure the gas
and liquid flow fields, while bubble size measurements were conducted using digital
imaging technique with back light illumination. Samples of paper machine waters as
well as a model solution were used for the experiments. The PIV results show that
the gas bubbles near the feed position have the tendency to escape from the
circulation channel at a faster rate than those bubbles which are further away from
the feed position. This was due to an increased rate of bubble coalescence as a result
of the relatively larger bubbles near the feed position. Moreover, a close similarity
between the measured slip velocities of the paper mill waters and that of literature
values was obtained.

It was found that due to dilution of paper mill waters, the observed average bubble
size was considerably large as compared to the average bubble sizes in real
industrial pulp suspension and circulation waters. Among the studied solutions, the
model solution has the highest average drag coefficient value due to its relatively
high viscosity.

The results were compared to a 2D steady sate CFD simulation model. A standard
Euler-Euler k-  turbulence model was used in the simulations. The channel free
surface was modeled as a degassing boundary. From the drag models used in the
simulations, the Grace drag model gave velocity fields closest to the experimental
values. In general, the results obtained from experiments and CFD simulations are in
good qualitative agreement.
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List of symbols

 A                constant in Equation 16                                                                  , -

bA surface area of bubble                 , m2

a1, a2, a3 constants in Eq. 12     , -

pa          acceleration inside the pomp     , m/s2

C
D drag coefficient                , -

CD (ellipse) drag coefficient in the distorted particle regime                 , -

CD (sphere) drag coefficient in the spherical particle regime                 , -

c         constant in Eq. 6     , -

db diameter of a bubble     , m

b'd          dimensionless bubble diameter     , -

Hd          hydrodynamic diameter of channel                 , m

F
r

         friction factor     , -

g         gravitational acceleration                 , m/s2

i                 percentage of air content                 , %

Kb constant in Eq. 6                             , -

L         length of a channel     , m

n         constant in Eq. 6     , -

p0 initial pressure     , bar

p1 final pressure     , bar

p2         pressure inside the bubble     , Pa

pL         pressure of a liquid surrounding the bubble     , Pa

s         distance travelled by a bubble     , m

u         bulk flow velocity     , m/s

∞u          terminal rise velocity of a bubble     , m/s

bu                bubble rise velocity     , m/s

b'u          dimensionless rise velocity of single bubbles     , -

bur          spatially averaged instantaneous bubble velocity                 , m/s

Lur          spatially averaged instantaneous liquid velocity                 , m/s



slipu          slip velocity     , m/s

V volume of the sample chamber     , m3

V∆ change in volume     , m3

.
V          volumetric flow rate     , m3/s

V0 initial volume     , m3

V1 final volume     , m3

BV          volume of  bubble     , m3

wlV          volume of the water layer in the pomp     , m3

Greek symbols

        Doppler angle     , °
ε                  phase fraction                                                                                 , -

G                 hold up of gas                                                                                , -

µ          viscosity                                                                                         , Pa.s

bµ          viscosity of the dispersed (bubble) phase                                       , Pa.s

cµ            viscosity of the continuous phase                 , Pa.s

Gµ          viscosity of gas , Pa.s

Lµ          viscosity of  liquid,     , Pa.s

refµ molecular viscosity of water at a  reference temperature
                    and  pressure     , Pa.s

mµ               viscosity of mixture (dispersed and continuous phase)     , Pa.s

σ          surface tension of the dispersion     , N/m

ρ∆          density difference between the slurry and gas phase     , kg/m3

bρ          bubble density     , kg/m3

cρ density of the continuous phase     , kg/m3

fw density of the gas free pulp     , kg/m3

G          gas density     , kg/m3

Lρ          liquid  density     , kg/m3



m                measured density of pulp containing air at the test point              , kg/m3

slρ          slurry density     , kg/m3

Dimensionless numbers
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σ
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sl σρρµ∆      Morton number
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ρ
    Bubble Reynolds number
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m
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Subscripts

b bubble

c continuous

G gas

L     liquid
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1. Introduction

Air in papermaking stock can exist in two forms, dissolved and entrained. The air in

dissolved form has no detrimental effect on papermaking as long as it stays in that

form. However, the dissolved gases enhance the growth of aerobic micro-organisms

and under favorable condition they can easily turn into harmful gas bubbles.

Entrained air is one of the frequently mentioned problems in pulp and paper

industries. It causes detrimental effects on the paper making process which include:

foaming, reduction of drainage rate through blocking the opening of wire fabrics,

weakening of the tensile strength of the paper,  runnability problem of the paper

machine, loss of product quality and reduction of pumping and washing efficiencies.

The detrimental substances, which are the sources for surface active agents, directly

contribute to the problems caused by air in the system.  [1, 2]

Different air removal methods have been used in paper mills to remove the

entrained air. The methods include: active mechanical deaeration method, in which

gases are removed by applying centrifugal force or partial vacuum, passive

deaeration method, by which gases are  removed based on the buoyancy force of

bubbles, and chemical gas removal method, which uses degassing and defoaming

chemicals to reduce the gas content of suspension and the amount of surface foam

respectively . [2, 3]

As compared to pure water, separation of gas bubbles from papermaking process

waters containing fibres, fines, fillers and various colloidal and dissolved materials

is much more difficult. This is due to the fact that the surface active agents in the

paper machine circulation waters stabilize the air bubbles hindering bubble

coalescence and retain the overall bubble size small. The common stabilizers in

paper mill waters include: resins and fatty acids, sizing chemicals, surfactants for

deinking and deposit control chemicals. Moreover, as a result of the accumulation

(agglomeration) of hydrophobic materials and dirt on gas bubble surfaces, gas

separation becomes even more difficult. [4]
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For the past few years, tremendous changes have undergone in paper industry to

reduce the effect on environment at the same time the cost of manufacturing paper,

while trying to improve both paper quality and productivity.  Primarily with

commercial objectives, some studies about the effects of gases, fibre-gas

interactions, and the measurement of gas content have been carried out since 1930’s.

This indicates that there is still a need for more of research to get detailed

information and knowledge about the behaviors, effects and removal of gases in

papermaking process. [1, 2] The main objective of this thesis is to study the removal

of gases from pulp suspension and circulation waters in open channel flow using a

laboratory scale measurement technique; which is based on particle image

velocimetry (PIV) method. The results from the experiments can also be used to

validate CFD simulations.

2. Entrained air in circulation waters and pulp suspensions

Air generally exists in three forms in a papermaking process namely; free air, bound

air, and dissolved air. Free air consists of air bubbles which rise to the surface as

foam whereas bound air consists of small air bubbles attached to the fibers or solids.

The bubble diameter range in free air is approximately 70- 100 µm, whereas the

bound air has bubble diameter range smaller than 70-100 µm. The smaller bubble

size in bound air enables it to adhere on the fibers more easily. Free air can convert

itself to bound air by means of mechanical action such as pumping.  These free and

bound air combined are called entrained air. Entrained air in a fiber suspension

causes pressure pulsation in the paper machine’s approach flow system, energy

losses at the pumps and impaired drainage on the wire. [5, 6]

Gases can enter to the pulp and papermaking processes as bubbles or in dissolved

form; for instance, with raw materials or the process water, directly from the

atmosphere via leaking seals, and trough splashing flows and intensive mixing in

open tanks. Gases are readily mixed into pulp suspensions and circulation waters in

various process stages. The solubility of gases and the behavior of bubbles in pulp

suspensions are affected when large amount of dissolved and colloidal surface

active materials present in the suspension. The volume of gases in the process is
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dependent on the volumetric pulp flow which contains the entrained or dissolved

gases [2].

The three factors which contribute to air entrainment in recycled fibers are: the

entrainment characteristics, which is the ability to hold and retain air, of the fiber

and other particles in the system, the entrainment characteristics of the liquid

transport medium, including everything dissolved in it, and the last one is the

amount of air introduced by mechanical components in the system. [5]

3. Degassing methods

Even though various methods for gas removal from the pulp suspensions have been

developed, gas entrainment to some extent is inevitable. In general gas removal

methods can be active, passive or chemical. The traditional ways by which gas is

removed from pulp stock are open tanks and wire pits, by allowing sufficient time

for gas bubbles to be evacuated. Vacuum deaeration tanks have also been developed

for efficient gas removal. Centrifugal devices such as pumps, cleaners and screens

are also used in gas removal; however, in most cases degassing chemicals and

defoaming agents must be applied so as to boost gas separation. [2]

3.1 Active deaeration methods

Active deaeration methods are mechanical gas removal methods which use, for

instance, centrifugal force or vacuum to facilitate the discharge of gas bubbles from

the suspension. There are also certain systems in which dissolved gases are released

as gas bubbles and evacuated from the system. Air-removing tanks (deculators) are

the most typically and widely used gas deaeration methods in the short circulation of

paper machines. Air-removing pumps and hydro cyclones have also been developed

under active gas removal methods. [2]

3.1.1 Deculator

A deculator® uses a combination of mechanical shock and boiling in a vacuum to

evacuate air from the stock. In such a way, it removes the entrained air and almost

all the dissolved air. The vacuum to the deculator® is created by water ring pump
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system, which can be arranged in one stage or two stage way. The gases removed

are cooled by cooling water in pre-condenser and finally are exhausted via a

silencer. [7]

Currently two types of deculator are produced by Andritz. The first type (Figure 1A)

is called Flyingwing deculator®, which offers combined deaeration and efficient

cleaning of paper stock. The combination of an overflow weir and boiling vacuum

provides an excellent hydraulic stability prior to the headbox. Moreover, the

distribution of cleaners on the deculator wings ensures thorough mixing of the stock

and elimination of any short-term consistency variations. The second type (Fig.1B),

which ensures complete deaeration system, is called MultiRetention deculator® in

which stock flows through the feed manifold that divides consistency disturbances

into smaller components when they pass through spin-jet nozzles. Each component

has a different retention time inside the deculator® and depending on their

frequency, random disturbances can be reduced or totally suppressed as a result of

the counter-direction of flow inside the deculator® [8].

 A.  Flyingwing deculator®           B. MultiRetention deculator®

Fig.1 photographs of the two types of deculators produced by Andritz.  [8]

In the past years, various types of deaeration tanks have been used in the paper

industry. In cases where complete deaeration is required, Metso uses OptiAir Vac
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type deaerator. In the new concept of OptiFeed, deaeration takes place earlier than is

the case with a conventional short circulation process. In this case, deaeration with

OptiAir Vac type deaerator is used for white water deaeration and the air free water

is then distributed to the dilution point [9].

3.1.2 Hydrocyclones

The separation of gases in a hydrocyclone is based on centrifugal forces which

create centrifugal field inside a conical tube causing the heavier particles to be

carried  towards  the  outer  perimeter  of  the  tube  and  lighter  components,  such  as

gases, to gravitate into the region of lower pressure in the middle. In such a way the

components separates from one another at either end of the hydrocyclone. The gas

removal efficiency of a hydrocyclone is dependent on the size of air bubbles since

large bubbles are removed with higher efficiency than smaller air bubbles. This is

due to the fact that the movement of smaller bubbles hindered by the fiber network

making their removal efficiency considerably low. [2, 10]

In a paper machine, the hydrocyclone is also called a centrifugal cleaner (Figure 2).

