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Summary
 

The present work deals with the inclusion removal mechanism in aluminium filtration 
and the use of alternative filter materials. Four routes are investigated.  

First, an overview of previous research on filtration knowledge is summarized. The 
filtration mechanism comprises two parts: transport of inclusions to the filter wall and 
attachment of inclusions on the wall. We have mainly investigated collision by 
interception and the wetting (surface tension) of inclusion-Al and Al-filter in this work.  

Second, the wetting behaviour of inclusion-Al and Al-filter is measured in the 
laboratory.  

In filtration it is important that particles to be removed contact, or come close to the 
filter walls. Therefore the metal carrying the inclusions must come into close contact, 
i.e. wet the filter material. A systematic and comprehensive investigation of the wetting 
behaviour in the molten aluminium-filter system is presented. In aluminium filtration, 
alumina is the most common filter material, even though alumina is not wetted by 
aluminium. Therefore we have investigated the use of alternative filter materials with 
improved wetting. In the laboratory, SiC and graphite demonstrate good wetting by 
molten aluminium. Problems with these materials exist, as SiC is easily oxidized to 
SiO2 and both react with aluminium to give Al4C3. However, SiO2 and SiC react slowly 
with aluminium, but this does not seem to influence the wetting. 

The wettability of the inclusion-Al may play a key role in aluminium filtration. Particles 
to be removed should ideally have poor wetting with aluminium and filter should has 
good wetting with aluminium. A challenge is that SiC and Al4C3 inclusions show better 
wetting with aluminium than alumina. 

Third, plant scale filtration experiments were carried out with Al2O3 and SiC industrial 
filters. Metal composition was not changed by the industrial filters. Improved wetting of 
aluminium on filter materials is an advantage in getting molten metal to infiltrate filters 
and thus to improve the filtration efficiency. A SiC filter gives better filtration 
efficiency. Filtration efficiency increases with particle size. SiC reacts with aluminium 
so slowly that no carbide inclusions were produced in the industrial SiC filter with 
approximately 60% of SiC. SiC filters have better wetting than Al2O3 filters with 
aluminium. Thus SiC could be a good alternative filter material. 

Fourth, a theoretical model is developed regarding the interceptional and gravitational 
collision considering the filter as a collection of branches (cylinders). A filtration 
efficiency equation is derived based on particle diameter, branch diameter, porosity, 
filter thickness, filter specific surface area, and Reynolds number.  

The filtration efficiency decreases with the flow rate until it reaches a minimum, and 
then increases. Gravitational collision must be taken into account at the lower flow 
rates. The greater the velocity the less time particles have to settle. Thus gravitational 
collision efficiency decays with increasing flow rate. The interceptional collision 
efficiency increases with the velocity since then more liquid and particles come into 
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contact with the collector. The interceptional collision efficiency that dominates at high 
velocities is the main topic of the model. 
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Chapter 1 INTRODUCTION 

1.1 Research Motivation 
 

Due to the continuously increasing energy prices in Europe and globally, the importance 
of recycling of aluminium is increasing. Representing a value of about 2.7 billions NOK 
annually, aluminium cast house products are of primary importance for the Norwegian 
industry and national economy. During the last decade the aluminium industry has 
changed to a global industry with increasing competition from other materials, and 
increasing demands on quality and price. The Far East, with low cost countries, such as 
China, India, Indonesia is able to compete, in spite of the substantial transportation cost, 
with the European aluminium industry. In addition, production of cast house products is 
a big industry in Russia (RusAl), and as soon as they solve the logistic challenges they 
will overload the European market with standard Al cast house products. This means 
that within a few years, standard products in aluminium will be produced in these low-
cost countries.  

 

 
Figure 1.1 Geographical location of primary Al production, 1990 & 2007-2009 [4] 
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To meet these future demands it is evident that not only the efficiency of the refining 
technologies has to be improved, but also the remelting/recycling technology must 
improve regarding contaminant introduction and removal to keep the load on the 
refining equipment on an acceptable level.  

Various refining techniques have to be applied in order to remove inclusions from 
molten aluminium before casting. Examples of conventionally used, or more novel 
methods are: gravity sedimentation, gas flotation, centrifugal separation, filtration, and 
electromagnetic separation. Gravity sedimentation methods are limited to large size 
inclusions. This is also the case for gas flotation and centrifugal separation. These 
methods are not effective for small inclusions and/or small difference in density 
between particle and metal. Thus the most feasible method to remove inclusions from 
aluminium is filtration.  

Figure 1.2 illustrates a general flow sheet for primary and secondary aluminium 
processing. Not every refining facility uses all the five steps shown here. For example, a 
melting furnace and the casting furnace are the same unit at some cases. Metal from the 
casting furnace goes through the refining unit, e.g. degasser and filter, and is finally 
transported to casting. Filters work as a crucial step to remove inclusions, bubbles, and 
even dissolved elements. 
 

 
Figure 1.2 Flow sheet for Al melting and refining [5] 

 

The main goal of this thesis is to study the fundamentals of removing inclusions by 
filtration and to investigate the characteristics of several filter materials. Inclusions in 
aluminium have to go through two steps to be captured by the filter. First, particles must 
be transported to the surface of the filter wall according to mechanisms such as 
interception, gravity, hydrodynamic effects, inertial impaction, and diffusion etc. 
Second, once transported, particles have to adhere to the filter wall by various forces, 
such as Van der Waals, hydrodynamic, surface tension (wetting), electrostatic etc. This 
thesis deals with the transport mechanism- interceptional and gravitation collision and 
adhesion mechanism- wetting of Al-filter and Al- inclusion in filtration. Meanwhile, we 
hope to investigate alternative filter materials from the view point of filtration efficiency 
and wettability. 
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1.2 Outline of Thesis 
 
The main purpose of this thesis is to understand the aluminium filtration mechanisms 
and to study the use of possible alternative filter materials. 

The chapters in this thesis are (see Figure 1.3): 

Chapter 2 summarizes work from the literature which includes: 1) inclusion removal 
from molten aluminium- focusing on filtration and 2) wetting of aluminium on 
ceramics. 

Chapter 3 contains the wetting experimental results for the Al-Al2O3, Al-SiC, and Al- 
graphite systems. The wetting behaviour of Al-filter and Al-inclusions is investigated, 
which include SiC, as an alternative choice for filter materials. 

Chapter 4 gives plant experimental results using Al2O3 and SiC industrial filters. 

Chapter 5 investigates with particle collision on a single cylinder, as a basis for the 
branch model. 

Chapter 6 presents the theory of removal of particles in ceramic foam filters, treating the 
ceramic foam as a collection of branches (or cylinders). 

Chapter 7 discusses the results from wetting experiments, filtration experiments 
compared with the branch model.  

Chapter 8 states the main conclusions and proposes future work. 
 

 
Figure 1.3 Outline of thesis 
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Chapter 2 STATE OF THE ART 

2.1 Inclusion Removal from Molten Aluminium – Focusing on 
Filtration 

2.1.1 Inclusions in Aluminium 
 

Much time has transpired since Hans Oerstad of Denmark chemically isolated 
aluminium from aluminium chloride in 1825, and Charles Martin Hall and Paul Heroult 
(1886) invented the process of producing pure aluminium by passing an electric current 
through a mixture of aluminium oxide dissolved in molten cryolite [6]. During the last 
50 years, aluminium has evolved into one of the most important materials; it is used in a 
variety of diverse applications-construction, automotive, aerospace, packaging, 
furniture, jewelry and a vast number of products, which once were made from ferrous or 
other materials. Specifically, during the last few years, we have seen significant 
increases in the production of aluminium. See Figure 2.1. 

 

 
Figure 2.1 Reported and predicted world Al production [7] 
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The factors that influence the behaviour of aluminium can be classified in three groups: 
trace elements in the melt (such as alkali elements in aluminium), dissolved gases 
(hydrogen in aluminium ), and non-metallic inclusions [8, 9]. 

Treatment methods of molten aluminium for removal of impurities are given in Table 
2.1. The operations utilized for the removal of trace elements and hydrogen commonly 
employs inert- reactive gas sparging in batch devices, or in continuous reactors. 

Inclusions have long been recognized as a problem in molten aluminium. The presence 
of microscopic inclusions, on the order of 10 to 50 m in size, in aluminium alloys can 
lead to poor surface finish, increased internal porosity, and a tendency to increased 
corrosion. Non-metallic inclusions act as stress-raisers, and can cause premature failure 
of components. The size, shape, type, and distribution of non-metallic inclusions in a 
finished metal product are considered the performance fingerprints in a casting shop [8]. 
The presence of non-metallic inclusion in aluminium may destroy the continuity of the 
matrix, provide the nuclei for fatigue cracks, reduce mechanical properties, promote 
porosity formation, form hard spots and lead to very poor machinability. Moreover, it is 
also the main limiting factor to effective degassing due to the interaction between the 
inclusions and the dissolved hydrogen [10]. The detrimental effects of inclusions are 
summarized in Figure 2.2. 

 
Table 2.1 Treatment of molten Al [11] 

Refining Target 
Settling  Removal of particles 
Gas purging 
(N2,Ar, Cl2) 

Removal of hydrogen and oxides 
Flotation of solid inclusions 

Chlorination  
(Salt treatment, ‘solid’ Cl) 

Removal of alkali metals 
Flotation of inclusions 

Filtration  Removal of inclusions 
Slag treatment Removal of inclusions 
Vacuum treatment Removal of Mg, Zn and Pb 
Addition of primary Al Dilution of impurities 
Addition of alloys for Al Charge make-up of alloys 

 
There are three forms of inclusions in aluminium: oxide, extraneous particles such as 
refractory materials, and particles from treatment of molten aluminium. See Figure 2.3. 
The purification of aluminium alloy melts, before casting, is a necessary step in 
manufacturing high-quality finished aluminium products. Various kinds of inclusions 
inherent to the melting and casting process have to be eliminated. For example, 
indigenous inclusions exist, primarily as alumina or spinel, which result from the 
oxidation of molten aluminium combined with the presence of alloying agents like Mg. 
Another example, TiB2, originates principally from grain refiner added to the melt just 
prior to casting. Exogenous inclusions must also be removed. These include refractory 
particles, such as alumina, silica, SiC, etc., which are picked up by the molten 
aluminium as a result of wear and erosion of the vessel materials used to melt and 
transport it. In practice, the observed particle size in aluminium melts varies between 
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inclusion dispersoids of a few microns to oxide skins of several millimeters (See Table 
2.2). 

 

 
Figure 2.2 Impact of inclusions on final metal quality [12] 

 

 
Figure 2.3 Typical inclusions in Al 

(a) -Al2O3[13], (b)MgO[13], (c) MgAl2O4[14], 

(d)Al4C3[13], (e) TiB2[13], (f) Chloride particles[14] 
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Table 2.2 Inclusions in Al [9, 15-17] 
Inclusion Type Inclusion Shape Density [g/cm3] Dimensions [ m] 

Al2O3 Particles, films 3.97 0.2-30, 10-5000 
MgO Particles, films 3.58 0.1-5, 10-5000 

MgAl2O4 Particles, films 3.6 0.1-5, 10-5000 
Salts chlorides, fluorides Particles 1.98-2.16 0.1-5 

Al4C3 Particles 2.36 0.5-25 
AlN Particles, films 3.26 10-50 
TiB2 Particles, agglomerates 4.5 1-30 
AlB2 Particles, agglomerates 3.19 0.1-3 

 

2.1.2 Methods to Remove Inclusions from the Molten Aluminium 
 
There are several methods to remove inclusions from the molten aluminium [18]:  

Filtration- molten aluminium and inclusion are separated by porous media; 

Sedimentation- particles agglomerate in the bottom of the molten aluminium;  

Flotation- inclusions congregate on the surface of the molten aluminium.  

With the development of aluminium refining, other removal methods have appeared, 
such as electromagnetic separation [19] and centrifugal separation.  

This section will go into the detail concerning filtration and briefly introduce the 
features of the remaining methods.  
 

2.1.2.1 Filtration  
 
Filtration – removal of inclusions by porous media has been introduced since the 1950s. 
Now, filters used in casting aluminium include “2-dimensional” screens, 3-dimentional 
strainer cores and extruded ceramic filters, and reticulated foam filter/flow modifiers 
[20]. 

Among the numerous filter media available for molten aluminium filtration, one can 
distinguish granular and open-pore structure filters.  

Granular filters are of two types: first, bed filters with a filter medium contained within 
a filter bowl, which generally consists of un-bonded alumina tabs and/ or balls; second, 
bonded particles filters, which are made up of refractory (ceramic) grains such as Al2O3, 
mullite, silica or other ceramics, forming an assemblage of fritted grains. The grain size 
usually ranges from 0.7-25mm. 

Open pore structure filters [21] are produced by impregnating granular polyurethane 
foams with ceramic slurry. Subsequent burnout of the organic foam material and firing 
of the ceramic foams produces a high temperature bond, with a highly porous body, 
presenting an open-cell structure nearly equivalent to the inverse replica of a granular 
structure. These ceramic foams are available with different pore sizes (nominally 20-55 
pores per linear inch), which usually range from 3.0-0.6 mm. 
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Ceramic foam filter (CFF) appeared in late 1970s and early 1980s. Now, it is one of the 
best filtration technologies, which greatly improves mechanical properties of aluminium 
[17]. Multilayer net, pore, and tortuous channels on the CFF will remove inclusions by 
interception and gravity mechanisms. Inclusions become retained on the filter surface as 
the metal stream continues through the filter into the mould [22]. 

CFF operates in a mode of deep bed filtration where inclusions smaller than the pore 
openings are retained throughout the filter. They differ from strainers, which often only 
retain inclusions larger than the strainer holes. Deep bed filtration forces the molten 
metal to flow through a tortuous path, which allows more opportunities for inclusions to 
come in contact with and be retained by filter filaments.  

The foam filter also minimizes turbulence and prevents entrained air from passing 
through. See Figure 2.4. 

 
Figure 2.4 Effect of foam filter on a flow [23] 

 
Depth filtration of molten aluminium may be governed by at least seven factors [15]: 

 Texture of the porous medium, pore size distribution, and filter porosity 
 Filter thickness 
 Viscosity of molten metal 
 Particle size distribution 
 Particle density 
 Flow rate through the porous medium, 
 Interfacial properties between inclusions, metal, and the filter 

In the late 1970, J.E. Dore [24] stated that the CFF has a number of advantages over 
other “in-line” filtration processes. 

1. It can be incorporated in most molten metal transfer systems without major 
design changes, and floor space requirement are at a minimum. 

2. Capital cost is substantially lower. The filter chamber is merely a steel shell with 
a suitable refractory lining. No special burners are required. 

3. It is simple and easy to operate because it is a “one shot” disposable filter. 
Liquid metal does not need to be maintained in the filter chamber between casts. 

4. All of the metal which passes through the filter is usable. There is no butt defect 
as in the case of 5252 alloy processed through the tabular alumina bed filter. 

5. Operating costs are low. Indications are that the operating costs of the CFF are 
30 to 75% lower than those of other in-line filtration and filtration/degassing 
processes. 
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6. Operating flexibility is improved. The same transfer system can be used to 
provide either filtered or unfiltered melts by merely installing or not installing a 
filter element. 

7. It is virtually tamper proof. The operator can not channel a CFF by rabbling. 
Either the filter is intact or broken, and its condition is easily discernable. 

8. Energy consumption is low. The filter and the filter chamber do not have to be 
maintained at melt temperature all of the time. In addition, the filter and filter 
chamber are much smaller and have a relatively low thermal mass. 

9. Operator acceptance is excellent. Hourly personnel like the CFF because it 
eliminates such hot dirty jobs as bed rejuvenation, change of crucibles, etc. 

Today the process of aluminium production includes melting, metal treatment, transfer, 
filtration and casting. The CFF is not a magic elixir that can overcome lack of care in 
other operations. The following aspects [25] are very important during the filtration 
operation: 

 Selection of the proper filter 
 Filter bowl design 
 Filter gasket 
 Installing the filter 
 Filter and bowl pre-heating 
 Priming the filter 
 Stable filter operation 
 Melt sampling 
 Post filtration 
 Cleanup 

 

2.1.2.2 Sedimentation  
 
Inclusions moving in the gravitational field due to the density difference between 
inclusions and melt are said to be removed by sedimentation or settling. A single 
particle in a quiescent liquid will sink with a velocity given by a balance between 
buoyant forces and drag forces. The stokes’ velocity [26] is  

 
2 4( )
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Non-spherical particles or suspensions of particles will settle more slowly due to 
increased drag forces. Close to surfaces the settling velocity will be reduced due to wall 
effects [27]. 

Gravity sedimentation methods are usually limited to inclusion sizes greater than 100 
m, due to high drag forces and low particle terminal velocities [9]. Sedimentation is 

performed by long time furnace treatment [16]. 
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2.1.2.3 Gas bubbling and bubble flotation 
 
Bubble flotation is usually used for removal of hydrogen [28], alkaline metals [29], and 
inclusions. Dissolved gas, such as hydrogen is removed from the molten aluminium due 
to the different partial pressure of dissolved hydrogen in the melt and partial pressure in 
the inert gas bubble. 

Particle flotation is found to be a result of two elementary capture operations: inertial 
impaction and interception. Inertial impaction occurs when the inertia of an inclusion 
particle exceeds that of a local fluid volume element resulting in departure from fluid 
flow streamlines around a rising gas bubble. This mechanism, unlike that responsible 
for particle transport in deep bed filtration, results in the impaction of an inclusion on 
the gas bubble surface. If attachment to the bubble occurs and viscous shear forces do 
not cause detachment, the inclusion is separated from the melt by flotation. Particles 
larger than 80 m can be removed by these means with a bubble diameter as great as 1.0 
mm. 

The second mechanism of particle flotation, interception, is based on contact of an 
inclusion and rising gas bubble. An analytical expression relating the fraction of 
inclusions removed to inclusion radius and bubble diameter (for spherical particles) is 
[9]: 
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Figure 2.5 Water flow pattern around a rotating cylinder [30] 

 
The most common in-line degassing equipments are GBF (Gas Bubbling Filtration) 
[30], Alpur [31], Hycast [32], ACD (Alcan Compact Degasser) [31], and Alcoa 622 
process [33]. Some of them are presented in the following. 

The bubble flotation device, GBF [30], as Figure 2.5, uses high speed rotors (600-950 
rpm) and 2-3 baffle plates, resulting in the production of many very fine bubbles 
throughout the metal. The GBF is claimed to consistently show excellent efficiency in 
removing inclusions and hydrogen. 
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Figure 2.6 gives an illustration of the metal level together with the gas dispersion inside 
the Hycast I-60 SIR during operation. A baffle separates the reactor into two chambers; 
an inlet chamber with a parallel flow between gas bubbles and the metal and an outlet 
chamber where there is a counter flow. Each chamber is supplied with one rotor. 

In the I-60 SIR the gas bubbles have approx. 50-60% longer residence time than 
conventional in-line refining units, which provides a better utilization of the process 
gas.  

As the gas bubbles rise inside the reactor chamber during operation, inclusions in the 
melt come into contact with the gas bubbles. The inclusions are removed from the melt 
to the surface dross layer by the gas bubbles. The rotor is designed to create small gas 
bubbles. Small, well-dispersed gas bubbles increase the total surface contact area 
between the gas bubbles and the melt, which increases the removal of hydrogen and 
inclusions.  

When using an upper side rotor, a vortex is created around the shaft on the surface of 
the metal. This increases the probability of re-entrainment of inclusions into the melt 
from the surface dross layer and back-leakage of hydrogen from the atmosphere above 
the liquid metal. A bottom installed rotor does not have this problem (see Figure 2.6). 

 

 
Figure 2.6 Illustration of metal level and gas dispersion inside the Hycast I-60 SIR 

during operation [32] 

 

2.1.2.4 Centrifugal separation 
 
In centrifugal separation, inclusions are removed by the rotating filters due to the 
density difference, but now the centripetal acceleration replaces the acceleration of 
gravity, compared to sedimentation. Thus 2r replaces gravity g in the various relations 
for removal [26, 34].  

 

2.1.2.5 Turbulent deposition 
 
Sometimes stirring is used to remove inclusions. In turbulent flow the inclusions are 
carried to a surface due to (turbulent) velocity fluctuations. The influence of the 
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turbulence increases when the density difference gets smaller[27]. The turbulent 
deposition rate [27] for a smooth surface is  

 
4 22

5.1 10 ( )p
d

u R
U u                                                                                         (2.3) 

 
Deposition at a rough surface is complex and will need an extensive treatment to 
describe removal. Deposition at a rough surface is more efficient than for a smooth 
surface. In this case Ud may possibly be proportional to the inclusion diameter [27]. 
 

2.1.2.6 Inclusion growth through agglomeration 
 
The removal of small inclusions is difficult to attain. A solution may be agglomeration 
employing powerful stirring as a first step. Possible mechanisms for agglomeration [27] 
are:  

1. Brownian (thermal) agglomeration. The particles agglomerate due to the fact 
that small macroscopic particles in a liquid always will be in chaotic movement.  

2. Gradient agglomeration. If there are velocity gradients in a liquid, e.g. in the 
boundary layer near a wall, particles close to each other move at different 
velocities. Thus they may collide if the horizontal distance is less than the sum 
of the particle radii. 

3. Turbulent agglomeration. Small particles in turbulent vortices migrate through 
the liquid in a chaotic manner resembling Brownian movement. 

4. Agglomeration in polydisperse systems, i.e. suspensions with a distribution of 
particle sizes and particle densities. Since the forces from the gravitational field 
and electromagnetic fields depend on size and density difference, this may lead 
to collisions between particles of different sizes and/or densities. 

If the agglomeration is to be important, the time constant for agglomeration must be less 
than the residence time. 

 

2.1.2.7 Fluxing 
 
Since mixed salts can remove some inclusions when they are added to molten 
aluminium, a simple and inexpensive method - fluxing based on stirred flux filtering 
and cleaning is used. A fluxing method to remove inclusions has been tested by M. 
Zhou [35]. The wettability of the inclusions in the molten aluminium is poorer than in 
molten flux. Accordingly, the surface tension of the inclusions in the molten aluminium 
is greater than in the molten flux. Therefore, the inclusions have the tendency to migrate 
from the molten aluminium to the flux because the stability of the inclusions in molten 
aluminium is less than in the flux. In practice the method is time consuming. 
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2.1.2.8 Electromagnetic separation  
 
Electromagnetic removal of inclusions has until now hardly been utilized. 
Electromagnetic separation is an effective, stable and clean way to eliminate non-
metallic inclusions from aluminium melt. Its principle is to expel the inclusions of poor 
electrical conductivity out of the melt by the differential Lorentz force [10]. This force 
is otherwise employed for stirring, casting, and pumping of metals. The differential 
Lorentz force affects the (conducting) melt, but not the non-metallic inclusions (oxides 
and carbides). In a melt a pressure gradient will be generated by an electromagnetic 
field. An inclusion in the melt will feel the pressure gradient or volume force due to the 
inclusion not having the same conductivity as the melt. In principle inclusions may be 
driven in any direction by electric and magnetic fields. 

The forces may be created by: 
1. Use of an applied electric field in conjunction with a magnetic field. 
2. By letting the magnetic field induce a current in the melt. 
3. By sending a current through the melt thereby inducing a magnetic field that 

interacts with the current. This gives a pinch-effect. 

The conductive melt is subjected to the electromagnetic force [36], 
 

lF j B                                                                                      (2.4) 
 
The net force exerted by the electromagnetic force field on a spherical particle having a 
different electrical conductivity can be expressed as follows in steady-state conditions 
and under the simplifying assumption that the fluid velocity is small [36]:  
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For most non-metallic inclusions, where the particle is nonconductive ( p=0), the force 
becomes  
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Recently, various schemes based on various types of electromagnetic fields, including 
DC electric field with a crossed steady magnetic field, AC electric field, stationary AC 
magnetic field, travelling magnetic field, simultaneous imposition of AC current and 
AC magnetic field, and strong magnetic field created by a superconducting DC coil 
have been studied. The main problem, at present , is that large and homogeneous 
electromagnetic force densities in large volume melts are difficult to achieve, and 
separation efficiencies are quite low when the inclusion size is small [10]. 
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2.1.3 Filters and Filtration Processes Used for Aluminium Purification  

2.1.3.1 Filters 
 
Commercially available porous ceramic media are surveyed and classified into the 
following five generic types: 

 Type I: Ceramic monoliths 
 Type II: Unbonded ceramic particulates 
 Type III: Ceramic foams 
 Type IV: Bonded ceramic particulates 
 Type V : Woven ceramic fiber 

The structural nature and flow properties of these filters are reported in paper [37]. 