The device is composed of cylindrical-conical vessel having a tangential inlet at the

largest diameter of the cylinder. The accept nozzle is located axially centered at the

large diameter end of the cylinder whereas the reject nozzle or underflow tip is

located just at the opposite end or minimum diameter end of the conical section.

Good fiber is carried up inwards to the accepts stock outlet while the dirt, which is

held in the downward current, keeps on drifting towards the tip. As the diameter

narrows, the flow is forced inward against increasing centrifugal force, which

concentrates the dirt and releases good fiber to the accepts flow. If the consistency

of fiber is higher, it affects the efficiency of the cleaner and hence in most

applications the fiber consistency is less than one percent for an effective gas

cleaning. The hydraulic capacity of the cleaner is determined by the pressure drop

and is used as a measure of the magnitude of centrifugal action of the hydro-

cyclone. [10]
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                           Fig. 2 Schematic diagram of a hydro-cyclone [10]

3.1.3 Pomp pumps

A pomp centrifugal pump (Figure 3) is designed to remove air from a fiber

suspension and is intended to replace the wire pit and vacuum deaerator, which are

the largest volume components in short circulation. The degassing pump combines

the features of a degassing centrifuge as well as centrifugal pump. Air is centrifuged

from a ring of fiber suspension. From the separation zone, the deaerated fiber

suspension flows to the pumping chamber where it forms a ring and is pumped

away.  The pump is designed to adjust itself to prevailing process conditions with

inlet level control and with vortex control of the pump inverter.  Through applying

the pomp pump, a considerable reduction in air content could be obtained with the

free air content of the white water being reduced below 0.1 %. Besides entrained air,

pomp pump is used for removing precipitated soap from brown stock washer

filtrates as well. [5, 11, 12]
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Fig. 3 The pomp centrifugal pump for air removal from fiber suspension [11]

The diameter of the air bubble removed in the pomp can be calculated from

Equation 1, which is derived from Stokes’ equation.  It is assumed that the bubbles

behave in the opposite way to heavy particles removed in a centrifuge. [5]
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Where bd         bubble diameter, m

s distance travelled by the bubble, m

wlV  volume of the water layer in the pomp, m

.
V         volumetric flow rate through the pomp, m3/s

pa  acceleration inside the pomp, m/s2

Lρ  fluid density, kg/ m3

bρ  bubble density, kg/ m3

µ  viscosity of the liquid, Pa.s
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3.2 Chemical degassing method

Though physico-mechanical deaeration is very effective, the stock suspension

cannot be air free as long as it remains exposed to air again. Therefore, chemical

degassing methods have to be applied in order to avoid the reintroduction of air in

pulp suspension.  Process additives used in the paper making process have negative

effect by stabilizing the air bubbles. The structure of degassing chemicals is similar

to air stabilizing substances but degassing chemicals are relatively more

hydrophobic and they displace surfactants from the water/ air interface because of

their lower solubility. There are three functioning mechanisms of chemical

deaerators.  First, the hydrophobic particles break up the stabilizing surface film on

the air bubbles which comprise of dissolved and colloidal substances. Secondly, the

non-sablizing chemicals replace the stabilizing agents on the bubble wall, leading to

the collapse of the bubbles. Lastly, the low surface tension defoamers spread on the

surface of the fibre suspension and break up the foam.  The mechanism of gas

removal using chemical deaerator is shown in Fig 4.  [1]

Defoaming chemicals, on the other hand reduce the foaming tendency and the

amount of surface foam by destroying the foam lamellae, hence they minimize the

detrimental effects of foam in processes. [2] However, overdosing of defoamers can

lead to the formation of deposits in pulp and papermaking processes which causes

spots to the final product. Moreover, since antifoaming chemicals are expensive,

they reduce the profitability of the papermaking process. Generally the effectiveness

of chemical deaerator extends across the complete papermaking system and keeps

the air content at lower levels than it could be obtained with physico-mechanical

deaeration alone. [1, 13]
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   Fig.4 Mechanism of deaeration [1]

3.3 Passive mechanical removal

Unlike active gas removal methods which use centrifugal force or partial vacuum,

passive methods are based on the buoyancy force of bubbles. The passive deaeration

methods in papermaking process consists of vertical pipes, wire pits, white water

silos, and flumes  designed to have proper dimension relative to the volumetric flow

so that they allow the entrained air bubbles to be evacuated. The method by which

free air is removed from the wire pit is based on the difference in raising velocity of

the bubbles and the downward velocity of the stock. The average bubble size and

the flow patterns within the gas removing tanks are essential for determination of

the retention time needed for deaeration. [2, 9]

4. Fluid flow in pulp suspensions

Fluid flow in pulp suspension can generally be classified as suspension flow, bubble

flow and fiber flow, which characterize the three-phase flow systems in pulp flow.

4.1 Suspension flow

The flow of suspension is fundamental in most of the unit operations in pulp and

paper mill. A good understanding of flow behavior in pulp suspension is, therefore,

a prerequisite for better design of screens, mixers, washers and other fiber

processing equipment [14]. For a stationary pulp suspension, next to a rigid wall, to
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start flowing, the connecting forces between the fibers and the stationary wall must

be overcome [15].  There are basically three types of flow profiles exhibited by pulp

suspensions, namely plug, mixed (transition), and turbulent flow [16].  Figure 5

shows the three flow regimes of fiber suspension flow and their corresponding

friction loss.

Fig. 5 Schematic representation of friction loss curve in different fiber suspension flow

regimes

The friction factor ƒ is defined in the following Equation as:

Lu2
pdF 2

H

ρ
∆

=
r

                       (2)

Where:

            ƒ friction factor , -

Hd  hydrodynamic diameter of channel, m

p pressure, Pa

L length of channel, m

u bulk flow velocity, m/s

ρ  fluid density, kg/m3
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In order to understand the flow characteristics, it important to know the effect of

fiber concentration (consistency) on flow of pulp suspension.  According to Xu et

al., who studied the effect of fibre concentrations on flow behavior, the fiber

consistency affects the shape of the velocity profile in two ways depending on the

Reynolds’ number.  At low flow rate (Re 12 000), the core part of the velocity

profile becomes flat and a central plug forms for fiber concentrations (nl3) greater

than 1.0. The plug size increases with the fiber concentration at a fixed flow rate. At

a higher flow rate (Re  37 000), fiber concentration does not have considerable

effect on the shape of the velocity profile. However, as compared to the velocity

profile of single phase flow at the same flow rate, the velocity profile becomes

sharper.  It is at low flow rates that the deviation from single phase velocity profile

can be larger as the fiber concentration increases. Otherwise, if the flow rate is high

enough (e.g.  60 000), the effect of fiber concentration becomes insignificant that

there is virtually no difference between the velocity profiles of fiber suspension and

that of single phase flow.  [17]

The presence of fiber in suspension reduces the turbulence intensity and hence

reduces the turbulent momentum transfer. On the other hand, the tendency of fibers

to form fibre networks in a suspension increases the momentum transfer. Therefore,

it is the relative contribution of these two types of momentum flux which will

determine the final shape of the velocity profile. [17]

4.1.1 Plug flow

The plug regime occurs at low flow rate of pulp suspension in which the fibers are

networked coherently.  Within this net work, there is no movement of fibers relative

to one another and the velocity gradient is confined to a fiber free water annulus

near the wall. [16] A fiber- free water film, which is caused by hydrodynamic forces

between the fibers and the rigid wall, tends to form between the pulp suspension and

the rigid wall as the flow continues [15].
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In a plug flow regime, the pressure losses in pipe flow are greater than that for water

flow at similar flow rates; and the pressure losses can be much higher at very low

velocities. [16]

4.1.2 Mixed flow

At the transition point (C), the flow in the fiber-water film becomes unstable. Once

the pulp suspension flow reaches these critical conditions, an increasingly turbulent

water layer will be formed around the plug. The required level of shear stress is

usually achieved when the Reynolds number in the fiber-free water layer reaches

1500.  A transition stage, where part of the flow could be turbulent and the other

part plug or undisturbed, is created as the relative velocity between the undisturbed

fiber network and the stationary wall increases. Further increasing of flow rate

produces turbulent Reynolds stresses in excess of the yield stress of the fiber

network. This causes the fiber network to disintegrate and disperse until the plug

regime disappears at point D. In this type of flow regime, the pressure loss in pipe

flow becomes less than that of water flow. [15, 16]

4.1.3 Turbulent flow

The turbulent flow regime appears right after the transition regime when the relative

velocity between the pulp suspension and the rigid wall increases further [15]. In the

turbulent regime, the friction factor (ƒ) is practically constant over a considerable

range of velocities [16].  In case of pulp suspensions with low fiber consistency

(C~1 %), the turbulence regime can be reached at moderate velocities, whereas pulp

suspensions having medium and high fiber consistency (C ~10%) often stay

laminar, with the exception of locally appearing strong vortices or highly turbulent

areas near to the wall [15].  One example of the area where a turbulent flow type

occurs in papermaking process is in the headbox of the paper machine [16].

4.2 Fibre flow

The dynamics of pulp fibers in a suspension flow provides important technical

information in various processes of pulp and paper industry .The mechanism by

which fibre flocs expand in volume and decrease in density as a result of the
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penetration of the surrounding liquid (suspension) into the floc is called the floc

dispersion process. This process involves fiber network rearrangement, deformation,

and fragmentation. At a point when the fibers are completely dispersed in the

solution, the fibre density of floc equals to that of suspension [17]. Fiber dispersion

is found to be promoted by increasing the velocity gradient and by decreasing fiber

concentration [16]. The fiber orientation and dispersion in the fluid depend on the

flow [18]. Figure 6 shows the dispersion process of floc due to volumetric expansion

as the floc passes through the flow domain.

Fig 6. Volumetric expansion of floc during expansion [18]

4.3 Bubble flow

Better understanding of the characteristics of bubble rise and coalescence is

important in different areas of pulp and paper industry. Unlike liquid and solid

flows, there are numerous regimes in bubble flow.  The different trajectories and

shapes of bubbles in fluid flow are as a result of the effect of the interaction between

various forces such as, surface tension, buoyant force, viscosity and inertia which

coexist in a fluid system. Besides bubble shape, the interaction between rising

bubbles and the surrounding fluid also determines the extent at which disturbances

in the surrounding liquid occur.  [19]

The pressure inside the bubble can be approximated by the following formula:

b
Lb d

pp σ+=                                                                             (3)

Where bp  pressure inside the bubble, Pa

Lp pressure of the liquid surrounding the bubble, Pa
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σ  surface tension of the dispersion, N/m

Many experimental investigations have indicated that bubble size affects the type of

motion the bubbles follow in a fluid system. The rising motion of small spherical air

bubbles is rectilinear while increasing the equivalent diameter of the bubbles makes

their motion path to be helical or zig zag type. Further increase in the equivalent

diameter, hence large spherical shape bubbles, results in rectilinear motion again.