Although only implemented by aluminium foundries since the late 1970s, CFFs are 
increasingly being used to prevent non-metallic materials from entering the mould 
cavity, resulting in premium-quality castings demanded by today’s market [38]. 
Filtration with CFFs offers several key benefits that improve the quality of premium 
aluminium casting. They include [20]: 

 A small gating system 
 Improved casting yield 
 Improved machining properties 
 Reduced remelt scrap 
 Improved mechanical properties 
 Reduced dye-penetrant indications 
 Reduced X-ray evidence of non-metallics 

CFF (Figure 2.7) — which look very much like sponges — is characterized by an open-
pore reticulated structure with porosity that may exceed 90% and a very high surface 
area. This structure offers low resistance to fluid flow, making it useful as a filter.  

The Bonded Particle Filter (BPF®) [12] is suited for certain casthouse applications. This 
filter medium is an aggregate of either SiC or Al2O3 granules, graded to a specific 
particle size distribution and then bonded together using a ceramic binder. The BPF® 
media has several distinguishing characteristics from other filter media. Since it is 
constructed from “hard particles”, it has substantial strength both at ambient as well as 
normal molten aluminium temperatures, enabling the filter to be handled easily whilst 
providing durability in service. The proprietary binder system provides a high degree of 
chemical resistance against all aluminium wrought alloys, except Al-Li, and retains this 
resistance for long time periods. A high content of SiC composition provides a high 
thermal conductivity. This is important in maintaining minimal thermal gradients 
between the inlet and outlet of an in-line filtering process. The affinity of the binder 
system to attach inclusions, a lower inherent porosity (nominally 40-45% porosity vs. 
80-85% for a CFF), and a tortuous internal structure are claimed to all combine to 
enhance filtration efficiency. There are three principal configurations of BPF® in 
wrought casting applications: the Cartridge Filter (MCF), the Trough Tube Filter (TTF), 
and the Dual Vertical Gate Filter (DVGF). 
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Figure 2.7 Scanning electron photograph showing the 3-D structure of a reticulated CFF 

[38] 
 

Also MetaullicsTM Vertical Gate Filters (VGF) [39] eliminate inclusions. Serving as 
walls between hearths and dip-out wells in melting or holding furnaces, these bonded 
particle filters remove inclusions and increase quality and productivity. 
The filter can be cylindrical (some deep bed filters), tube (rigid media filters) or plate 
(some CFF). See Figure 2.8. The filter media may be either coherent or rigid, as in the 
case of the CFF or RMF (Rigid Media Filters), or consist of a loose mass of separate 
particles, as in the case of DBF (Deep Bed Filters). DBF, RMF, and CFF are compared 
in the literature [40, 41]. The filters were classified in order of decreasing efficiency as 
follows: 

 Deep bed fine or coarse particulate material (DBF) 
 Fine sintered grains featuring high filtration area and low thickness (RMF) 
 CFF characterized by low thickness and high melt velocity. 

 

 
Figure 2.8 Industrial Al filtration system [15] 
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Figure 2.9 Comparison of various filtration processes [42] 

The upper boundary of each hatched region corresponds to the low velocity,  
while the lower boundary corresponds to the high velocity 

 
A comparison of the filtration efficiency of DBF and CFF is presented in Figure 2.9. 
They all have increased filtration efficiency with decreasing filtration speed and 
increased particle size.  

K. Hoshino [43] have investigated tube (RMF). The cartridge offers a large filtering 
area compared to plate shape filters. If the size of the filtration box is the same, it is 
possible to efficiently filtrate at lower velocities compared to the plate filter. 

Plate filters can be installed in the vertical or horizontal direction. See Figure 2.10.  

 

 
Figure 2.10 Vertical and horizontal CFF [38] 
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2.1.3.2 Filtration process designs 
 

a. SELEE filtration technique 
CFFs were developed by SELEE to filter molten aluminium in 1974 [44], as shown in 
Figure 2.11. A square and properly sized filter seat made of abrasive resistant material 
that slopes toward the outlet of the filter bowl so that air bubbles are not trapped 
underneath the filter. Air bubbles cause channelling of the metal flow in the filter and 
reduce effective filter area. The filter is positioned so that both major surfaces are 
submerged in the liquid metal during operation. This eliminates generation and 
entrainment of additional oxides. A refractory lining is pre-baked to a temperature of at 
least 650oC to remove mechanical and chemical water. Filter gaskets are used to seal the 
annular space between the filter and the seat to prevent metal bypass and filter floating 
up. An easily accessible drain and a sloping floor facilitate draining and cleaning.  

In 1990, about 50% of the free world aluminium consumption (i.e. 7,000,000 metric 
tons) was filtered using ceramic foam filters from SELEE [45]. Two types of SELEE 
filters with 17 inch 20 ppi and 20 inch 30 ppi combined with MINT degasser removed 
51.9% and 77.5% inclusions in aluminium[46]. 
 

 
Figure 2.11 Schematic of an filter bowl for use with CFFs of SELEE® structure [25] 

 

b. ALUDEF filtration process 
A system registered as ALUDEF® (Aluminium Degassing and Filtration) [47] was 
developed by CENTRO TECNICO PROCESSI (Process research division of 
ALUMINIA S.P.A). Two versions of the ALUDEF® unit had been built, ALUDEF® 5 
and ALUDEF® 20 with a maximum metal flow rate of 5 tons and 20 tons per hour 
respectively. The ALUDEF® process is based on the classical method of refining liquid 
aluminium by degassing and filtering, but it introduces some innovative ideas (Figure 
2.12):  
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Figure 2.12 Section of ALUDEF® unit [47] 

 
A) The process uses disposable porous ceramic plates as stable filtering medias with 

the following stated advantages: 
 Changing the filter plate is easier and less expensive than changing a filter bed 

such as Al2O3 balls or flakes or other granular materials; 
 Increased efficiency in removing inclusions due to the reduced dimensions of 

plate pores compared with filter bed pores; 
 Increased operational flexibility since it is possible to use different types of 

plate with porosity ranging from 20-50 ppi; 
 Ceramic filter plates are widely available all over the world in many shapes 

and sizes with various filter capacities. 
B) The metal flows upward through the plate, thus allowing large inclusions to settle 

on the bottom of the unit under the filter plate. This has the following advantages: 
 It avoids clogging the first layer of the filter plate; 
 It increases plate life; 
 It reduces the number of plate changes and therefore the number of times the 

unit must be drained. 
 

c. CEFILPB filtration process 
CEFILPB (CEramic FIlters of Lost Packed Bed), whose structure corresponds to the 
negative of the organic particles packed bed used as precursor for the ceramic material, 
had been studied in [48]. Although somewhat similar in structure to foam filters they 
have a narrower pore size distribution and are more tortuous, less permeable and are 
much more resistant to compression. Their efficiency in short term aluminium filtration 
experiments compares well with commercial CFFs. 

They also concluded that short time filtration of aluminium with around 1% inclusion 
concentration resulted in both cake and deep bed filtration modes. The last was found to 
be the predominant mode for inclusion retention, in the size range of 20 to 60 m. 
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Three dimensional fluid flow calculations indicated that high velocities are directed 
toward the corners of the windows, and this behaviour agrees well with the formation of 
internal cakes over the windows. The flow analysis also pointed out that the window to 
cell diameter ratio determines the size and location of zones of very low velocity within 
the cell, where inclusions may be trapped. 
 

d. Filtration processes using Coated CFF and coated deep bed filters 
M. Zhou [49] investigated the deep filtration of molten aluminium using CFFs and 
ceramic particles with active coating, which can capture non-metallic inclusions and 
dissolve Al2O3. Figure 2.13 and Figure 2.14 sketches the models for capturing 
inclusions using CFF and ceramic particles with active coating. Inclusions in molten 
aluminium flow through the filter and are captured by the coating of filter wall or 
particles. Elongation of the filtered tensile specimens increased, but their tensile 
strength did not show a statistically significant change. 

 

 
Figure 2.13 Active coating on the 

surface of a CFF capturing inclusions 
Figure 2.14 Inclusion in molten Al 
captured by active coating on 

ceramic particles 

 

e. Multi-stage process 
Purification by a single filter may give blocking due to the presence of large inclusions 
and different physical- chemical properties of inclusions. A solution is to use a multi-
stage filter. Some of them are shown below. 

 
e.1 SUN process 
In view of the common practice of “degassing -inclusion removal-continuous casting” 
in most large —scale aluminium industry applications , a novel composite purification 
platform 973-I integrates covering flux, rotary degassing and two-stage filtration in a 
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multi-stage multi-media system as shown in Figure 2.15. It is found that hydrogen 
content is decreased by 75.5% and elongation is improved by 25-160%. The outlet of 
gas from bubbles in the Figure 2.15 was not indicated in the paper. 

 

 
Figure 2.15 Novel purification platform 973-I for molten Al [10] 

 

e.2 XC filter filtration process 
Instone S.[50] used a filter unit called XC filter (by VAW/Hydro Aluminium and now 
produced by Drache) claimed to give superior filtration efficiency particularly in the 
size range of 15-40 μm. The XC Filter combines ceramic foam filtration (CFF) and 
deep bed filtration (DBF) to overcome limitations of the established technologies. A 
typical layout of the XC filter is shown in Figure 2.16. Metal passes first through the 
CFF and enters a second chamber where grain refiner is added. It then flows through the 
bed filter and exits the filter via the outlet chamber. The XC filter permits the addition 
of the grain refiner after the CFF, which can lead to significant improvements in the 
performance of the CFF. In this configuration the detrimental effect of TiB and AlC 
grain refiners on CFF performance can be avoided. The removal efficiency of the XC 
filter (30 ppi CFF+ Bed filter) is 88% for inclusions larger than 15μm. 

Another dual stage filter bowl system is studied in [44]. There are two filters in a single 
bowl in order to obtain a simple compact design with minimal floor space requirements. 
The advantages of a dual stage system where both filters are incorporated into a single 
bowl are: 

 Less floor space required 
 May directly replace an existing filter bowl 
 Fewer refractory components 
 Lower installation and operation cost 
 Easier start up: Only one filter to preheat and prime 
 Easier cleanup and less drain metal: Only one filter bowl 
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Rather than simply stack the filters on top of one another, two separate filter seating 
surfaces were incorporated into the design in order to obtain a one inch (25 mm) gap 
between the two filters. The purpose of the gap was: 

 To prevent an interference fit between the two filters due to the dimensional 
tolerance band of the filters. 

 To allow each filter to be removed separately at the completion of casting. 

Metallographic analysis of the spent primary or first stage filters indicated a relatively 
heavy inclusion loading where the filters were nearly blocked or plugged with retained 
inclusion material. The second stage filter by contrast exhibited a relatively low 
inclusion loading confirming the validity of the dual stage filter bowl concept. The 
introduction of the dual stage filter system resulted in statistically significant 
improvement in extrusion press productivity. 
 

 
Figure 2.16 Typical layout of the XC Filter [50] 

 

e.3 Martin process 
Syvertsen et al. [51] have studied another compact deep bed filter combined with a gas 
pump, as Figure 2.17. A cylindrical deep bed filter with a gas (automatically controlled 
argon) lift pump along the centre axis was tested. The average size of the Al2O3 filter 
grains was approx. 4 mm. The filter contained 600 kg of grains on top of about 300 kg 
of Al2O3 spheres (diameter around 21 mm). The depth of the filter bed (grain part) is 
0.31m. The cross section of the annular filter filled with grains or spheres was 0.93 m2. 
They observed a high removal efficiency.  
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Figure 2.17 Cylindrical filter unit containing a gas-lift pump [51] 

 

2.1.4 Inclusion Removal Mechanisms by Filtration 
 
Particle removal depends on the properties and size of particles as well as the character 
of the filter. Removal is by: 

 Physical separation 
 Surface adhesion 
 Dissolution/ chemical reaction 

 
Physical separation. As indicated in Figure 2.18, coarse particles form a cake on a 
surface in the filter. The efficiency of physical separation is mainly decided by the 
characteristics of the filter, such as diameter of the filter pores and the filter thickness. 

 

 

Figure 2.18 Particles blocked by filter [52] Figure 2.19 Sketch map of the surface 
adhesion of particles [52]. 
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Surface adhesion refers to the phenomenon of the particle adhering to the filter wall. 
Figure 2.19 shows that some smaller particles are entrapped on the interior surface of 
the filter. Once the small blocky inclusions adhere on the surface of the filter, 
agglomeration occurs because these inclusions attract the same kinds of inclusions in 
the liquid metal. The filtration efficiency increases with the contact area between the 
liquid metal and the filter. Another important factor influencing filtration efficiency is 
the flow rate of the liquid metal passing through the filter. For inclusions to adhere and 
sinter to the filter wall time may be required. 

Chemical reaction. Impurity elements react with components of the wall, which 
contribute to the effective capture of inclusions. Zhou et al. [53] investigated inclusion 
removal by filters coated with borophosphate enamel. They showed that Al2O3 reacts 
with molten borophosphate enamel and is converted into AlO4 of a tetrahedral structure.  
 

2.1.4.1 Mechanisms 
 
Generally, there are three ways to remove inclusions [18, 54] as illustrated in Figure 
2.20: 

a. Sieve mode 
b. Cake mode 
c. Depth mode 

 

 
Figure 2.20 Filtration mode: (a) Sieve mode, (b) Cake mode, (c) Depth mode [55] 

 

Sieve mode. When inclusions flow through pores smaller than their size, a filter will 
stop them as a sieve.  

Cake mode. With the development of sieve mode, more and more inclusions will be 
collected outside the filter, and then they become another filter. During this time the 
pressure drop will increase strongly. Cake filtration is not presently used in the 
aluminium industry. It involves the deposition of a layer of inclusions at the inlet to the 
filter medium with little or no penetration of the inclusions into the internal part of the 
filter. This results in a very rapid metallostatic head build-up and is unacceptable for 
cost and practical operating reasons [5]. 
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Depth mode. Small inclusions collide with the inner wall and are captured inside the 
filter. Tortuous passages in the filter improve the probability of collision. Depth 
filtration depends on [56]: 

 The probability of a particle impinging on the filter structure; 
 The probability of a particle being retained on the filter wall. 

The probability that a particle will be retained depends on many variables, such as [56]:  
1. Chemical composition of the particle and filter; 
2. The filter microporosity, topography, and wettability; 
3. The velocity (flow rate) of the metal through the filter; 
4. The flow characteristics of the molten aluminium adjacent to the surface; 
5. The particle size. 

The three filter modes may act simultaneously. 
1) Cake filtration occurs for  

 A high inclusion load 
 Large inclusions 

2) Depth filtration operates at  
 Low inclusion loads 
 Small inclusions 

There has been some controversy over whether the aluminium CFF operates as a deep 
bed or cake type filter. General characteristics of the deep bed filtration process are: 
1. The inclusions caught are usually significantly smaller than the openings or pores of 

the filter medium and are captured inside the filter medium. 
2. The accumulation of inclusion material within the filter bed during casting gradually 

increases the flow resistance of the filter medium. As a result the pressure drop or 
metallostatic head loss across the filter must increase in order to maintain constant 
flow. 

3. Inclusion removal efficiency varies with the interstitial flow velocity within the pore 
structure of the filter medium. 

4. The concentration of retained particles decreases from the filter inlet surface to 
outlet surface. 

Cake filtration process is characterized by: 
1. As filtration proceeds, the filter cake itself acts as the filter medium and finer and 

finer inclusions are captured as the cake grows. 
2. The pressure drop across the filter medium and cake increases strongly with time. 

As filtration proceeds the layer of deposited particles becomes thicker requiring a 
rapidly increasing pressure to maintain a constant flow rate. 

3. Inclusion capture efficiency is not affected by variations in metal velocity provided 
that the change in velocity does not affect the character of the cake (uncompressed 
or compressed). 

There are several mechanisms for a particle to reach the internal surface of the filter. 
The following transport mechanisms shown in Figure 2.21 may play a role to determine 
filter efficiencies.  

 Direct interception. A particle hits the filter surface following the fluid flow 
lines. 
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 Gravity forces. A particle with specific density different from the fluid leaves 
the fluid flow line due to gravity. 

 Brownian movement is the microscopic movement caused by the molecular 
bombardment on the particles in the liquid. Brownian motion of particles in 
metal [57] are randomly set in motion as the result of collisions with the 
energetic molecules of the liquid. This phenomenon is believed to be important 
only for submicron particles. The higher the temperature, the faster the liquid 
molecules move, and the harder they bump into anything they encounter. 
Smaller particles move much faster than larger particles. 

 Inertial forces (Impaction) cause the particle to proceed in a straight line due to 
its inertia. Thus the particles do not follow sudden change in the fluid flow lines. 

 Hydrodynamic effects. They are due to the velocity distribution in the filter cell 
and the effect of the walls on flow. Depending on the shape of the particle it 
rotates and transfers in the flow field. Obviously the boundary layers along the 
filter walls play an important role. 

 

 
Figure 2.21 Transport mechanism of a particle in deep bed filtration [16] 

A) Direct interception B) Gravity forces C) Brownian movement 
D) Inertial forces E) Hydrodynamic effects 

 
In a study of gas streamlines, Avila Ribas et al. [58] (Figure 2.22) found that 
gravitational settling and inertial deposition are the predominating collection 
mechanisms for the over-micron powder (particles). Diffusional deposition (Brownian 
movement) predominates for the nano-scale powder (particles).  
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Figure 2.22 Influence of the collection mechanisms  
in the particles deposition behaviour [58] in gases  

 

2.1.4.2 Flow in filters 
 
Deep bed filtration is considered to be the dominant filtration mode for the CFFs 
operating at the cleanliness levels existing in aluminium plants today. In deep bed 
filtration of molten metal the inclusions, which are smaller than the pore size of the 
filter typically used, are only deposited on the pore walls and may be entrained in the 
liquid metal when the flow rate varies. As already pointed out, inclusion capture is 
considered to be a result of two sequential events: (1) transport of inclusions to walls of 
the filter; (2) attachment of the inclusions to the walls [9]. Flow in filters significantly 
influences these two events. 

Particles may not be trapped directly by the filter web. The restricted flow through the 
neck by the previously captured particles appears to cause subsequent particles to 
cluster together into a large, loosely adhered mass which bridges the neck. Such bridges 
form a kind of cake inside the filter. The result is that the pressure increases strongly 
with throughput as indicated in Figure 2.23. The Reynolds number of the filter, Ref, is 
based on average web diameter of the filter, dw. 
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Figure 2.23 Fluid flow behaviour of various CFFs 

Results from water experiments by Tian and Guthrie [59]. Percentage denotes effective 
porosity. 

 
F.A. Acosta G. et al. [60] used a tube model to study the deep bed filtration. It was 
observed in water model that a high fluid velocity, Re=100 (for tube), promoted particle 
collision against the wall. Some of the particles were re-entrained into the fluid flow, 
while others remained circulating in the pore to settle down on the wall once the flow 
stopped. At the low fluid velocity, Re=0.2 (for tube), the particles closely follow the 
streamlines. Then, they generally did not collide against the wall of the model. A 
smaller number of particles were able to settle down on the wall near the window once 
the flow ended.  

Calculation of particle trajectories [60] shows that for the highest velocities the particles 
tend to follow straight lines and that particles located sufficiently close to the wall will 
collide with it. These results are obtained when gravity acts normal to the inlet pore 
area. This explains filter clogging from ‘cake’ formation during purification of 
aluminium at high flow rates. The computed trajectories for the low fluid velocity 
condition agree with the actual observations which show that the particles follow the 
streamlines. They also concluded that smaller particles will need lower fluid velocities 
to be captured by interception or gravity inside the filter.  

Flow in deep bed filtration of molten aluminium was studied experimentally in an 
enlarged scale water model by Laszlo [2]. A stack of rods were used to represent 
collector elements (bed wall) in order to create a 2D flow-field. Generally the flow in an 
array of tubes can be divided into two main regions, the preferred lanes and the wakes 
behind the tubes. See Figure 2.24. The shape of the wakes and that of the preferred 
channels are different in in-line and in staggered arrangement of the collector rod.  
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Figure 2.24 Flow regions in a tube bank with in-line arrangement [2] 

 
Figure 2.25 Circular cylinder in-line 

Flow pattern between collector elements during the transition regime [2] 
Lift: low velocity; centre: the destruction of the steady flow; right: high velocity 

 
The flow pattern in the wake is characteristic to the velocity- more precisely to the 
Reynolds number-range (Re=2RU / ). Unfortunately, the authors did not give any Re 
data [2]. The flow pattern behind the collectors shows a similar shape in the flow 
around single bodies during the increase of velocity. At very low velocities, the flow is 
mirror- symmetrical and velocities are constant in time (left in Figure 2.25). Increasing 
the velocity, a pair of symmetric, counter-rotating eddies is formed in the wake. 
Increasing velocity further, the balance between the two vortices is destroyed, one of 
them becomes dominant, then separates and flows away (see Figure 2.25 right). The 
periodic separation of vortices with alternating sense of rotation (so called Karman 
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wortex sheet) is the precursor of the onset of stochastic fluctuations that characterize 
fully developed turbulence. 

The above mentioned fluctuations are self-generated in a flow system where the 
boundary conditions are constant in time. At the beginning of the destruction of the 
steady flow, the temporal variations show a regular character, one single low frequency 
dominates the spectrum of velocity oscillations. This single low frequency causes a 
large mass of fluid to move in the same phase and this coordinated movement affects a 
large spatial domain inside the filter. This behaviour is characteristic to the transition 
fluctuating turbulent flows. As the periodic fluctuations commence around a collector 
element, the separation of vortices can trigger similar phenomena elsewhere- most 
effectively downstream- in the bed. Oscillations can be induced around cylinders that 
did not reach the phase of shedding alternating vortices behind them. In the centre 
image in Figure 2.25, the wake behind the upper cylinder is not well developed, but the 
streamline separating the two small, counter- rotating vortices is pushed to the right side 
of the inferior cylinder. This line is flipping between left and right and as a result, the 
upper surface of the inferior cylinder is swept by an alternating flow. The phenomenon 
is shown schematically in Figure 2.26. 

Regularities, symmetries of the spatial arrangement of the collectors amplify these 
collective movements of the fluid. The onset of periodic oscillations appeared at 20-
70% higher velocities in staggered than in in-line arrangement. The value depends on 
the geometry of the collectors and on the porosity of the system. Collectors with sharp 
edges, like the square and semi-circular rods, tend to trigger flow instabilities earlier. 

The point of instability, where the fluid starts to oscillate, appears near the exit zone of 
the bed. This point moves upstream with the increase of the approach velocity. The 
amplitude of the fluctuations is increasing downstream.  

The interaction between the collectors, the presence of these collective, “organized” 
movements make the transition regime inside beds of solid distinctively different from 
the transition of the flow around a single body.  

For a single cylinder flow around a circular cylinder is steady at a very low Rec <<1. As 
the Rec increases, the symmetry disappears and two attached eddies (wakes) appear 
behind a cylinder. These eddies become large with increasing Rec as in Figure 2.27. For 
Rec > 45, unsteadiness arises spontaneously even though all the imposed conditions are 
being held steady and vortex shedding appears behind a cylinder (or an arm in filter ) 
[61].  
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Figure 2.26 Schematic pattern of flow oscillations in a stack of rods (transition regime) 

[2] 

 

 
Figure 2.27 The shape of a wake boundary at the rear side of a cylinder [62] 

 
The real velocities in a filter have to be considered. As the pore size changes, so will the 
velocity of the melt. This means that there are regions with turbulent flow (Re>4000) 
and with laminar flow (Re<2000). This change of velocity is especially important as the 
turbulent flow may allow very small particles to agglomerate and then be attached in the 
regions with laminar flow. 

However, turbulent flow can lead to the release of already attached particles due to drag 
forces. It may be expected that the magnitude of the drag forces is proportional to the 
velocity in the viscous flow regime [59]. 