[19]

In flotation deinking process, air bubbles are applied so as to get rid of the

hydrophobic particles (about 20-300 µm diam.) in the waste paper slurries which

contain water, fiber, and other contaminant particles. When air bubbles are

introduced into the system, the hydrophobic particles become attached to the

bubbles’ hydrophobic surfaces and as the bubbles rise, they carry the contaminants

up to the surface, where they are skimmed away leaving clean fiber behind for a

later use as a recycled material. Large bubbles produce sufficient buoyant force to

rise through the fiber network; however, too large bubble size reduces the overall

bubble surface area in a given total air volume which in turn reduces the area to

which contaminant particles can be attached. Therefore, bubble behavior in this case

is very essential as it directly affects the efficiency of contaminant removal.

Similarly, the importance of bubble behavior can be observed in the gaseous

bleaching of fiber by the introduction of ozone. [20]

4.3.1 Bubble rise velocity in water.

Gas bubbles naturally tend to rise towards the surface of when introduced into a

liquid. The velocity at which bubbles rise to the surface depends on the properties of

the liquid and the gas as well as their size. The bubble rise velocity is one of the

most fundamental parameters to characterize the hydrodynamics and transport

phenomena in three phase fluidized beds. It is also one of the parameters which

decide the gas phase residence time in liquid dispersion and hence the contact time

for the interfacial transport and subsequently contributes to the performance of the

equipment. The dynamics associated with rise are mainly due to temporal variation
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in bubble characteristics or even the variation in the system properties. The rise

velocity of small spherical particles moving with a constant speed can be calculated

according to Stokes’ law and putting the sum of all forces  acting upon a bubble to

zero, i.e. drag force, gravitational and buoyancy force. Accordingly, the terminal

rise velocity of a small spherical bubble can be approximated by Equation 4. [19,

21]

(4)

Where ∞u terminal rise velocity of bubble, m/s

                  g gravitational acceleration, m/s2

Lρ density of the liquid, kg/m3

Gρ density of the gas, kg/m3

Lµ viscosity of the liquid, Pa.s

Since the Stokes’ law applies for spherical particles with Reynolds’s number less

than 0.5, the above equation is applicable only for smaller particles with spherical

shape. Moreover, the above equation applies only when the bubbles are solid

spheres. For fluid spheres with non rigid surfaces, the bubble rise velocity can be

approximated by Equation 5, provided the limitations with stokes’ equation remain.

[19]

(5)

4.3.2 Effects of contaminants and concentration on rise velocity

Contaminants in the fluid harden the bubble interface and make it act like a solid

sphere. Depending on the type of contaminants such as surfactants and electrolytes,

the rise velocity characteristics of a bubble change considerably. The electrolytic

solution has similar effect to the solution containing surfactants; however, the

additional electro-kinetic forces repel them further causing the existence of smaller

bubbles to rise with lower velocity. As can be seen in Fig. 7, for pure water the
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velocity increases with size and attains a peak followed by a decrease in velocity

over a small range of bubble size after which it again attains an increase velocity

with bubble size.  For a liquid containing contaminants, the rise velocity of small

spherical bubbles lies in between the values calculated from Equation 4 and 5.  [19,

22]

Fig.7. Typical trends in rise velocity with bubble size for pure and contaminated

liquids [21]

The presence of fibers in pure water increases the effective viscosity of the

suspension which in turn reduces the bubble rise velocity (i.e. the bubble Reynolds

number) [22].  The lower in bubble rise velocities and smaller Reynolds number are

due to the increase in viscous drag caused by the addition of fiber to the water [23].

Generally the bubble rise velocity for Newtonian fluids decrease with viscosity, with

a possibility of reduction of interfacial motion due to viscous forces [24].

Correlations on literatures can be used to analyze the influence of slurry

concentration on bubble rise velocity. The generalized correlation of Fan and

Tsuchiya can be applied to liquid- solid suspensions according to the following

Equation 6.  [25, 26]
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Where:

b'u  dimensionless rise velocity of single bubbles ,-

 Mo Morton number [ ])(g 32
sl

4
sl σρρµ∆  , -

 Kb constant given by Fan and Tsuchiya, -

ρ∆  density difference between slurry and gas phase, kg/m3

slρ  density of slurry, kg/m3

bd '  dimensionless bubble diameter, -

 c constant given by Fan and Tsuchiya, -

 n  exponent given by Fan and Tsuchiya , -

The dimensionless velocity ( b'U ) and the dimensionless bubble diameter ( e'd ) are
defined as follows:

4/1sl
bb )

g
(u'u
σ
ρ

=  , 2/1sl
bb )g(d'd

σ
ρ

=          (6a)

Where:
σ  surface tension of the solution, N/m.

the terminal rise velocities for fine and small bubbles are represented by the first

term in Equation 6 whereas the terminal rise velocities for intermediate  to large

sized bubbles is represented by the second term in Equation 6. The values of the

constants n, c and Kb for mono-component contaminated liquids, are given by Fan

and Tsuchiya as [26]:

 n=0.8,    c=1.2,     Kb=max (14.7 Mo-0.038, 12)
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4.4 Drag coefficients and models

The most important effect of viscosity on the displacement of a flow past body is to

produce a drag force which reduces the relative motion in the surrounding fluid.

Drag coefficient (CD) is a dimensionless number used to quantify the drag of an

object (substance) in a fluid system. The value of drag coefficient depends on the

system’s physico-chemical properties and the bubble dimensions. Many

investigators have formulated several correlations for the prediction of drag

coefficient in Newtonian and Non Newtonian liquids [21].

The drag of micro bubbles in pulp suspensions is affected and increased by the

presence of dissolved, colloidal and solid materials i.e. extractives, chemicals, fillers

and wood fractions. Fibers hinder the rise velocity of the micro bubbles when they

collide and attach with the bubbles within the suspension. [27]

The bubble drag coefficient in suspension can be estimated by assuming only the

drag force and buoyancy force affect the motion of bubbles i.e. steady flow.

Moreover, the interactions of micro-bubbles could be taken as negligible by

assuming the suspension is thoroughly diluted. However, the interaction between

contaminants in the suspension and micro-bubbles occurs and this can be taken into

account in the drag coefficient (CD) to get the following momentum equation, which

includes the motion of a bubble (see Eq. 7). [27]

( ) ( ) 0gVAuuuuC
2
1F bLbbLbLbLD =ρ−ρ+−−ρ=∑ rrrrrr

                          (7)

Where: bA  surface area of bubble, m2

bV  volume of bubble, m3

Lur  spatially averaged instantaneous liquid velocity, m/s

bur  spatially averaged instantaneous bubble velocity, m/s
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By assuming spherical gas bubbles, the above equation is further simplified as:

( ) ( )2
Lb

b
2

Lb

b
Lb

uu
gd

3
4

uu
gd

3
4)( rrrr

−
≈

−
ρ−ρ−=DC            (8)

The drag coefficient of a gas bubble rising in a stagnant and pure liquid can be

computed as function of bubble Reynolds number.  Mei et al obtained the following

empirical correlation which is valid for all micro-bubble Reynolds numbers. [27, 28]
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Various models have been developed to describe the drag coefficient for both fluid-

fluid systems (e.g., model by Schiller-Neumann, Ishii- Zuber, Ishii-Mishima and

Grace) and fluid-solid systems (e.g., models by Ergun, Richardson-Zaki, Wen-Yu,

Ishii-Mishima, Gidaspow, Ma-Ahmadi, Nieuwland, and Di Felice). The scope of

application for individual models is highly diversified and depends mainly on the

level of pack of the dispersed phase and flow velocity. Some of the models are

suitable for a wide spectrum of cases (e.g., Gidaspow model), whereas other are

appropriate for thin (e.g., Wen-Yu model) or dense (e.g., Ergun model) systems.

[29] Since the main focus of this thesis is on gas-liquid systems, only some of the

drag models developed for fluid-fluid systems will be discussed as follows.

4.4.1 Schiller and Naumann model

Schiller and Naumann developed a model which is valid for a higher particle Re

number through extending the commonly known drag law of Stokes (i.e.,

CD=24/Re, Re<1). They used a dimensionless multiplication factor that accounts for

the inertial effect on the drag force acting on a single non-deformable spherical

particle in a stagnant fluid at intermediate Reynolds numbers. [30]
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The Reynolds number based on the dispersed phase can be calculated as:

c

slipbc
b

ud
Re

µ

ρ
=          (11)

Where, cρ is density of the continuous phase (kg/m3), slipu the slip velocity between

the two phases and cµ is the dynamic viscosity of the continuous phase (Pa.s).

4.4.2 Morsi and Alexander model

Similar to Schiller and Naumann Model, the Morsi and Alexander model was also

developed to describe the drag coefficients for smooth and spherical particles.

However, this model uses eight different correlations over eight successive ranges of

bRe  so that the deviation between the experimental data and the fitted correlations

can be minimized. [31] The drag coefficient in this model is defined as:

2
b

3

b

2
1D

Re
a

Re
a

aC ++= (12)

Where bRe  is defined same as in Eq. (11)

The values of the constants a1, a2 and a3 for different ranges of Reynolds number

are evaluated as:
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10000Re54167001662.5,-0.5191,

10000Re5000578700490.546,-0.46,

5000Re100047500-148.62,0.357,

1000Re1002778-98.33,0.3644,

100Re10116.67-46.50,0.6167,

10Re13.8889-29.1667,1.222,

0.1Re00.090322.73,3.690,

0.1Re024,00,

a,a,a 321 (13)
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4.4.3 Ishii and Zuber Model

This is applicable to general fluid particles (drops and bubbles), for any pair of

phases. The model is based on a concept of mixture viscosity for particulate flows

and gas-liquid systems as well as for liquid-liquid systems, including the case of

distorted inclusions. [32] The drag coefficient in this model is given by:

CD= )Re1.01(
Re
24 75.0

m

m

+          (14)

Where the particle Reynolds number (Rem) is based on the mixture viscosity ( m)

instead of the continuous phase viscosity ( c), and it is defined as:

Rem =
m

slipbc ud
µ

ρ
         (15)

The mixture viscosity is evaluated as:

A

max
cm )1(

ε
ε

−µ=µ          (16)

Where ε the phase fraction max is accepted as 0.62 for solid and 1 for fluid and the

exponent A is defined as:

cb

cb
max

4.0
5.2A

µ+µ
µ+µ

ε−=                      (17)

4.4.4 Grace model

This model was developed using air-water data and produces specifically better

results for air-water systems. The drag coefficient in the distorted particle regime is

given by: [33]

CD (ellipse)

c
2

b

b

u3
gd4

ρ
ρ∆

=                                              (18)

The terminal velocity is given by:
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=          (21)

where refµ =0.0009 kg/m.s  is the molecular viscosity of water at some reference

temperature and pressure; whereas Eo is a dimensionless group known as the Eotvos

number which measures the ratio between gravitational and surface tension forces.