As mentioned, changing the flow rate of the liquid metal can displace the transition 
zone inside the bed as its position depends on the flow velocity. Already deposited 
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inclusions can be washed away if a large amplitude oscillating flow develops around the 
collector elements. 

 

2.1.4.3 Flow transport 
 
Transport of inclusions to the walls is the first step in inclusion removal of the filter. In 
general, particle transport can occur by impingement, interception, sedimentation, 
diffusional, and hydrodynamic effects. When the difference in density is high, the 
sedimentation forces may play an important role. If the difference decreases, 
sedimentation will become negligible and interception will become the dominant factor 
[63]. See Figure 2.21. 

Developing boundary layers in the surface region may favour the precipitation of 
particles. Boundary layers form, as indicated in Figure 2.28, because there is no slip at 
solid interfaces. A velocity gradient develops. The boundary layers are thinnest at the 
point at which the fluid enters the channels (i.e. at the filter surface). A thin boundary 
layer is easier to penetrate than a thick, more developed one. The deposition patterns 
show peaks in the particles concentration in the near surface region. 

It has been proposed [64] that particles preferentially deposit at channel openings or 
restrictions to flow, as shown in Figure 2.29. Note that a radial entry opening, such as 
would be expected at a pore opening, causes the build up of particles near the entrance, 
especially when oriented at an angle to the flow. The top surface of a reticulated 
ceramic filter can be visualized as several radial channel openings grouped together. If 
some of these openings are blocked, the flow must increase in the remaining channels to 
maintain a given flow or casting rate.  

 
Figure 2.28 Entry region of a “pipe” [64] 
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Figure 2.29 Particles build up in a radius entry nozzle [64] 

 

2.1.4.4 Inclusion attachment to the filter walls 
 
Particle attachment can be a result of forces developed through pressure, chemical, or 
Van der Waals effects. The relative dominance of each mechanism is a function of 
particular type and size, fluid approach velocity, as well as temperature and media 
characteristics. 

The probability that a particle will be retained depends on many variables, as mentioned 
[56]: the chemical composition of the particle and filter, the particle size and 
morphology, the filter microporosity, topography and wettability, and the flow of the 
molten aluminium adjacent the filter surfaces.  

If the viscous drag on the particle is not higher than the forces that cause re-entrainment, 
the inclusion will remain inside the filter. 

The CFF forms a cellular media and can be regarded as the negative of a packed bed of 
granules. Therefore the flow regimes in CFFs and packed beds are essentially different. 
Figure 2.30 shows the different flow regimes in a CFF and in a granular media used for 
drinking water production. 

Within these pores different flow conditions and mixing behaviour can occur, 
depending on flow velocity. Figure 2.31 illustrates the different flow lines inside a 
single pore. Notice that the flow lines are very close together at the inlets and outlets. 
Conditions at these points should be critical for removal and entrainment of inclusions. 
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Figure 2.30 A schematic diagram illustrating the different flow regimes operating in 
cellular and granular media [37] 

 
Figure 2.31 A schematic representation of flow within a cell of ceramic foam [37] 

 
The most accepted hypothesis of aluminium deep filtration states that small inclusions 
at low concentrations (much less than 10ppm) are carried by the fluid through the open 
pores where they may attach to the walls. For large particles, inertia favours particle 
collision with the filter walls. When the flow rate increases, particles may be removed 
from the wall by the flow induced drag force, thus lowering the filtration efficiency. 
However, Frisvold and Engh et al. [27] calculate that the melt surface tension pressing 
an inclusion towards a filter wall is much larger than the typical drag forces exerted on a 
10 m inclusion. 

Practically all inclusions are deposited in the upper section of the collectors in the case 
of downward flow. Deposition is in layers, as Figure 2.32. The surface of the collectors 
is covered by a thin layer, in which the particles are attached to the surface by adhesion 
type force. The tangential force balance [2] at the edge of the deposition layer (layer 1) 
is as Figure 2.33. 
 

( cos ) sinAf G F G                                                                               (2.7) 
 
This adhesion dominated layer 1 is formed at the initial period of the life of a new filter 
bed. Apparently the attachment of this layer to the collector is stronger than that of the 
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subsequent layer to the first layer. This first, adhesion dominated layer plays a special 
role. 

On one hand it separates or “isolates” the upper layer of inclusions from the collector, 
blocking the way for developing an adhesion force between the two different materials. 
On the other hand, it serves as a “primer” for capturing of the bigger particles, by 
providing an artificial roughness of the collector surface, improving retention by friction 
and interlocking. The structure of second upper layer is controlled mainly by the 
cohesion and friction between particles of the same materials. The force balance [2] 
between particles for the cohesion case is 

 
cos sinf G K G                                                                            (2.8) 

 
Experiments indicate that the cohesion forces are weak in comparison to the adhesion. 
For small particles the adhesion force to the collector surface is equal or greater than the 
gravity force. The large particles are kept on the upper surface mainly by the friction 
force. In a system where cohesion forces are superior to adhesion, the release of 
particles must have a different character, instead of “flowing” in an avalanche, the 
deposition layer is “peeled off”, releasing chunks of particles. 

Two kinds of particle loss mechanisms from the deposition layer develop [2]. First, 
individual particles or a small ensemble of particles (cluster) are entrained randomly 
from the deposition layer. The rate of this process is small, but it is nearly continuous. 
In the second process, a large number of particles are released suddenly in a zone 
around the border of the deposition layer, in the form of an avalanche. During the latter 
event, the deposition layer can loose 10-20% of the already captured inclusions. While 
the first mechanism has a quasi-continuous character, the second represents a jump in 
the state of the deposition layer. During avalanching, the borderline of the deposition 
layer is shifted upward suddenly, and then a slow process of rebuilding the layer follows 
(Figure 2.34). 

 

 
Figure 2.32 Structure of the deposition layer on a cylindrical collector [2] 

Layer 2 
 
 
Layer 1 
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Figure 2.33 The component of the gravity 

force at the edge of the deposition layer [2] 
Figure 2.34 Double structure of the 

deposition layer [2] 
 
When an inclusion interacts with the wall, the strength of adhesion must be great 
enough to resist the force of flowing metal and prevent being swept away and 
reintroduced to the metal stream. The adhesion strength depends on the interfacial 
energy between inclusion/filter, metal/filter, and metal/inclusion. The change in free 
energy for separation of an inclusion from the melt to the filter wall is given as [65] 
 

if mf miG                                                                                                     (2.9) 
 
For the inclusion to remain fixed at the filter wall, the free energy must be less than 
zero. This will be enhanced by reaction between the inclusion and the filter material, or 
by the metal remaining non-wetting to the filter and to the inclusion. 

The mechanisms of the capture may be explained as flows: First, the inclusion is 
trapped onto the filter surface by interception or gravity and glued there by the attraction 
force based on the surface tension, and then, bonded by sintering. It is concluded that 
the transport of inclusions from the molten metal to the filter surface is the rate 
controlling step [66]. 

The increase in filtration efficiency with decreasing pore size can be partly explained in 
terms of the NIFF (Near Surface Interstitial Flow controlled Filtration) theory [64]. If 
two filters had the same percent theoretical density but one had finer pore than the other, 
it would take fewer particles to bridge the necks of the finer pores. In addition, the finer 
pore filter would provide more convergent zones per unit volume and therefore enhance 
the separation of inclusions. 

L. S. Aubrey et al. [67] have carried out metallographic evaluation of spent filters, filter 
head loss measurements, and sampling of aluminium melts for inclusion content. They 
agree that the primary mode of operation of CFFs in the aluminium industry is deep bed 
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filtration, not cake filtration. CFFs only exhibit characteristics of cake filtration under 
very specialized circumstances and on an infrequent basis. Further, they pointed out that 
when metal flow rate is less than to 900 kg/(m2·s) the filtration mode is always deep 
bed. CFFs should be at least 2 inches thick and suggested metal flow rate in the range of 
30 to 90 kg/(m2·s). 
 

 
Figure 2.35 Composite filter model [68] 

 
The removal mode of a composite filter is indicated in Figure 2.35. The mechanism is 
as follows [68]: (1) after dipping in flux, a flux–filter composite layer is formed on filter 
wall. Because flux wets the filter walls, the composite layer is stable and it cannot be 
brushed away by melt. (2) When aluminium melt flow passes through, a dead zone is 
formed near the flux layer. (3) Micro-size inclusions carried by melt move to the melt–
flux interface. (4) Most particles that have moved to the interface are absorbed or 
melted effectively by flux layer. Some of them cluster. The inclusion cluster spans the 
melt–flux interface and extends towards melt. Subsequent inclusions hit it and are 
captured. This may be explained by the mechanism where particles tend to deposit close 
to “roughness elements” created by particles deposited previously [69]. A small part of 
them may separate from the melt–flux interface. (5) Since the melt velocity is nearly 
zero in the dead zone, inclusions remain in the zone until the filtration ends. 

After treatment by the composite filter, no inclusions above 6.0 μm could be found in 
the microstructure. The tensile strength and the elongation of the samples are increased 
by 19.2% and 116.7%, respectively, compared with no filter. The same properties 
treated with the common filter only increased by 13.2% and 50%, respectively.  

The inclusions are trapped throughout the filter, however, they are concentrated in the 
top regions [45].  
 
Inclusion bridge generation in filters. It appears that with continued metal throughput 
a network of bridges comprising of oxides, fine borides and carbides accumulates. 
These bridges are only observed in the uppermost area of the CFF. It is believed that the 
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formation of these bridges is akin to the formation of a filter cake. It is the fine pore size 
of this filter cake that increases the capture rate of fine particles. The thicker the filter 
cake, the better the filtration efficiency in general and especially for fine particles. This 
build-up also results in changes in the filter, so that its filtration efficiency and its 
capacity will also be variable. This build up is also probably responsible for the eventual 
blocking or clogging of the filter [50]. 

N.J.Keegan [70] also states that the bridging is greatest in the finest filter. Very few or 
no bridges were found in the 30 and 50 ppi filters in his experiments. A small amount of 
build up was observed on a number of webs within the 65 ppi filters, but a high 
concentration of bridging was observed in the finest filters. See Figure 2.36. 

 

 
Figure 2.36 Presence of an oxide bridge at the filter inlet stopping the inclusions [71] 

 
From investigation of rigid media filters used in casting operations, it was found that 
CaO particles agglomerate and form bridges at the inlet pores near the filter surface 
when boron free titanium alloy is used as a grain refiner. The inclusions which form 
bridges or clogged pores are CaO and Al2O3 particles. These agglomerate or bridges 
induce a rapid increase in pressure drop and as a result filter life is diminished. Large 
agglomerate or bridges of the inclusions are not formed in the melts when TiB2 master 
alloys were added. It is interesting that TiB2 may suppress the agglomeration of oxides 
like CaO or Al2O3. TiB2 may play an important role in establishing longer filter life for 
the 1××× aluminium alloy series [43]. 

Paul Cooper [72] concluded that, in ceramic filters, if the incoming metal cleanliness 
was good, there was a minimal impact of the grain refiner on the performance of the 
filter. However, if there is an artificially high inclusion loading from the metal 
(achieved by deliberately vigorously stirring the metal in the furnace), then the 
introduction of the grain refiner leads to a reduction in filtration efficiency. In deep bed 
filters and tube filters [72], there is a transformation of the trapped TiB2 particles into 
(Ti,V)B2. V may be from the grain refiner. Subsequent growth of such particles then 
leads to the formation of more complex agglomerates and bridging within the filter, and 
thus impairs filtration and filter life. 
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2.1.4.5 Inclusion re- entrainment 

 

 
Figure 2.37 Filtration efficiency for various bed thicknesses during interrupted filtration 

[73] 
 

The aluminium filtration process is semi-continuous. For a given number of ingots, 
there is a period of continuous filtration until the casting is completed. Then, the process 
is stopped, and the ingots are removed. When the subsequent batch is ready, filtration 
and the casting processes are re-started. During the cast stop/start periods, a significant 
quantity of the deposited inclusions may be released back to the metal due to flow 
instabilities. The deposition rate decreases, and filter efficiency is reduced due to re-
entrainment. There is spontaneous and process related release, incoming flow bursts, 
metal head fluctuations, and vibrations release [74]. 

In Figure 2.37 an inclusion peak is observed during the flow interruption period. The 
efficiencies pass from a positive value to a negative. This shows clearly that the 
phenomenon of re-entrainment is present during the interruption period. Figure 2.37 
also shows that the number of inclusions released is higher for a thinner bed. Unlike 
thicker beds, the inclusion released from the upper part of the filter will have much less 
chance to be re-captured again in the lower part of the filter for thinner beds [75]. 
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Figure 2.38 Concentration of inclusions with time [73] 

 
Figure 2.38 shows the outlet concentration (normalized with respect to the inlet 
concentration) as a function of time (normalized with respect to total filter life) and 
compares the model predictions with industrial data for three casting cycles towards the 
end of the filter life. Although the data is scattered, the model predicts the general trend 
for all the cycles for the entire life of the filter. The peaks corresponding to release 
become larger as the time progresses, demonstrating the fact that the bed is aging. The 
study has also shown that the re-entrainment is a phenomenon which occurs during both 
continuous and interrupted flow filtration. 

Also, increasing velocity increases the re-entrainment as expected. When the 
concentration is increased, re-entrainment does not change significantly for a given bed 
thickness. 

To reduce re-entrainment of inclusions, continuous and smooth operation or at least 
short stop- to-start times may be recommended 
 

2.1.5 Parametric Study of Inclusion Removal in Filtration 

2.1.5.1 Effect of inclusion parameters 
 
a. Specific gravity 
An important parameter governing filtration may be the difference in specific gravities 
between the particulate matter and the aluminium. See Figure 2.39. Filtration 
efficiencies were observed to fall off somewhat as the difference in specific gravities 
tended to zero. An exception is possibly the 14-28 mesh deep bed filters. Where the 
difference was zero, the flow rate scarcely influences efficiency.  

If the difference in specific gravity is zero, then the sedimentation force is zero. 
Filtration is then solely the result of the direct interception of particles by the filter walls 
[41].  
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b. Particle size and number 
From Figure 2.39, we can see that high filtration efficiency is obtained with large 
particle sizes. However, large particles may block the filter. 

 

c. Particle type 
 

 
Figure 2.39 Effect of particle size on filtration efficiency for increasing specific 

gravity [41] 
 
Al2O3 may give poorer wetting on aluminium than SiC. This may account for the more 
pronounced clustering effect of alumina particles. It was found that particle settling 
started immediately after stirring stopped in the Al-Al2O3 system, in the contrast to 
work with Al-Si -SiC where a settling front descended through the melt. It was observed 
metallographically that alumina particles formed clusters, together with entrained 
aluminium oxide films. The size of these clusters varied from single particles to over 
100 m with various skeletal shapes [76]. 

 

2.1.5.2 Effect of filter parameters 
 

a. Type of filter 
In the case of specific gravity differing from that of liquid aluminium, significant 
differences were found for which type of filter was effective. It is possible to classify 
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the various types in order of decreasing efficiency, as deep bed (DBF), rigid media 
(RMF), and ceramic foam (CFF) [41]. 

 

b. Filter materials 
C. Dupuis et al. [74] find that filtration efficiencies of phosphate bonded CFF and a 
fully sintered alumina ceramic filter are 6-42% and 6-48%, respectively, with flow rate 
30-35 kg/(m2·s). There is no significant difference in filtration efficiency. 

The literature [77, 78] shows that AlF3 filter is effective for removing alkali metal, Na 
and Ca, whereas a Al2O3 filter is hardly involved in the removal.  

 

c. Depth of filtration media 

 
Figure 2.40 Effect of filter depth on filtration efficiency [41] 

 
Figure 2.40 represents variations in efficiency with bed depth for 14-28 mesh media. 
With increasing filter depth, the filtration efficiency is increased. The equations 
describing these curves are exponential in form ( =1-exp(- L)), the asymptote 
corresponding to maximum efficiency. The smaller the pores and the lower the speed of 
filtration, the more rapidly the curve reaches efficiency 1.  
 

d. Pore size 
From Table 2.3, it can be seen that the mean filtration efficiency increases as we move 
to finer pores. The filter efficiency performance range narrows (reliability increases) 
and the standard deviation of efficiency decreases for finer pores. The finer the filter, 
the smaller are the inclusions that will be removed. The last two columns show the 
inclusion size “cut-off” threshold for 75% and 95% total inclusion removal. 
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Table 2.3 In-line filtration system performance comparison [70] 

CFF Type 

Mean 
Filtr. 

efficiency 
[%] 

Filtr. 
efficiency 

Range 
[%] 

Standard 
Deviation 

 
 

Reduct. of 
inclusions 
>40 m 

[%] 

Reduct. of 
inclusions 
>25 m 

[%] 

75% 
reduct. of 
inclusions 

>[ m] 

95% 
reduct. of 
inclusions 

>[ m] 
15”-30ppi 69 70 22.3 61  50 60 
15”-50ppi 76 41 14.4 66  25 60 
17”-30ppi 71 35 12.2 92 76 30 50 
17”-50ppi 87 33 10.1 97 90 25 40 
17”-65ppi 88 27 8.7 93 86 25 40 
17”-80ppi 91 12 4.2 91 87 25 40 

 

e. Location of filter 
Filters are also used to remove turbulence and give smooth filling of moulds. In the 
study of casting by Bäckman Jonas [79], four different filter locations were 
investigated. The filters were sited as follows: 

 L1, in the runner, immediately after the directional change 
 L2, in the runner close to the first ingate 
 L3, in the downsprue, just before the runner 
 L4, in the corner between the downsprue and the runner 

The filter width is 22 mm and the coarseness is 30 ppi. In Figure 2.41, the filling 
sequence for the different filter locations is shown for comparison. 
 

 
Figure 2.41 Location of the filter [79] 

Runner Filter 

Gate 

Sprue 
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Filter location one (L1) shown in Figure 2.41 gives an early filling of the downsprue 
and furthermore a smooth filling of the runner. The runner is almost completely filled 
before the melt enters the gates. 

Filter location two (L2) shown in Figure 2.41 gives a fairly turbulent filling of the 
volume prior to the filter, and the downsprue is not filled as early as in the case with 
filter location one. The filling sequence after the filter is smooth and similar to the 
filling sequence in the previous case. 

Filter location three (L3) with the filter in the downsprue, shown in Figure 2.41 gives an 
early filling of the downsprue. After the filter the melt accelerates and the melt velocity 
is quite high. The high velocity of the melt leads to splashing of the melt in the runner, a 
late filling of the runner and a sequential filling of the specimens. 

Filter location four (L4) shown in Figure 2.41 exhibits a similar filling behaviour as in 
the previous case with filter location three. The splashing effect in the runner after the 
filter is even more severe than in the case with filter location three. 
So the best filter location has been shown to be in the runner directly after the 
downsprue, L1 when considering the influence of filters on the mould filling behaviour. 
 

f. Filter strength 
The strength [80] of a filter is classified in two ways, hot strength and cold strength. The 
cold strength of filters is important for handling and shipping purposes. It is important 
that pieces of the filters do not loosen and break off, as these may well end up in the 
casting. The filter must also have adequate strength to survive the closing of the mold. 
A filter must obviously have sufficient strength at molten metal temperatures, which is 
hot strength. 

All foundries are different and some may not be so sensitive to some parameters than 
others. However, foam filters can offer good filtration efficiency, but they may lack 
consistency and strength [80]. 
 

2.1.5.3 Effect of process parameters 
 
When a liquid suspension flows through a filter bed, the particulate matters deposit onto 
the surface of the grains of the filter medium. Such deposition is caused by various 
mechanisms, the four most important among them being diffusion, interception, gravity, 
and surface forces. Of these, diffusion dominates only for the submicron particles. Thus, 
for larger particles one can, by computational fluid dynamics, follow the particle 
trajectories to find what fraction of particulate matter is collected by the grains.  

The principal forces [41] on particles are  
i. The gravity (sedimentation) force 
ii. The viscous drag exerted by the fluid, or fluid friction, Fƒ: 

 
12f p sF R U                                                                                       (2.10) 

 
iii. Van der Waals forces 
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a. Reynolds number 
In a fluid, the Reynolds number is a dimensionless number that gives a measure of the 
ratio of inertial forces to viscous forces and quantifies the relative importance of these 
two types of forces for given flow conditions. For a particle and a cylinder, Rep and Rec 
are given by 2U Rp/  and 2U R/ , respectively. Tian et al. [59] proposes a Reynolds 
number of a filter, Ref, based on average web diameter of the filter, dw. 

 
Re /f wU d                                                                                                  (2.11) 

 
It may not be useful in describing the fluid flow inside a porous media. F.A. Acosta et 
al. [81] defines Ref with pore diameter dc and interstitial melt velocity (U / ). 

 

Re ( / ) /f cU d                                                                                                 (2.12) 

 
Note that dw and dc here can be slightly different. C. Tian [59] describes the filter in a 
terms of “short cylinders of various orientation” , Acosta et al.[81] as “the collection of 
cells”. 

Increase of the flow rate may lead to a decrease in filtration efficiency as shown in 
Figure 2.46. Around 90% and 60% to 20% filtration efficiency were observed at high 
and low speed respectively.  

 

b. The filtration efficiency 
The filtration efficiency is defined as follows: 
 

in out

in

c cE
c

                                                                                   (2.13) 

 
In the initial stage of filtration, the concentration profile throughout the filter can be 
described by an exponential law. Then, the initial filtration efficiency satisfies: 

 
0 01 exp( )E L                                                                                   (2.14) 

 
The filtration period where the filtration coefficient  remains constant is known as 
initial or short-term filtration, while the period where the accumulation of particles 
starts to play an effect on the value of the filtration coefficient is known as the aging or 
long-term filtration period.  
 

c. The relative size number 
The relative size number NR is defined as [82]: 
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/R pN R R                                                                                   (2.15) 
 

A relation between 0 and NR is shown in Figure 2.42. Whatever the value of NG, 
Riviere et al. [83] observe in Figure 2.42 that 0L (and thus removal efficiency) 
increases for larger values of NR. Larger values of NR mean either larger inclusion 
diameter or smaller filter arm size.  

Riviere et al. [83] used the filter cross section in the flow direction to create a numerical 
representation of a CFF. The flow rate is computed over the whole complex void space 
of the filter using the lattice-Boltzmann method. The trajectory analysis is derived by 
applying Newton’s second law to suspended inclusions in the fluid flow. 

The authors do not seem to take wall effects into account. Thus hydrodynamic effects 
such as lift forces are neglected. 
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Figure 2.42 Dependence of initial filter coefficient 0L on the relative size number NR 

[83] for neutrally buoyant inclusions 
See NG from Equ.(2.16). 

 
As expected, the probability of an inclusion following the fluid streamline hitting the 
filter surface increases with its size and with a finer filter. As a consequence, small 
inclusions (small NR) penetrate deeper into the filter as illustrated in Figure 2.43. 
Furthermore, inclusion collision zones are located along the preferential paths of melt 
streamlines. Finally, the maps of the initial capture probability density show that large 
inclusions are removed in the head region of the filter. This trend is observed in 
industry. 
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Figure 2.43 Maps of the initial capture probability density in a 50 ppi CFF for two 

values of the relative size number NR [83] 
The Reynolds number of the filter and the gravitational number are respectively equal to 4 and 
0.15. Grey zones represent the filter and the diameters of the black circles are proportional to 

the number of inclusions. 
 

d. The gravitational number 
The gravitational number NG is defined as [82] 
 

22 ( ) / 9G p p l sN R g U                                                            (2.16) 
 

So NG>0 when p > l, NG<0 when p < l, and NG=0 for neutrally buoyant inclusions. 

Numerical simulations have been performed with a gravitational number NG varying 
approximately between -0.5 and 0.5. The Reynolds number is U l/  for the filter and the 
relative size number are respectively fixed at 4 and at 0.17. It is not clear how l is 
defined. The predicted relation between 0L and NG is shown in Figure 2.44. 

When NG>0 (respectively NG <0), the direction of the sedimentation velocity is the 
same as (opposite to) the direction of the main flow. Hence, for inclusions heavier than 
the melt, NG >0 (respectively NG<0) corresponds to a downward (respectively upward) 
filtration. The larger the difference between inclusion and melt densities, the better the 
removal efficiency is. 