Eotvos number is given by:

Eo=
σ
ρ∆ 2

bdg (22)

Computational fluid dynamics programs such as CFX-5 automatically takes into

account the spherical particle and cap limits in the Grace drag model by setting [33]:

CD=CD (sphere)                        if     CD (sphere) ≥ CD (ellipse), and

CD = min (CD (ellipse), CD (cap)) if     CD (sphere) < CD (ellipse)

5. Gas hold-up in pulp suspensions

The term gas-hold up is defined as the volume fraction occupied by the gas phase in

the total volume of the two or three-phase mixture.  It is an important parameter in

many gas–liquid or gas–liquid–solid processes, such as dissolved air floatation,

deinking process and bleaching. In the flotation deinking process, a higher gas

holdup and smaller bubble size indicate a larger interfacial area between the gas and

liquid and/or a larger gas residence time, both of which lead to higher ink removal

efficiency. Since the aeration procedures, experimental setups and gas content

measurement techniques usually differ quiet considerably, it is difficult to compare

gas hold-up values between experiments. However, from the results of such

experiments, it can be seen that the factors affecting gas hold-up are bubble size,
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fiber consistencies, physical properties and flow characteristics of the suspension.

[2, 34]

According to the study of the effect of consistency on hold-up in a pulp suspension,

chemical pulp was found to have the lowest air hold-up while thermomechanical

pulp (TMP) had the highest, with air hold-up values of over 50 % achieved at a

consistency of 20 %.  The Air hold-up increased with increasing consistency in all

the pulps tested for the study [35].   In another study by Went et al., air hold-up

decreased between consistencies of 0 to 1% but remained constant at higher

consistencies, as bubble coalescence was almost complete. [36] Moreover, a study

of gas hold-up in a cocurrent air/water/fiber system showed that the effects of

superficial air and liquid velocities play an important role in the relationship

between pulp consistency and gas hold-up. The test was made for three different

levels (0 %, 0.8 % and 1.2 %) and it was found that at low liquid flow rates, gas-

hold up decreased with increasing pulp consistency. However, at higher liquid flow

rate, gas hold-up reached its maximum when the consistency was at 0.8 %, which

was supposedly due to the higher liquid flow rate which inhibited bubble

coalescence and channeling. The minimum gas hold-up was achieved when the pulp

consistency was increased to 1.2 %, indicating the higher chance for bubbles to

coalescence and channel at higher consistencies. [37]

The other important factors affecting gas hold-up in pulp suspensions are the

superficial air and liquid velocities. A study in a concurrent bubble column showed,

the cross-sectional average gas hold-up increased with increasing superficial air

velocity (0.6-4.0 cm/s), keeping other factors constant. Similarly, the cross-sectional

average gas hold-up increased when the superficial liquid velocity increased from

2.5-7.5 cm/s. This was due to the fact that increasing the fluid flow removed bubbles

from the injector port at a faster rate, which keeps the bubble sizes small and well

dispersed. [37]
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6. Measurement techniques

In order to alleviate the problem associated with gasses in pulp and papermaking

process, various measurement techniques have been developed.  The different

equipment employed to measure air content, bubble size and fluid flow (velocity) in

pulp and paper making process are explained in the following chapters.

6.1 Measurement of air content

Since1950’s different measuring methods of air content have been developed. The

first measurement of gas content was based on the measurement of density of the

pulp suspension, followed by other methods which were based on Boyle’s gas law.

Nowadays, more advanced devices using various methods such as ultrasonic, sonar,

and microwave are used to measure the content of air in the pulp suspension system

[2].

6.1.1 Ultrasonic method

This method is one of acoustic measurement techniques by which the gas content of

suspension is assessed through measuring the attenuation of ultrasound in the

suspension. The attenuation of the ultrasound is caused by stabilized air bubbles in

the pulp suspension, which are most detrimental in the wet end processes and are

effective in attenuating ultrasound. Figure 8 shows the ultrasonic gas content

measurement using Sonica air content analyzer, which is developed and

manufactured by Savcor Oy; Mikkeli, Finland. The ultrasonic method utilized in

Sonica air content analyzer is an on-line system and it offers continuous gas content

information since it continuously measures the amount of entrained air bubbles in

the stock at the wet end of the paper machine. The equipment is calibrated by

measuring the volume of bubbles based on gas compressibility of Boyle’s law [38]
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Fig.8 Ultrasonic gas content measurement using Sonica Air Content Analyzer [38]

6.1.2 Sonar method

There are two fundamental measurements on the process fluid by using the sonar

method. The first one is the measurement of the total volumetric flow by tracking

the speed at which coherent structures within the process fluid convect past the

sensors; and the second one is the measurement of the entrained air percentage in

the process system by determining the speed at which acoustic disturbance or sound

propagates within the process fluid lines. [39]

The frequency range in which sonar meters measure the propagation velocity of

sound is between 100 to 1000 Hz. Within this frequency range, sound propagates as

a one-dimensional wave using the process pipe as a wave-guide and the wave length

of the sound has magnitude of several orders larger than the length scale of the

bubbles. Ultrasonic meters, on the other hand, operate in 100 KHz to several MHz

frequency range and the entrained air bubbles have length scales on the same order

as the acoustic waves generated. This raises problems for ultrasonic measuring

devices since the bubbles scatter the ultrasonic waves and impair the ability of the

ultrasonic meter to perform a good speed measurement. Therefore, the sonar method
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measures the amount of entrained air in the pulp suspension more accurately than

the ultrasonic method. [39] Figure 9 illustrates the relevant flow features of

turbulent pipe flow along with an axial array of sensors.

Fig. 9 The Sonar measurement method by CiDRA Corporation [39]

6.1.3 Microwave method

The microwave method is based on the interaction between microwaves and an

intermediate material. A microwave transmitter and a receiver are the main

components of the microwave apparatus.  The principle of the microwave method is

in such a way that the transmitter sends a beam of microwave rays via the process

pipe to the receiver so that the time of propagation is measured. The volume of the

gas is therefore measured from the travelling time of microwaves if the proportions

of fibers and water in the medium are known. [2, 40]

The traveling time between the receiver and the transmitter is dependent on the

dielectric properties of the medium.  [2, 40]

6.1.4 Radiometric density measurement

The determination of volume of entrained air in a pulp suspension in this

radiometric density measurement method is based on the attenuation of gamma

radiation source and sensor. The amount of air content is calculated on the basis of

density variations in the pulp suspension.

The densities of gas-free pulp suspension at elevated pressure should be known so

as to compare it with the measured density of pulp containing air. Then the volume
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percentage of the gas in the pulp suspension can be calculated with Equation 23. [2,

40]

Gε = 








 −

fwG

fwm

-
.100 %                                                                 (23)

Where: m      measured density of pulp containing air at the test point, kg/m3

fw density of the gas free pulp, kg/m3

G       density of the gas, kg/m3

Despite the advantage of having a continuous reading of relative air variations in the

process, radiometric density measurement has also some limitations. The need to

specify the exact consistency of the pulp, the relatively slow measurement due to the

long integration time, and the need for the gas bubble distribution to be even, which

otherwise will cause an error in the result, are the main limitations of radiometric

density measurement method.  [2, 40]

6.1.5 Expansion and compression methods

The expansion method is based on measuring the volume of gases in the sample by

creating a sudden vacuum (around 0.5 bars) so that the free gases in the sample

would be expanded; the entrained air in the sample is, therefore, calculated from the

change (increase) in the sample volume. The expansion method measures the

amount of both entrained and dissolved gases by extending the time under the

vacuum for the dissolved gases to have sufficient time to be released.  [41]

Unlike the expansion method, in the compression method, the sample is subjected to

an increased pressure and the amount of gas is calculated from the relative change

(decrease) in the volume of sample [42].

Both expansion and compression measurements are based on Equation 24 of Boyle-

Marriott ideal gas law, assuming that the volume of liquid is almost independent of

pressure [40, 43].



28

 p0V0 = p1V1 (24)

Where: p0 initial pressure, bar

 p1 final pressure, bar

V0 initial volume, m3

V1 final volume, m3

The percentage of air content can be calculated using Equation 25.

%.100
V
Vi ∆

=                                                                                   (24)

Where i   percentage of air content, %

V∆  change in volume, m3

V  volume of the sample chamber, m3

6.2 Bubble size measurement

Bubble size measurement becomes much easier when the system is transparent, for

instance, in cases where air rises through a column of pure water. When the system

is opaque, which is a common case in many multiphase operations, optical and laser

techniques are not effective methods for bubble size measurement. In a direct

imaging technique, the bubble surface reflects the incident light rays and this

reflection, which represents the actual bubble/fluid interface, is viewed by a digital

camera. Back-lights are used to illuminate the flow while the size distribution and

volume of bubbles can be calculated by employing a bubble image recognition

algorithm.  However, digital imaging techniques are confined to lean gas dispersion

systems where the bubbles are not overlapping. This is due to the fact that when the

concentration of dispersed gases becomes high, it blocks the view to the

measurement volume and causes the visible bubbles to overlap with one another.  In

such cases, special image analysis software has to be used so as to separate the

overlapping objects.  PORA object recognition and analysis software is able to solve

this problem of objects overlapping through applying overlapping object recognition

(OOR) algorithm which detects the focused perimeter arcs of objects, clusters them

properly and fits circles, ellipses or Fourier shapes to the clustered perimeter arcs.

The OOR algorithm is based on the assumption that the objects have smooth and
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continuous outlines which are mainly curved towards the center of the object. [2, 44,

45]

Another technique that can visualize gas flow in multiphase complex systems is the

flash  X-ray  radiography  (FXR).   In  this  technique,  an  intense  burst  of  X-rays  is

produced for a fraction of second to record dynamic events on film that cannot be

captured by conventional photography.  The basic principle in FXR is based on the

difference in rate of X-rays absorption of phases. For instance, if the continuous

phase (i.e. a dilute water/fiber suspension) absorbs x-rays at one rate and the

discontinuous phase at (i.e. air bubbles) at another, the difference can be recorded on

film so that the resulting image represents the discontinuous or gas phase. Due to the

fact that air bubbles have curved surface, the X-rays incident on the film will

produce a gray-scale gradient from the bubble interior to the bubble edge. This may

lead to the difficulty to measure the actual bubble sizes, which shows FXR method

has drawbacks in this regard. [20]

Despite non-invasive techniques are intensively used for the analysis of bubble

flows, they are limited in cases of industrial operating conditions that involve highly

turbulent systems and opaque conditions, in which optical or image analysis

techniques are ineffective.  In such cases, invasive methods such as needle probes

are used to for the analysis of bubble flow. Needle probes are particularly used to

study high gas holdup systems. They are designed in such a way that they are very

thin and sharp ended so that they can pierce as many bubbles as possible.  Single-tip

needle probes  (see Figure 10 A) lead to gas fraction, and bubbling frequency;

whereas double-tip probes (see Figure 10 B) allow measurements of bubble

velocity, time-average local interfacial area, and mean bubble chord length. There

are two main types of needle probes, namely optical fiber probes and impendence

probes. [46]

The measurement principle of an optical probe is in such a way that an infra-red

light beam is guided along the fibre to the tip of the optical probes and the tip

transmits the light beam when it is inside a liquid or  reflects the light back to the
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device when it is surrounded by gases. A photo-transistor delivers an analog output

signal in proportion to the received light intensity. While it is very similar to optical

probe, an impendence needle probe behaves as an electrode; and a potentiometer

measures the difference in voltage between the probe and the support. [46, 47]

A. Single-tip needle probe     B.  Double-tip needle probe

Fig. 10 Needle probes with a single and double tips [46]

The local bubble chord size, along which the probe tip has pierced, can be obtained

from raw signal bubble pulse width and calculated bubble velocity. The first

momentum of the local bubble chord length distribution gives the mean chord length

of a bubble.  By assuming a homogenous bubbling regime and spherical shape of

bubbles, it is possible to have local diameter distribution through reverse

transformation of the local bubble chord distribution. [48, 49]

6.3 Flow measurements

Currently different types of flow measurement methods are applied to study the

effect of gases and their flow characteristics. In the following chapters the most

commonly used flow measurement techniques, their principles and advantages are

explained in detail.