These findings may be illustrated by maps of the initial capture probability density for 
different values of the gravitational number (see Figure 2.45): 

 Inclusion capture sites are not only located in the preferential paths of the flow, 
since new capture sites, located in the stagnant zones of the fluid, have appeared. 

 If NG is negative, the capture sites are located on the "downstream face" of the 
obstacles.  
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Figure 2.44 Predicted dependence of initial filter coefficient on gravitational number 

[83]. NR is equal to 0.17. 
 

 
Figure 2.45 Maps of the initial capture probability density of a CFF of 50 ppi for 

three gravitational numbers NG [83] 
The Reynolds number of the filter, Ref  is equal to 4. Grey zones represent the filter and the 
diameters of the black circles diameter are proportional to the number of inclusion impacts. 
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For positive values of NG, the penetration depth of the inclusions decreases when NG 
increases. When NG increases, the contribution of sedimentation to the filter coefficient 
rapidly becomes predominant. The contribution of interception mechanism corresponds 
to the value of the filter coefficient when NG =0. 
 
e. Filtration time 

 
The nature of the filtration process may change with time, depending on the forces 
adhering particles to the filter materials [84]. Variations in filtration efficiencies with 
time were found in each case to be governed by the same major parameters. The 
filtration efficiency falls off over time and it is more obvious for the high flow rates in 
Figure 2.46. The filtration efficiency falls from 60% to 20% in 5000 min for high flow 
rate filtration. This may be due to release of inclusions during the process. 
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Figure 2.46 Variation in mean efficiency [41] 

 

f. The filtration coefficient 
The computed initial filtration coefficient decreased with melt velocity until reaching a 
minimum value at some critical melt velocity. At superficial velocities above this value, 
the filtration coefficient increases with the increase in melt velocity, as Figure 2.47. The 
critical velocity value depends on the particle size. For example for a particle size of 8 
and 50 m the critical values are around 3 and 13 mm/s respectively. The increment in 
the filtration coefficient is stated to be a consequence of the formation of a recirculatory 
flow pattern that pushes the particles toward the wall. Large particles are less sensitive 
to this recirculatory flow [81]. 
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Figure 2.47 Computed initial filtration coefficient and filtration efficiencies for 30 ppi 

foam filters as a function of the melt velocity for various particle sizes [81] 
 

In long-term filtration [85], the filtration coefficient depends not only on the particle 
size but also on concentration. For example, at a particle concentration of 1 ppm, the 
filtration coefficient for particles of 8 m decreased with time as a consequence of the 
perturbed velocity field. This perturbation resulted from the particle accumulation on 
the pore wall and acted on the particles by pushing them away from the wall. The 
computed trajectories for particles of 50 m diameter were practically not sensitive to 
the perturbed flow field obtained during the filtration of molten metal with a particle 
concentration of 1ppm. On the other hand, particle trajectory calculation of 10ppm and 
Reynolds number ((U / )dc/ ) of 32 indicated that the change of fluid velocity, 
produced by the already accumulated particles in the pores, increased the filtration 
coefficient and efficiency. This result is a consequence of the particle cake formed at the 
windows, which trapped more incoming particles and decreased the flow rate. However, 
at a flow rate with a Reynolds number of 64, a decrease was computed in this 
coefficient for both particles size 8 and 50 m. At this flow rate, the domain did not 
favour the trapping of more incoming particles and did not decrease the flow rate either. 
 

2.1.6 Removal of Impurity Elements from Aluminium in Filtration 
 
One kind of impurity element filtration device is a downstream multi-stage filter [86], 
which has a continuous taper. It allowed any size filter between 12 and 19 inches to be 
used. It also gave the option of changing the gap between the top and the bottom filter. 
For removing salts, the gap was filled with the salt adsorption media pellets-alpha 
alumina bonded with frit or gamma alumina with boron nitride. The salts are readily 
adsorbed by capillary action because they do wet with media. Casts with the media 
averaged 78% reduction while casts with conventional filters alone averaged 42% 
reduction of impurity element. In the experiments, salts were significantly reduced by 
the use of salt adsorption media. The addition of salt adsorption media to the dual stage 
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filtration system caused no operational problem in preheating, priming, running, or 
removing the filters. 

An “active” AlF3 filter unit for removing Na and Ca has been studied by Görner et al. 
[77, 78]. The amount of Na removal increased with increasing Na concentration at the 
inlet. Na removal was from 6% to 59% for the conventional Al2O3 reference filter and 
from 87.5% to 99% for the “active” filter. Ca removal was from 5% to 47% for the 
conventional filter and from 91% to 99% for the “active” filter. Removal efficiencies for 
Na and Ca by the AlF3 “active” filter as high as 98% have been achieved. Removal of 
Na by the AlF3“active” filter is large compared to the Ca removal. The explanation 
seems to be a difference in diffusion rates for Na and Ca away from the melt-filter 
interface and into the bulk filter grain. Whereas the Na compound was found throughout 
the bulk AlF3, Ca and its compound could be found only at and close to the surface of 
the filter grain with a steep gradient in concentration inwards. 

Na in Figure 2.48 is enriched throughout the bulk AlF3 and a layer covering the surface 
of the filter again. In this layer, Na has been found as elemental Na and as part of 
fluorine bearing compounds (NaF and NaAl). The flake-like Na spots throughout the 
bulk AlF3 and its surface belong to a (NaAlF) compound previously determined as 
Na5Al3F14 (chiolite).  

 

 
Figure 2.48 Electron probe mapping tracing Na over the cross section of an AlF3 

“active” filter grain removing Na and Ca 
 

Ca in Figure 2.49 could be detected only in a layer at the surface and in the bulk AlF3 
close to the surface of the “active” filter grain. There is a steep gradient in concentration 
of Ca down from the surface. The distribution pattern for Na in Figure 2.48 gives reason 
to expect that Na and/or its reaction products are transported away from the melt-filter 
interface much faster compared to Ca. 
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Figure 2.49 Electron prob mapping tracing Ca over the cross section of an AlF3 “active” 

filter grain [77]. 
 

2.1.7 Detection Methods of Inclusions in Aluminium 
 
Apart from mid and end-product performance results, there remain essentially three 
major approaches to measuring metal cleanliness [87]: 

 Chemical analysis 
 Metallographic Evaluation 
 Techniques based upon physical principles. 

 

2.1.7.1 Chemical method 
 
Attempts at direct wet chemical or instrumental analysis of inclusions in aluminium 
have met with very limited success. This is due, in large measure to the very low 
concentration of inclusions, their non-uniform distribution and to the fact that the 
measurement of the bulk concentration of an element or compounds reveals nothing 
about how it is distributed within the sample. For example, no correlation has been 
found between the oxygen concentration (determined by neutron activation analysis) 
and the inclusion level (2Rp>20 m) in the melt. Typical oxygen levels in aluminium 
range between 5 to 50 ppm with most of this present either in the surface oxide or in 
submicron sized films. 
Selective dissolution of the aluminium matrix followed by gravimetric determination of 
the residue has been reported. Result showed a wide degree of scatter in duplicate 
samples and no correlation was found between the mass of the residue and metal 
processing (filtration). Attempts at Alcan to analyze extraction residues by means of a 
counter gave no correlation between the results obtained and those provided by a 
metallographic technique. It was concluded that the artifacts generated in the dissolution 
steps completely overwhelm the actual inclusion concentration present in the metal. 
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2.1.7.2 Metallographic method 

 

PoDFA 
The most obvious method of assessing the inclusion content of aluminium is 
undoubtedly the direct examination of polished sections. However, as anyone who has 
ever examined a macro-section of a DC cast ingot can attest, some method of pre-
concentration is required in order to observe any significant number of inclusions within 
a reasonable area. 
Pre-concentration of inclusions by filtration has been reported by a number of authors. 
Figure 2.50 outlines the principle of the test of PoDFA (Porous Disc Filtration 
Apparatus). Metal with inclusions will be concentrated in a fine filter disk until a certain 
amount, e.g. 1.5 kg of metal has been filtered. The PoDFA samples containing the 
unfiltered part of the metal (about 5 mm) in contact with the filter were hot mounted in 
Bakelite and polished to a mirror-like finish. Using the grid method, the total inclusion 
area was obtained. This area was then divided by the mass of the metal that had passed 
through the filter (about 1.5 kg). The total inclusion concentration area per kilogram 
was calculated using the formula [14]: 

 

.[ ] nr

m

LA aT inclusion
M L

                                                                              (2.17) 

 
Where the inclusions were classified into two categories: 

1. Total inclusions that take into account all types of inclusions existing in the 
‘cake’ above the filter, and  

2. Harmful inclusions which are the sum of Al4C3 greater than 3 m, dispersed 
Al2O3, MgO, MgAl2O4, and potential chlorides (fine Al4C3 inclusions of 3 m or 
less and TiB2 have no harmful effect on the alloy mechanical properties). 

 

 
Figure 2.50 Principle of PoDFA [14] 
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By rigidly standardizing all aspects of materials and procedure it has been possible to 
reduce the variability of the results to the extent that the quantity (area) of residue 
present on the filter disc can be used to set release criteria for critical products [14]. The 
technique can also distinguish inclusions type and differentiate for instance between the 
level of borides, carbides and spinels present within an individual sample. This latter, 
qualitative, aspect of the technique has proved invaluable in establishing the cause of 
problems in unsatisfactory metal.  

Oxides (films or clusters) are the most influential parameter in determining the filtration 
time when using the PoDFA technique. However, during sampling, it is rather difficult 
to separate the individual effects of inclusions and oxides on the filtration time, and 
even more so if the molten metal is disturbed or not properly skimmed [88]. 
 

2.1.7.3 On-line/ physical methods 
 

LiMCA 
Although the PoDFA technique is a powerful tool in determining not only the inclusion 
densities but also the inclusions, the process is fairly demanding. Thus, an on-line 
measuring apparatus, e.g., LiMCA/ LiMCA II, may be recommended, especially in the 
preparation of critical components for aeronautical applications [88]. 

The LiMCA (Liquid Metal Cleanliness Analyzer) technique is based on the Electric 
Sensing Zone (ESZ) principle, in which a constant current is maintained between two 
electrodes that are separated physically by an electrically insulating sampling tube. A 
300 m orifice within the non-conductive tube wall allows molten aluminium to flow 
into, and out of, the tube in a cyclic manner. This cycling sequence is controlled 
pneumatically by a differential pressure control system. When a non-conductive particle 
passes through the 300 m orifice, the resistance within the ESZ rises, causing a voltage 
pulse. See Figure 2.51. 

 

 
Figure 2.51 LiMCA II [89] 
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Since every particle registers as a pulse when passing through the ESZ, and non-
conductive particles of the same size but of different type give rise to voltage pulses of 
the same magnitude, it has previously been impossible to discriminate between different 
types of inclusions within a melt. In the aluminium industry, degassing units generate 
micro bubbles and micro droplets of salt in molten aluminium. These relatively 
harmless micro-bubbles and micro-droplets interfere with the LiMCA probe and its 
inclusion counts. In order to attempt particle discrimination, the analogue LiMCA 
system was updated with Digital Signal Processing (DSP) technology to extract more 
information from particle signals besides pulse height. Using the McGill DSP system, 
each pulse was characterized by not only the peak height, but six other pulse parameters 
(start slope, end slope, time to maximum voltage, total signal duration, start time and 
end time). A previous study using an aqueous based ESZ system confirmed for the first 
time, both theoretically and experimentally, that inclusions of different density could be 
discriminated on the basis of differently shaped voltage transients generated during their 
passage through the electric sensing zone. The possibility of inclusion discrimination 
using DSP technology for molten aluminium remains to be addressed. 
 
 
Some measuring methods of metal cleanliness are compared in Table 2.4. Compared 
with other techniques, such as sedimentation, filtration and metallography, which 
require considerable amounts of labour and time, the LiMCA [90] method has the 
advantage of providing not only information on the volume concentration of inclusions, 
but also on the size distribution of inclusions immediately and quantitatively. 
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2.1.8 Summary  
 

1. Filtration provides an effective way to remove undesirable inclusions from molten 
aluminium. The reliability of the filtration system increases as we move to finer pore 
filters. The larger the inclusions, the higher the filtration efficiency. A deep filter 
allows recapture of released inclusions in the lower part of filter and improves the 
filtration efficiency.  