6.3.1 Particle image velocimetry (PIV)

Particle image velocimetry (PIV) is a well-established optical and non-intrusive

method used to measure an instantaneous velocity vector field across a planar area
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of a flow. The flow is seeded with a standard particles or tiny fluorescent particles

(e.g.,  in  cases  of  a  simultaneous  two-phase  measurement)  and  the  velocity  is

determined from the displacement of imaged particles and the time for the

displacement. [50]

A typical PIV system is composed of a laser with sheet optics, one or two digital

cameras, and a computer with a timer unit to control the system and store the data.

A light sheet is formed by passing a double pulsed laser beam through cylindrical

lenses.  The light sheet illuminates the particles in the flow and the fluorescent

particles absorb the green illumination light and emit a distribution of red light

which is imaged through an oil-immersion lens and passed to the fluorescent filter-

cube, where green light from background reflections is filtered out and the red

fluorescence from the sub-micron particles is recorded onto a Princeton Instruments

cooled interline-transfer CCD camera. The camera is cooled so that it impairs the

readout noise in order for the fluorescent signal to be measured.  The laser pulses are

synchronized to the CCD camera in such a way that each firing of the laser appears

on a single CCD image frame.  The user sets the time separation between the two

images.  Figure 11 shows a general setup of a 2 Dimensional PIV system [51, 52]

In double-pulsed PIV, positions of flow-tracing particles are recorded at two known

times by either illuminating the particles using a pulsed light source, or by

illuminating the particles using a continuous light source and getting the light near

the camera using a mechanical or electronic shutter. [53]
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Fig 11 Setup of a 2D PIV system (source: La Vision Manual for DAVIS 7.2)

The principle of PIV is shown in Figure 12. The velocity of the particles can be

determined by finding the displacement of the particles between the laser pulses.

Each light pulse is captured and put into separate frame of images by the PIV

camera.  The duration of the light pulses and the time interval between the pulses is

typically 10 nano-seconds and 10 to 100 microseconds, respectively. After the two

light pulses are recorded sequentially, the images are divided into small

interrogation windows and the interrogation areas from each image frame are cross-

correlated with each other, pixel by pixel.  A signal pick, which shows the

displacement of a particle, is produced from the correlation of the images in the

interrogation windows. Once the displacement is determined, the velocity can be

achieved using sub-pixel interpolation technique. [52, 54]
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.

Fig. 12 The principle of PIV measurement [54]

In a normal PIV system, one cannot see the third velocity component due to the

geometry of the imaging. However, by putting two cameras in a stereoscopic

arrangement, i.e. imaging the particles in the flow using different angles of detection

so that the cameras capture the light sheet plane from the two different angles, the

particle movement not only in the plane of the laser sheet but also perpendicular to

the laser sheet can be measured. This method by which the third out of plane

velocity component is extracted is known as 3D PIV or stereoscopic PIV. [54]

The typical measurement frequency of PIV equipment, i.e. the rate at which the

instantaneous velocity fields can be measured, is around 10 Hz. However, with PIV

equipment having a special time–resolved system, several thousands of velocity

fields per second could be obtained. Typically the measurement frequency is in the

order of 10 Hz. [52]

Various measurement approaches have been employed in PIV technique so as to

achieve a two phase flow measurement. The three most often used PIV techniques

in multiphase flows are: PIV with fluorescent tracer particles, shadowgraphy, and a
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digital phase separation with a masking technique. In the first technique, with the

aid of optical filters it is possible to separate the radiation scattered by the

fluorescent and dispersed particles. One camera records the laser induced

fluorescence signal (LIF) of the aggregated tracer particles, whereas the second

camera records the light reflected from the gas bubbles. The velocity of the bubbles

is determined from the reflections on the bubbles. However, this method has a

drawback in that the gas bubbles also reflect the LIF signal of the liquid flow and

cause some errors in the measurement of the liquid flow. In addition, reflections of

the tracer and dirt particles are added on to the signal which determines the bubble

velocity, and since the signal of the bubbles is not necessarily stronger than that of

the tracer particles, extensive validation of the velocity result such as correlation of

peak width, is necessary. The second method for PIV in multiphase flow uses a

digital masking technique that separates the signals coming from the two phases.

The mask technique is not an image-processing technique that separates one two-

phase flow PIV image into two separate PIV images; rather it is an operator in the

PIV evaluation algorithm that can be added to any cross-correlation, fast Fourier

transform or minimum quadratic-difference algorithm. [55, 56] Finally the third

common method in two-phase (multi-phase) PIV measurement technique is the

shadowgraphy method, in which a shadow image of the gas bubbles is recorded on

the CCD camera and with the help of particle tracking velocimetry (PTV) algorithm

the velocity distribution of the gas bubbles is evaluated. However, the velocity of

the liquid phase cannot be determined by using shadowgraphy technique alone, and

therefore it is often combined with a PIV measurement [55, 57]. Currently, a new

novel PIV technique which combines the above three independent measurement

techniques is introduced and this new measurement approach is achieved through

shifting the background intensity of a PIV recording to a higher, but uniform gray

value level [55].

The PIV measurement technique has several advantages, provided that the laser can

penetrate the flow. The non intrusive method employed, its ability to measure the

entire two dimensional cross section of the flow field with two or three velocity

components, high speed data processing, high degree of accuracy of measurement,
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make PIV measurement technique more advantageous as compared to the traditional

flow measurement techniques such as LDA. [52] Moreover, a PIV technique offers

a prominent advantage in that it is able to measure simultaneous, phase-separated

velocity measurements in two phase flows [55].

The most commonly stated drawback of PIV method is related to the tracing

particles in the flow, in that they do not perfectly follow the motion of the fluid

because of their high density. There are various applications of PIV technique, for

instance, in wind tunnel experiments to test aerodynamic of different objects,

velocity  measurements  in  water  flows  (pipe  flows,  channel  flow  etc.),  spray

researches (to measure droplet velocities, cone angles, penetration length),

environmental researches such as combustion research, wave dynamics, coastal

engineering, tidal modeling, river and hydrology. In addition to the above mentioned

applications, PIV technique is also widely used for experimental verification of

computational fluid dynamic (CFD) modeling. [58, 59]

6.3.2 Pulsed ultrasonic doppler velocimetry (PUDV)

The pulsed ultrasonic flow meter was originally developed for a medical purpose in

order to measure the flow in a blood vain [60].  However, the measurement method

was not applied to its full potential as a result of various constraints arising from its

direct application to human body. This opened a way to an extended application of

PUDV method in non-medical flow measurements [61, 62].

The transducer (Figure 13) emits ultrasound pulse along the measuring line and the

echo is reflected from the surface of micro-particles suspended in the liquid and is

received back by the transducer. The echo contains all the velocity profile

information [63, 64].

Since the velocimeter measures the velocity component in the direction of the

ultrasonic beam, it only gives one component of the velocity vector (V). However, if

the direction of the real velocity vector is known, it is possible to compute directly

the module of the velocity vector by using the Doppler angle. The Doppler angle ( )
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is the angle formed by the axis of the ultrasonic beam and the direction of the real

velocity vector (V). [65]

Fig. 13 Measurement principles of pulsed Doppler ultrasound [64]

The main advantage of pulsed Doppler ultrasound is its capability to offer spatial

information associated to velocity values. In conventional measurement techniques,

except for particle image velocimetry (PIV) and other image-recording schemes,

only the velocity field at one instant or velocity values at one spatial point as a time

series  can  be  obtained.  In  a  PUDV  measurement,  by  collecting  data  along  its

ultrasound beam line, the velocity field as a function of time can be obtained.  The

other important benefit of the PUDV method is its applicability to opaque liquids;

which are difficult for flow visualization measurement techniques by optical means

to give the spatial information. PUDV can also be used for online measurement and

the ultrasound transducer can be made as small size as required which provides high

flexibility of use. [62, 63, 64]

Despite the above mentioned advantages, the PUDV measurement technique has

also some limitations. A general limitation of ultrasound Doppler velocimetry is that

flow perpendicular to the beam is not detected and finding the velocity direction can

be problematic in some cases. Especially in the presence of recirculation regions or

other gross disturbances, this may lead to distortions of the measured velocity
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profile. The other limitation of PUDV measurement method is the distance offset

along the ultrasonic beam axis, which is caused either by the ultrasonic transducer,

acoustic interfaces or refraction. This means that exact calculations of the distances

displayed by the instrument are needed to accurately interpret the measured velocity

profile. The transducer’s ringing effect and limit on the maximum velocity than can

be measured due to the finite sampling rates employed, are also among the

commonly mentioned drawbacks of PUDV measurement method.  [65]

6.3.3 Constant temperature anemometry (CTA)

Constant Temperature Anemometry (CTA) or Hot-wire Anemometry is a point-

measuring technique used to measure fine structures in turbulent gas and liquid

flows. This measurement technique is particularly suitable for flows that are

characterized by very fast fluctuations at a point (E.g. high turbulence) and flows

with micro structure that requires resolving of small flow eddies down to the order

of tenths of a millimeter (mm). In addition, this method is applicable for multi-

dimensional gas and liquid flows.  [59]

The working principle of CTA (Figure 14) is based on the cooling effect of a flow

on a heated body. The CTA measures velocity at a point and gives continuous

velocity time series, which can be processed into amplitude and time-domain

statistics, such as mean velocity, turbulence intensity, higher order moments, auto-

correlations and power spectra. The thermal anemometer provides an analogue

output which represents the velocity in a point. [59]



38

  Fig. 14 The working principle of CTA [59]

The CTA measurement technique provides distinctive advantages such as: the

ability to measure range of velocities from a few cm/s to supersonic, high temporal

resolution fluctuations up to several hundred kHz high spatial resolution (eddies

down to 1 mm or less), the ability to measure three velocity components

simultaneously, and it also provides instantaneous velocity information at any time.

[59]

6.3.4 The laser doppler anemometry (LDA)

The laser Doppler Anemometry is one of the widely accepted tools in fluid dynamic

investigations of gases and liquids.  It is an optical measurement technique that

gives valuable information about flow velocity of seeded particles conveyed by a

fluid flow to be measured in a non-intrusive manner. [59]

The basic configuration of LDA system (Figure 15) consists of a continuous laser

(wave  Ar-Ion-laser),  transmitting  optics  (e.g.  Bragg  cell,  focusing  lenses,  beam

expanders, beam splitter, mirrors, prisms, fibre cable link with laser beam

manipulator), receiving optics (e.g. lenses, pinhole, interference filter,

photomultiplier), frequency shifter, signal processor, traversing system and a

computer to control the measurement and save the data. [59, 66, 67]



39

Fig. 15 Basic configuration of LDA system [59]

The laser beam is splited into two beams having equal intensities and they are then

directed to optical fibers which deliver them to the probe optics. Both the size and

position of the crossing point of the two beams is determined by the focal length of

the probes front lens the transmitting optic guides the two laser beams into the

measurement point where the beams cross each other. [66] An interference pattern is

generated at the crossing point; and the light beams from the interference patterns

are scattered by the flow particles (seeded particles) as they pass through the test

section. The scattered beam is then collected by the receiving optics and focused on

the photo detector, which converts the light into electrical energy. [68] The intensity

fluctuation of the scattered light depends on the velocity of the particle; and the

velocity of the particle is calculated by dividing the traveled distance (df), which is

known, by the measured spent time (dt) [66]. The measuring principle of LDA is

shown in Figure 16.
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Fig. 16 Measurement principle of LDA [66]

The most important advantages of LDA measurement technique are: non-intrusive

measurement, high spatial and temporal resolution, no need for calibration and the

ability  to  measure  in  reversing  flows  [59].  Some  of  the  commonly  known

applications of LDA include: turbulence flow measurements conducted in wind

tunnel, steam flow measurements and fuel flow measurement [68].
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7. Experimental

For the study of gas removal from pulp suspension, flow and bubble size

measurements were carried out in a pilot scale open gas separation channel. Both

gas and liquid flow fields in the channel were measured by applying a Particle

Image Velocimetry (PIV) technique, whereas bubble size measurements were

carried out by taking and analyzing images of bubbles at different measurement

positions. The objectives of the experiments are to measure the flow properties of

the two phases as well as to provide data to CFD model. The measured attributes

are: instantaneous velocity fields, bubble sizes and bubble quantities (number of

bubbles detected).  The results are also used in CFD simulations.

7.1 Experimental Setup

7.1.1 Particle Image Velocimetry (PIV)

The PIV equipment for the measurement of gas and liquid flow fields is consisted of

Nd Yag laser, two CCD cameras and Davis 7.1 software. The gas separation

channel, which is constructed from transparent polyacrylate plates, has a length of

2.06 m, height 0.34 m and a width of 0.05 m.  Before carrying out the experiments,

the two PIV cameras were calibrated by using a 3D calibration plate and the laser

was positioned under the gas separation channel in such a way that it releases a thin

laser sheet to the flow through the bottom of the channel. The laser and the two

cameras are connected to a 2D translation stage, which enables them to move

synchronously along the channel to the required measurement position. Camera1

(see Fig. 20) was fitted with a 540 nm high-pass filter that selectively filters and

enables the emitted light from the florescent particles to pass through and be

recorded on Camera 1. On the other hand, camera 2 was fitted with a 532 nm band-

pass filter, which selectively passes the reflected light from the bubbles, as well as

an additional gray filter that decreases the light intensity. In such a way, the first

camera  captures  images  for  the  liquid  phase  and  camera  2  for  the  gas  phase.  As  a

result, a simultaneous measurement of both liquid and gas flow fields could be

attained.  Figure 17 shows the PIV set up of the experiment.
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Fig. 17 PIV measurement set up

The studied solution was circulated by a centrifugal pump from the circulation tank

back to the gas separation channel through a 49 mm (internal diameter) pipe

connection.  At  the same time,  a  continuous volumetric  gas  flow rate  of  3  L/s  was

fed  to  the  feed  inlet  of  the  separation  channel.  The  flow  was  seeded  with  tiny

fluorescent particles (20-50 µm) which scatter the light from the laser beams over

the flow regime. So as to get a uniform distribution of the seeded particles across the

whole flow, the solution had to be circulated for few minutes before the stating of

the  PIV  measurement.  Figure  18  shows  a  photograph  of  the  PIV  measurement

equipment used in this experiment.
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Fig. 18 Photograph of the PIV measurement equipment

The total height of the liquid level, which is 250 mm, was divided in two equal parts

so that each measurement window would have a size of 125 mm ×180mm.

Therefore, the translation unit moves 125 mm vertically and 180 mm horizontally.

With the PIV set up shown, however, the size of the measurement window achieved

was 192.92×144.2 mm; showing that there is a horizontal overlap of 12.92 mm and

a vertical overlap of 19.2 mm from the actual measurement window size. The

experiment was first tested using a tap water from10 measurement positions (each

position having upper and lower part). The white water experiments were carried

out from 7 measurement positions since the amount of gas present beyond the 7th

position was not sufficient enough for gas velocity field computation. The

measurement positions of the PIV experiment are shown in Figure 19 and Table 1

shows positions of PIV measurement window.
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Fig. 19 Measurement positions of the PIV experiment

Table 1 Positions of PIV measurement windows

Lower position Upper position

x, mm y, mm x, mm y, mm

Pos 1 0-192.92 0-144.2 0-192.92 125-269.2

Pos 2 180-372.92 0-144.2 180-372.92 125-269.2

Pos 3 360-552.92 0-144.2 360-552.92 125-269.2

Pos 4 540-732.92 0-144.2 540-732.92 125-269.2

Pos 5 720-912.92 0-144.2 720-912.92 125-269.2

Pos 6 900-1092.92 0-144.2 900-1092.92 125-269.2

Pos 7 1080-1272.92 0-144.2 1080-1272.92 125-269.2

Pos 8 1260-1452.92 0-144.2 1260-1452.92 125-269.2

Pos 9 1440-1632.92 0-144.2 1440-1632.92 125-269.2

Pos 10 1620-1812.92 0-144.2 1620-1812.92 125-269.2
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7. 1.2 Bubble size measurements setup

Bubble size measurements were carried out based on an imaging technique which

involved the use of back light system to illuminate the flow regime (see Fig. 20). A

transparent paper was used to maintain an even distribution of lights across the

measurement window. Since the measurement involved a single phase alone, i.e. gas

phase, one of the CCD cameras was only needed (single frame) to take the bubble

images across the measurement window. The exposure time used for the imaging

process was 537 µs. The measurements were carried out at 7 upper and lower

positions along the gas separation channel. The size of the measurement window

remained the same as the PIV experiment, i.e. 192.92×144.2 mm. After the images

were stored in IM7 file format by DAVIS 7.1 software, they were analyzed by

PORA recognition and image analysis software 1.1. The outlines of the back-lighted

bubbles were detected using the PORA software, and the measured object size,

shape and location were accordingly stored. A photograph of the experimental

arrangement is shown in Figure 20.

Fig. 20 The photograph of bubble size measurement
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Since the smaller bubbles in the circulation channel were of the main interest of this

study, the range of bubble size for detection was chosen to be from 0.001 mm to 3

mm. This enables the large sized bubbles around the feed position to be eliminated

in the calculation. Figure 21 shows a sample of bubbles (large and small) detected

by PORA recognition and image analysis software.

            Fig. 21 Detected bubbles by PORA image analysis software

7.2 Studied solutions

In this study, two white waters (see Figure 22), one from Oulu paper mill and the

other from Kaipola paper mill, as well as a model solution (40.5 mg/dm3 of n-

butanol and 0.05% of CMC) were used.  The total volume of solution used in the

circulation channel was 74 L. Since the studied solution had to be transparent

enough to conduct the experiments, the white waters were first diluted according to

a dilution ratio of 1:10 for Oulu and 1:20 for Kaipola white waters.
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 Fig. 22 Photographs of the white waters from Oulu and Kaipola paper mills

The tested white waters had the characteristics presented in Table 2. The Analyses

to define the composition of these waters were made according to the following

standards and methods; suspended solids (SFS-EN 872) and dry matter content

(SFS-EN 20638). Surface tension was measured with a Krüss K8600 (du Noüy’s

ring method) and apparent viscosities with a Haake 501 viscometer. In addition,

apparent mean particle size of white water solids were determined using a multi-

wavelength particle size analyzer (Beckman Coulter LS 13 320). The feed

conditions of the white waters are shown in Table 3.

Table 2 Properties of white waters

Property Oulu Kaipola
Suspended solids [%] 0.21 0.31

Dry Matter Content [%] 0.3 0.42

Ash at 525 C [%] 75.3 45.8

Apparent viscosity [mPas] 1.2 1.02

Surface tension [mN/m] 48.5 53

Mean particle size (Volume avg.) [µm] 40.6 41.6

90% of particles smaller than (Volume avg.) [µm] 95.5 78.9
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Table 3 Feed conditions of the white waters

7. 3 Post-processing of vector fields

Post-processing in a PIV technique is an important step in which the images

captured during the experiments are further processed. It involves data validation,

removal of erroneous data, replacement of removed data, data smoothing or

optimization and calculation of derived flow magnitudes.  It is important to reduce

the noise during image acquisitions as much as possible, for instance, by avoiding

reflections, turning off the light in the room, using suitable laser power and so on.

However, all the steps for detecting, recording, storing and digitizing intensity

patterns contribute noise to the data and eventually lead to erroneous vectors in the

flow fields.  Once a vector field is calculated, vector validation algorithms can be

applied to eliminate those spurious or false vectors. Davis 7.1 software (Data

acquisition and visualization software) uses various possible methods for noise

reduction and validation of vector fields. One of the methods employed by Davis 7.1

is the use of median filter, which filters out the false vectors by computing a median

vector from the 8 neighboring vectors and comparing the middle vector with this

median vector.  The other method involves the use of Q factor (peak ratio), which

can be used as a post-processing criteria to eliminate questionable vectors below a

ratio-threshold. The higher Q factor is the higher the confidence in that vector.

However, since the procedure is quite unspecific and eliminates many good vectors,

it should be used only in cases where it is necessary to have as few bad vectors as

possible, for example when calculating the average and root mean square of flow

Feed conditions Value

Velocity in the feed [m/s] 1.1

Volumetric liquid flow rate [L/min] 124.8

Gas feed rate [L/min] 3

Gas fraction in the feed [, -] 0.024

Liquid fraction in the feed [, -] 0.976
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fields. Bad vectors considerably damage the he average vector field results; hence it

is better to remove all the questionable vectors in this case. After the bad vectors

have been removed, the empty spaces can be filled up with interpolated vectors,

which are calculated from the average of all the non-zero neighboring vectors. The

final vector fields can be smoothed with a smoothing filter to reduce noise.

Smoothing of vector fields is especially important for calculation of derivatives such

as vorticity and divergence, since the calculations are very sensitive to non

homogenous spaces in the vector field. Davis 7.1 software has various functions

which can be used to for post-processing and analysis of vector fields.

[69, 70]

Alternatively, by applying a PIVMat Toolbox in a Matlab program, it is possible to

import, post-process and analyze the two-dimensional vector fields from DAVIS

software. The PIVMat Toolbox contains a set of command-line functions which are

useful to further post-process and analyze those vector fields.  Some of the standard

vector field operations in PIVMat include: interpolation, filtering (e.g. median,

Butterworth), averaging (e.g. temporal, spatial, azimuthal), derivatives computation

(e.g. vorticity, divergence, strain, Q-factor), advanced statistics, power spectra and

integral scales.  Another important feature of PIVMat is that it stores the vector

fields loaded from Davis into a Matlab structure, which contains the velocity

components (stored in matrices), the axis, acquisition time and other attributes from

Davis. It is, therefore, possible to get the x and y-velocity component of a given

vector field at any point (i, j). Similarly, velocity profiles of a vector field can be

plotted along a certain line in the measurement window.  [71]

For this study, the recorded images of the gas and liquid phase by the two CCD

cameras, were analyzed using a DAVIS 7.1 software. The software computed

instantaneous vector fields from the images taken at different measurement

positions.  Both Davis 7.1 software and PIVMat were used to further process the

instantaneous velocity vector fields of the two phases.
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8. Results and discussion

8.1 Flow fields

The average flow field results of the gas and liquid phase presented here are as

computed from DAVIS 7.1 software; whereas the slip velocity fields are presented

as computed from PIVMat. The flow field results obtained for the model solution

and the two white waters are discussed as follows:

8.1.1 Model solution

Samples of the instantaneous and average fields of the gas and liquid phase of the

model solution are shown in Figure 23 and Figure 24.

A. Instantaneous B. Average

Fig. 23 Instantaneous and average velocity fields of the gas phase in the lower
position
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A. Instantaneous B. Average

Fig. 24 Instantaneous and average velocity fields of the liquid phase in the lower
position 1

The biggest challenge with the model solution experiment was to get good liquid

velocity fields. Unlike the other experiments, the model solution had to be seeded

with a considerable amount of fluorescent particles so as to obtain better liquid

velocity fields. On the other hand, the number of gas bubbles present in the model

solution was significantly higher than any of the white water experiments; this

enables better gas velocity fields to be obtained across all the measurement

positions, even further away from the feed potion. The average slip velocity field for

the lower position 1 is shown in Fig. 25. From the Figure it can be visually seen that

the field with the highest slip velocity is located close to the feed position, indicating

that the gases escape from circulation channel at a faster rate near the feed position

than other location. All the computed average gas and liquid velocity fields as well

as average slip velocity fields for the model solution are shown in APPENDIX 1

(Page 1-6).
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  Fig. 25 Average slip velocity fields of the model solution in the lower position 1

8.1.2 Oulu white water

In general, the velocity fields obtained from the Oulu white water offered good field

results in both phases. However, after the 5th position, the instantaneous velocity

fields for the gas phase contained a number of spurious vectors. This was due to the

fact that the number of bubbles present in the solution significantly reduced after the

5th measurement position, hence the quality of the gas velocity field was relatively

poor as compared to the liquid velocity fields. Figure 26 shows the average velocity

fields of the gas phase in the 1st and 5th lower positions. The average slip velocities

were similarly computed by using PIVMat. All the Oulu white water velocity fields

are shown in APPENDIX 2.
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A.  Lower position 5   B.  Lower position 1

Fig. 26 Average gas velocity fields of the Oulu white water in the lower positions 1
and 5

8.1.3 Kaipola white water

Similar to the Oulu white water, the velocity fields obtained from Kaipola white

water experiment showed good results from position 1-5. However, because of

reduced number of bubbles present in the solution, the gas phase velocity fields

were not appreciated after the 5th position.  The slip velocities as well as the average

liquid and gas velocity field of the Kaipola white water experiment are shown in

Appendix-3, while samples of the average gas velocities at lower position 1 and 5

are shown in Fig 27.
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A. Pos 5                                                            B. Pos 1

Fig. 27 Average gas velocity fields of the Kaipola white water at lower positions
1 and 5

8.2 Bubble sizes

The bubble size distributions as well as the Saunter mean diameter of bubbles in the

studied solutions were calculated from the detected bubble data, stored by PORA

image analysis software. A uniform bin size of 0.2 mm was used for data

discretization in all of the bubble size distribution calculations. The bubble size

results for the model solution and the two white waters are discussed as follows.

8.2.1 Model solution

As can be seen from Fig.28, the model solution showed relatively uniform size

distributions in the upper measurement positions. In the case of lower positions,

however, the bubble size distribution slightly differs particularly in between position

5 and 7. This can also be seen from Table 4, which shows the calculated values of

sauter mean bubble diameters and number of detected bubbles of the model

solution. Unlike the white waters, in the model solution, the numbers of bubbles

detected tend in most cases to increase as going further from the feed position.
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Fig. 28 Bubble size distribution of the model solution, upper positions
            (Bin size 0.2 mm)

Fig. 29 Bubble size distribution of the model solution, lower positions
(Bin size 0.2 mm)
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Table 4 Sauter mean bubble sizes and number of detected bubbles in the model
solution

Position
Number of detected

bubbles Sauter mean bubble size, mm
1 low 35212 2.01

            1 up 34644 2.06
2 low 38704 1.98

            2 up 32471 2.07
3 low 39078 2.03

            3 up 38412 2.13
4 low 36745 2.09

            4 up 39982 2.12
5 low 41902 2.09

            5 up 42932 2.12
6 low 48775 2.04

            6 up 46046 2.12
7 low 65197 1.66

            7 up 62322 2.06

8.2.2 Oulu white water

The size distribution in Oulu white water has a different profile from the model

solution.  At first the number of detected bubbles tends to increase in the upper

positions between the 1st position and the 2nd, then it increases between the 2nd and

3rd position, after that it continuously decreases up to the 7th position. In the lower

positions, the number of detected bubbles first increases in between the 1st and 2nd

position; and then continues to decrease up to the 7th position.  On the other hand,

the sauter mean bubble sizes in the lower position increases from position 1 to

position 3 and then it decreases until the last position. In the upper positions, the

bubble sizes increase between the 1st and 2nd position and continues to decrease until

the last position. Figure 29 and Figure 30 show the bubble size distributions in the

upper and lower positions respectively. Table 5 shows the calculated sauter mean

bubble sizes and numbers of detected bubbles in the Oulu whiter water.
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Fig. 29 Bubble size distribution of Oulu white water, upper positions
(Bin size 0.2 mm)

Fig. 30 Bubble size distribution of OULU white water, lower positions
(Bin size 0.2 mm)
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Table 5 Sauter mean bubble size and number of detected bubbles in the Oulu white
water

Position
Number of

detected bubbles
Sauter mean

bubble size,  mm
1 low 85566 2.21
1 up 37097 2.32
2 low 96593 2.36
2 up 36839 2.45
3 low 80652 2.38
3 up 39593 2.44
4 low 50760 2.35
4 up 32154 2.40
5 low 20205 2.20
5 up 15533 2.28
6 low 4328 1.96

          6 up 7012 2.06
 7 low 2011 1.82
7 up 3352 1.81

8.2.3 Kaipola white water

The bubble size distributions for kaipola water are shown in Fig. 31 and Fig. 32.

The sauter mean bubble size increases from position 1 to position 4 in the upper

positions and then it reduces until the last position. In the lower positions, the bubble

sizes  follow  the  same  pattern  as  the  Oulu  white  water  since  they  first  increase

between position 1 and 3 and then continues to decrease up to the last measurement

position. The number of detected bubbles both in the upper and lower positions,

increase from position 1 to position 2 and the sizes keep on decreasing until the last

position.  The sauter mean bubble size and number of detected bubbles in the

Kaipola white water are shown in Table 6.
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Fig. 31 bubble size distribution of Kaipola white water, upper positions
(Bin size 0.2 mm)

Fig. 32 bubble size distribution of Kaipola white water, lower positions
(Bin size 0.2 mm)
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Table 6 Sauter mean bubble size and number of detected bubbles in the Kaipola
white water

Position
Number of detected

bubbles
Sauter mean

bubble size,  mm
  1 low 96360 2.158

1 up 54401 2.216
  2 low 100239 2.195

2 up 61940 2.220
3 low 84580 2.234
3 up 52662 2.240

  4 low 59888 2.164
4 up 44978 2.210

  5 low 32414 2.100
5 up 31292 2.103
6 low 12555 1.958
6 up 17065 1.982
7 low 1656 1.862
7 up 7044 1.858

8.3 Velocities

Velocity  calculations  were  done  using  PIVMat  tool  in  a  Matlab  program,  by

importing and analyzing the two dimensional vector fields from Davis 7.1 software.

The x and y-component of the velocity field at any given point (i, j) are stored in a

matrix form; which therefore enables the computation of a velocity along a certain

line in the field. From the average gas and liquid velocity fields, the x and y

components of the velocity as well as their corresponding y-positions were extracted

along the vertical center line in the field (see Table 1). The x and y-component of

slip velocities were calculated from their corresponding difference between the

velocity components of gas and liquid phase. The root mean square of the x and y

slip velocities gives the average slip velocity along the vertical center line.

The velocity profiles, that show the average velocity and local y-position along the

center line of the field, are drawn for all measurement positions. Since the horizontal

flow better explains the liquid phase flow in the circulation channel, only the
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average x-velocities are shown in the liquid profiles. The vertical axis in each profile

was scaled from 0-250 mm, i.e. from the bottom line of the lower position to the top

of upper position.

8.3.1 Liquid velocity

The liquid velocity profiles along a vertical center line in the measurement window,

for the model solution and the two white waters are shown in Figure 33 and 34.  The

negative sign of the x velocities shows the direction of flow towards the outlet of the

circulation channel while the positive sign indicates the back flow of liquids. In

general, the velocities for the Kaipola and Oulu waters follow similar patterns in all

measurement positions. The model solution, however, has a different profile pattern

in the 3rd and 7th position but follows similar profile patterns with the white waters

in the rest positions. From the Kaipola and Oulu profiles, it can also be seen that

back circulation of liquid occurs in the upper positions only, i.e. at y-pos >125 mm.

The model solution profile, however, shows that back circulation of liquid also

occurs in the lower 3rd and 7th positions, i.e. at y-pos < 120 mm.  In general higher

liquid velocities are found in the lower positions than the upper positions and the

velocity decreases as going further from the feed position.
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Fig. 33 Liquid velocity profiles (Position 1 - position 6)
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Fig. 34 Average liquid velocity profiles (Position 7)

8.3.2 Gas velocity

Unlike the liquid profiles, the gas profiles follow nearly similar pattern in all the

studied solutions.  From Figure 35 and 36, it can be depicted that the gases have

higher velocity in the lower part of the measurement position, particularly near the

feed position, and the velocity starts to decrease as the bubbles moves towards the

upper part of the measurement window.  From positions 2 –5 the bubbles start to

increase, in the upper positions, till the top of the circulation channel.  One reason

for this could be the addition of y-velocity component of the back-circulated liquid

velocity that pushes away the bubbles towards the liquid surface.  However, since

all the velocity profiles drawn here are based on the data taken along a central line

of vector fields, different results might occur for other data from different lines

(locations) in the vector field .
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Fig.35 Average gas velocity profiles (Position1 -6)
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Fig. 36 Average gas velocity profiles (Position 7)

8.3.3 Slip velocity

The average slip velocity profiles for the studied solutions are shown in Figure 37

and 38. From Kaipola and Oulu profiles, in between position 1- 5, it can be seen that

there is a trend of increasing in slip velocity in the upper positions than in the lower

positions. However, in position 6 and 7, the Oulu profile has the highest velocity

magnitude in the lower measurement position. In position 6, the Kaipola profile also

has the highest velocity value in the lower measurement position. In the case of the

model solution, the slip velocities mostly are higher in the lower measurement

positions than in the upper positions except in the 7th position, in which the slip

velocities are higher in the upper part of the measurement position.

The spatial average slip velocity magnitudes calculated from PIVMat are shown in

Table 7-9. The average slip velocities for Oulu and Kaipola white waters are 13 and

11 cm/s, respectively. From literature, in Fig. 7, the bubble rise velocity at an

average bubble size of 2.2 mm is around 15 cm/s, which is close to 11 and 13cm/s.

It can, therefore, be concluded that there is a close similarity between the measured

slip velocities of the paper mill waters and that of literature values.
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 Fig. 37 Average slip velocity (Position 1-6)
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Fig. 38 Average slip velocity (Position 7)

8.4 Drag coefficients

Assuming a steady flow, where only drag force and buoyancy force affect bubble

motion, and spherical bubble shape, the bubble drag coefficient can be estimated as

from Equation 8, in the literature part.
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Where: ( )Lb uu rr
−  is the slip velocity (m/s) and db is the bubble diameter (m)

The slip velocities used here for drag coefficient calculation are based on the spatial

average values computed by PIVMat, and the bubble diameters are the sauter-mean

bubble sizes. The calculated drag coefficient values of the studied solutions are

shown in Table 7-9.
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Table 7 Drag coefficient results (Oulu white water)

Position Sauter mean
bubble size,

 mm

Slip
velocity,

m/s

Drag
coefficient

1 low 2.21 0.1673 1.03
1 up 2.32 0.1398 1.55
2 low 2.36 0.0975 3.25
2 up 2.45 0.1118 2.57
3 low 2.38 0.1143 2.38
3 up 2.44 0.1317 1.84
4 low 2.35 0.1084 2.61
4 up 2.40 0.1333 1.76
5 low 2.20 0.0986 2.95
5 up 2.28 0.0942 3.36

Table 8 Drag coefficient results (Kaipola white water)

Position Sauter-mean
bubble size,

Slip velocity,
m/s

Drag coefficient

mm
1 low 2.16 0.1279 1.73
1 up 2.22 0.1332 1.63
2 low 2.20 0.0985 2.96
2 up 2.22 0.1191 2.05
3 low 2.23 0.1115 2.35
3 up 2.24 0.116 2.18
4 low 2.16 0.1012 2.76
4 up 2.21 0.1147 2.20
5 low 2.10 0.0888 3.48
5 up 2.103 0.1085 2.35

The Tables show that the model solution has on average the highest drag coefficient

(around 16) as compared to the two white waters, which have an average drag

coefficient of 2.3. This variation comes mainly from the difference in the physico-

chemical properties between the two white waters and the model solution,

particularly difference in their effective viscosities.
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Table 9 Drag coefficient results (Model solution)

Position
Sauter mean
bubble size

 (mm)
Slip velocity Drag coefficient

(m/s)
1 low 2.01 0.1947 0.70
1 up 2.06 0.0423 15.08
2 low 1.98 0.108 2.22
2 up 2.07 0.0372 19.53
3 low 2.03 0.0865 3.55
3 up 2.13 0.0267 38.99
4 low 2.09 0.0633 6.82
4 up 2.12 0.0321 26.92
5 low 2.09 0.0568 8.46
5 up 2.12 0.0412 16.34
6 low 2.04 0.0411 15.77
6 up 2.12 0.0404 17.01
7 low 1.66 0.0241 37.40
7 up 2.06 0.042 15.28

9.  CFD simulations

Computational Fluid Dynamics (CFD) is a viable method to study multiphase flow

systems. When enough experimental data for model validation is available, CFD

model can be extensively used for multiphase flow systems. CFD simulations have

been carryout for Kaipola white water by using ANSYS CFX 11. The Euler-Euler

steady  state  multiphase  model  and  k-e  turbulence  model  were  used  in  the

simulations. Three bubble drag models namely: Ishi-Zuber, Schiller-Naumann and

Grace model, were used in the simulations.  Among the drag models, the Grace

model fitted the PIV data more precisely than the rest two drag models. All the

simulation results presented here, therefore, are based on Grace drag model.  Since

the feed flow rate in the experiment is not directly known, it was calculated from the

spatial average velocity near the feed position. The spatial average velocity was

computed from PIVMat by extracting a rectangular region close to the feed position

(See APPENDIX 4 page 2).  The upper boundary of the gas removal domain was
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defined as a degassing boundary in which the gas bubbles escape from the liquid

phase.

9.1 CFD results

The simulated gas, liquid and slip velocity fields are shown in Figure 39-41. From

the figures it can be seen that higher gas velocity fields are dominantly located near

to the feed position and in the lower position of the circulation channel. Similar to

the PIV gas fields, the magnitude of the gas velocity decreases when going from

lower to upper position of the measurement window but from position 2-5 it again

increases near the top of the circulation channel. This shows that a good qualitative

agreement between the simulated result and experimental results can be reached.

The liquid velocity fields also indicate that the higher velocity magnitudes of vector

fields exist near the feed positions. Moreover, from the simulation, it can be seen

that there is back circulation of liquids in the upper measurement positions, which

was also true in the case of the PIV result.  The simulated result of slip velocity

shows that the lowest magnitude of the slip velocity exists in the 6th and 7th position.

Fig. 39 Simulated gas velocity field in the gas separation channel (Kaipola white
water) [72]
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Fig. 40 Simulated liquid velocity field in the gas separation channel (Kaipola white-
water) [72]

Fig. 41 Simulated slip velocity field in the gas separation channel (Kaipola white-
water) [72]

The velocity profiles of CFD simulations and PIV experiments are shown in Figures

42-44. The experimental and simulation velocity profiles of the gas and liquid phase

show a close similarity and pattern between them, whereas there is slight difference

in the slip velocity profiles of the CFD and experimental result.
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Fig. 42 Liquid velocity profiles of CFD simulations and PIV experiment
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Fig. 43 Gas velocity profiles of CFD simulations and PIV experiment
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Fig. 44 Slip velocity profiles of CFD simulations and PIV experiment
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10. Conclusions

The removal of air bubbles from paper machine waters was studied experimentally

in a pilot scale open circulation channel using a particle image velocimetry (PIV)

method. Bubble size measurements were conducted by applying an imaging

technique which employed a back light system for illuminating flow regime across

the measurement positions in the circulation channel.

The PIV results show that the gas bubbles near the feed positions have the tendency

to escape from the circulation channel at a faster rate than those bubbles which are

further away from the feed position. One reason for this is that the liquid flow near

the inlet carried and removed gas bubbles at a faster rate towards the surface of the

liquid. The second reason is that the higher rate of coalescence near the feed

position, which is a result of the relatively large size of bubbles, enhanced the

removal of bubbles at a faster rate. Even though generally the bubbles’ velocity

decreased as they moved towards the surface, it was seen that some of the bubbles

gained an increased magnitude of velocity as they moved towards the surface of

liquid, which was presumably due to the flow of back circulated liquid that added an

extra force to the escaping bubbles, enabling them to gain higher velocity

magnitudes.

When comparing the average slip velocities of the white waters (13 cm/s for Oulu

and 11 cm/s for Kaipola water) with the literature values (15 cm/s), a close

similarity between the measured slip velocities of the paper mill waters and that of

literature values was obtained.

The average bubble size ranges for the studied solutions are: 1.66-2.13 mm (model

solution), 1.86-2.24 mm (Kaipola water) and 1.81-2.45 mm (Oulu water). The

relatively smaller average bubble size in the model solution was due to its higher

viscosity, which can inhibit bubble coalescence. On the other hand, the average

bubble size obtained from the two paper mill waters (around 2 mm) is considerably

larger than the bubble sizes that could be observed in real industrial processes. This

difference was caused by the dilution of the paper-mill waters which was required
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for PIV measurement in order to obtain reliable flow fields. Because of this, the

results obtained may not be directly comparable to the real pulp problem.

The average drag coefficient value of the model solution, which is around 16, was

found to be higher than that of the average drag coefficient value of the two white

waters, which is 2.3. Since there is no considerable difference in the average bubble

size of the studied solutions, the main reason for the drag variations between the

model and the two white waters could be the difference in their physico-chemical

properties, especially difference in viscosity.

The special feature of the PORA object recognition and analysis software, which

applies overlapping object recognition (OOR) algorithm, avoids the problems

associated with objects overlapping in the bubble size measurements. This enabled

the bubble size measurements to be successfully conducted.

The results from CFD simulations and the experiments were also compared. The gas

and liquid velocity flow fields from the CFD simulations and experiments are in a

good qualitative agreement. In some part of the measurement positions, however,

the slip velocity profiles from the simulation results showed slightly different values

from the PIV results. Since the movement of the free liquid surface was not

considered in the CFD model, it accounted for the main difference between the

experimental and the simulated velocity fields. Among the drag models used in the

simulation (i.e. Shiller-Naumann, Grace and Ishii-Zuber), the Grace model gave the

closest velocity fields to the experiments. In general, reasonably comparable results

were obtained from both CFD simulations and experiments. Moreover, the

simulated results can provide useful information for a better design of an open flow

channel to achieve efficient gas removal.
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Fig. 1 Average gas velocity fields of the model solution (Position 1-4)
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Fig. 2 Average gas velocity fields of the model solution (Position 5-7)
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Fig. 3 Average liquid velocity fields of the model solution (Position 1-4)
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Fig. 4 Average liquid velocity fields of the model solution (Position 5-7)
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Fig. 5 Average Slip velocity fields of the model solution (Position 1-4)
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Fig. 1 Average gas velocity fields of the Oulu white water (Position 1-4)
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Fig. 1 Average gas velocity of the Kaipola white water (Position 1-4)
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Fig. 3 Average liquid velocity of the Kaipola white water (Position 1-4)
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Fig. 6 Average slip velocity of the Kaipola white water (Position 5-7)
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Fig. 1 Inlet liquid velocity calculation using PIVMat (Oulu white water at 30 Hz)
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Fig. 2 Inlet liquid velocity calculation using PIVMat (Kaipola white water at 30 Hz)