2. Filtration and bubble flotation are the most effective ways for removing inclusions 
in industry. Compared to bubble flotation, filtration has the advantages of less space, 
time, and capital requirements and gas pollution, but filtration has the disadvantages 
of aging and semi-continuous behaviour. 

3. It is hard to avoid re-entrainment (detaching) of inclusions from the filter. So the 
filter should wet the inclusions. Improvement of filter strength (or quality) should be 
one of the main parts of filtration research. 

4. A continuous and consistent pore size should be selected to achieve optimum 
processing conditions of filtration and treatment capacity.  

5. The capturing mechanism of inclusions is not clearly understood, and removal of 
liquid inclusions is difficult. Research on the filtration fundamentals concerning 
molten aluminium, filter body, and inclusions is required.  

6. Filters can be effective means to removal trace elements using coated/composite 
filter, but little work has been carried out. Removing inclusions and trace elements 
in the same filter is interesting.  

7. Filtration is not a real continuous process due to blocking and aging. To improve the 
effect of filtration, the multi-stage filter, reverse filter, and coated filter should be 
studied in future work. 

8. Improved in-line cleanliness measuring methods which can detect inclusions smaller 
than 15 m will become necessary for strict melt quality control. 

9. Most of the models regard the CFF as a net of tubes, spheres, or cells. However, 
CFFs are basically made from an organic foam net immersed into a slurry of 
ceramics. This net is dried, heated, and the organics are burned off leaving a sintered 
skeleton ceramic filter. In this Ph.D work, this skeleton is regarded as a collection of 
branches or cylinders. 
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2.2 Wetting of Aluminium on Ceramics 

2.2.1 Fundamentals of Wetting 
 
The wetting of a ceramic material by a metallic melt is of importance in many technical 
applications, such as in the preparation of composites and in the refining of metal. To 
improve understanding of aluminium filtration mechanisms, the main results concerning 
wettability of ceramic materials and aluminium are discussed and summarized in the 
present section.  

The work needed for reversible creation of additional surface of a liquid L in contact 
with a vapour V, identified by the term LV, was defined by Gibbs (1961) as: 
 

, ,( )
i

LV
LV T V n

F                                                                                                       (2.18) 

 
Similarly, the solid/ vapour surface energy can be defined by 
 

, ,( )
i

SV
SV T V n

F                                                                                                      (2.19) 

 
For a monoatomic solid, SV is proportional to the difference in potential energy 
between an atom on the surface and an atom in the bulk solid, which also gives the 
expression of the surface energy of a crystal. 
 

'

SV
H H                                                                                                   (2.20) 

 
For pure A or B, which can be either two solids, two liquids or a solid and a liquid that 
have a unit cross-sectional area, the quantity LV or SV defines the work of cohesion 
Wc of A (caused by the intermolecular attraction between like-molecules within a body 
or substance that acts to unite them), when surrounded by a vapour phase V. 
 

2A
c AVW                                                                                                               (2.21) 

 
The work of adhesion (attraction between unlike molecules) defined by Dupre (1869) is  
 

a AV BV ABW                                                                                                 (2.22) 
 
Consider a flat, un-deformable, perfectly smooth and chemically homogeneous solid 
surface in contact with a non-reactive liquid in the presence of a vapour phase. If the 
liquid does not completely cover the solid, the liquid surface will intersect the solid 
surface at a “contact angle” . Sometimes it is called wetting angle. Contact angle 
instead of wetting angle will be used in the current work. The equilibrium value of , 
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used to define the wetting behaviour of the liquid, obeys the classical equation of Young 
(1805):  
 

cos SV SL
Y

LV

                                                                                            (2.23) 

 
We have not taken into account the effect of the curvature of the aluminium droplet [94, 
95]. Normally, we agree that a contact angle less then 90o will identify a wetting liquid, 
while a greater value will identify a non-wetting liquid. Zero contact angle will be 
considered as perfect wetting. The Young’s equation is valid in the presence of a 
gravitational field for the configuration of a vertical plate, as indicated in Figure 2.52 
[96]. 
 

 
Figure 2.52 Meniscus rise on a vertical wall when < 90o (a) and depression when  

>90o (b) [96] 
 

2.2.2 Parameters Which Influence the Wetting 
 

a. Oxide film on aluminium drop 
The surface of liquid aluminium oxidizes easily. An oxygen potential lager than 10-49 
bar at 700 oC will promote the formation of an oxide film on liquid aluminium. The 
oxide film on an aluminium sample is always a problem in order to detect the real 
contact angle between aluminium and substrate. Removing the oxide film is one of the 
most serious issues in the contact angle measurement of aluminium.  

Total pressure has an impact on de-oxidation, i.e. 1 bar argon with very low oxygen 
partial pressure may also cause oxide film, since a high total pressure hinders the 
diffusion of the de-oxidation product from the oxide film, Al2O(g).  

De-oxidation and removal of oxide film will be discussed in Section 2.2.4.2. Vacuum 
conditions with very low oxygen partial pressure are recommended in the contact angle 
measurement of aluminium on ceramics. However, the use of high vacuum 
environments also enhances evaporation of the liquid aluminium and this can lead to 
anomalously low measured contact angles, from a to r, in Figure 2.53. The contact 
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angle after evaporation is reduced from a to r due to the reduced drop size. It seems 
that the base diameter does not change. The height of the sessile drop is reduced also. 

 

 
Figure 2.53 Schematic illustration of the effects of evaporation on parameters of a 

sessile drop 
An advancing contact angle a measured after spreading of the liquid on the solid is different 

from a receding contact angle r reached when the liquid retreats [96] 
 
This effect occurs quite frequently but the difference in the contact angle values usually 
lies within the range of measurement precision, unless the loss exceeds several percent. 
Such losses can occur when using volatile metals such as Mg or Zn or materials 
containing volatile components in sessile drop experiments. 
 

b. Roughness 
The roughness of solid surfaces affects wetting owing to two different effects: the first 
is the fact that the actual surface area is increased and the second is pinning of the triple 
line by sharp edges [96]. The surface roughness factor, R, was proposed by Wenzel [97] 
 

'cosR
cos

                                                                                                                  (2.24) 

 

c.  Mass  
In Equ.(2.25), a value of >2 is needed to obtain high accuracy measurements of LV 
[96].  
 

2

LV

b g                                                                                                                   (2.25) 

 
This requirement can be satisfied using a drop with a liquid drop mass md for surface 
energy measurement,  
 

1/2 3/2 3/2( / )( )d LVm v b g                                                                                     (2.26) 
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So the sessile drop mass should be larger then md and less then the designed maximum 
mass (or size) which fits the furnace.  
 

d. Temperature 
Better wetting with increased temperature appears to be a general rule in wetting. Rhee 
[97] proposed that a linear relation between cos  and T is applicable to many liquid 
metal/ceramic systems. 
 
cos 1 ( )csA BT B T T                                                                                   (2.27) 
 
Where A is constant, B is the slope of the line, and Tcs is defined as the critical 
temperature for spreading, i.e. the temperature at which  approaches zero. 
 
e.  Holding time 
De-oxidation of the oxide layer and evaporation of the liquid metal progresses with 
holding time. A decreasing contact angle will be detected with time. 
In non-reactive systems, the spreading rate of aluminium drop on substrates is 
controlled by viscous flow and can be described (for <60o) by a power function of drop 
base radius R versus time t [98], 
 

~nR t                                                                                                                 (2.28) 
 
For reactive systems [98] 
 

0 ~n nR R t                                                                                                     (2.29) 
 
f. Penetration of aluminium into the substrate 
When liquid penetrates into the substrate as indicated in Figure 2.54, the contact angle 
will be underestimated followed by sessile volume loss and spreading. Reactions at the 
interface are sometimes accompanied with penetration. 
 

 
Figure 2.54 Penetration behaviour 

 

g. “Different materials” 
Various names of the same compound are often given in the literature, such as single 
crystal SiC, reaction bonded SiC, sintered SiC and -Al2O3, -Al2O3, Single crystallized 
Al2O3, sapphire, single crystallized sapphire, indicating different post treatment, 
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crystallization (surface orientation), defects and so on. Since they have diverse chemical 
structures and bondings, the contact angles with aluminium differ from each other. 

The spreading process of aluminium on carbon will be strongly affected by atomic 
defects in carbon, which are much more numerous in vitreous carbon than in 
monocrystalline graphite or pyrocarbon in which the majority of graphitic hexagons are 
parallel to the substrate surface. Both the reaction and spreading kinetics on vitreous 
carbon are much faster than those on monocrystalline graphite and pyrocarbon [96].  

In both C and Si-terminated faces of SiC, strong bonds with aluminium were found, but 
with higher adhesion energy for Al/C-SiC than Al/Si-SiC. Moreover, the Al/C-SiC bond 
was found to be predominantly covalent, while the Al/Si-SiC bond was rather metallic 
[99]. 
 

h. 2.2.9 Ridge 
Ridges (see Figure 2.55), a few nanometers to several hundred nanometers in height 
[100] can form at the triple line in response to the vertical component of the surface 
tension in high-temperature systems. Ridges can largely slow or even stop spreading of 
the liquid. If the height of the ridge is small compared to the drop radius, the 
macroscopic contact angle, , still tends to match the one given by Young’s equation. 
For longer times and/or small drops, fully 2-D equilibrium can be achieved [101]. 
 

 
Figure 2.55 Schematic of ridge formed at the triple line [101] 

 

2.2.3 Surface Energies and Adsorption 

2.2.3.1 Surface energies  
 
The driving force in wetting is the surface energy. Surface energy (unit: J/m2) is also 
called surface tension or surface free energy with units J/m2 or J/m. In Figure 2.56, two 
phases 1 and 2 are separated by a membrance AB uniformly stretched and of 
infinitesimal thickness. Along an element d of the curve at a point C, there is a force 

d tangential to the interface.  is called the surface tension or the interfacial tension at 
the point C. The interface is in a state of uniform tension [102] in which  is 
perpendicular to the dividing line, has the same value irrespective of the direction of the 
line, and has the same value at all points of the interface. The force which minimizes the 
interface area between different phases is called surface tension in [102]. 
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Figure 2.56 Surface tension 

 

 
 

Figure 2.57 Experimental values of 
surface energy of liquid Cu-O mixtures as 

a function of partial pressure of oxygen 
PO2 or molar fraction of dissolved oxygen 

XO at 1108oC. 
Data from work reported in [96] 

Figure 2.58 Surface energies of 
solutions of O, S, Se and Te in liquid Fe at 

1600oC in [96] 
 

 
The surface tension of a pure metal generally decreases with temperature. The presence 
of a surface active species decreases it further, but less at higher temperatures [102]. 

The surface energies of metals can be decreased by oxygen, as illustrated in Figure 2.57. 
This impurity can come from within the bulk of the liquid, from the gaseous 
environment or from the solid substrate used in wetting experiments. Oxygen dissolved 
in bulk metal has a strong interaction with the metal accompanied by charge transfer 
from the metal to oxygen. These interactions create strong perturbations of the metallic 
bond adjacent to an oxygen atom. There is a marked tendency for oxygen to segregate 
to the free surface where the perturbation is partially relaxed. 

Figure 2.58 for the surface tension of Fe shows that O, S, Se and Te develop strong 
interactions with Fe and decrease their surface energies markedly.  
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Oxygen dissolved in liquid metals improves wetting even in concentrations as low as a 
few ppm or tens of ppm. To explain this effect, it was proposed that dissolved oxygen 
and metal atoms form clusters having a partially ionic character due to charge transfer 
from the metal to oxygen (Figure 2.59(a)). Such clusters can develop coulombic 
interactions with any ionic substrate and, for this reason, segregate to metal/oxide 
interfaces, thus improving wetting and thermodynamic adhesion. In Figure 2.59(a), the 
strong metal-oxide interaction results from partial rupture of the metallic bond in the 
cluster and its replacement by an ionic-type bonding. Formation of oxygen vacancies 
also can lead to a partial rupture of the ionic bond and it may be expected that some 
reduction in metal ions around a vacancy occur. In the diagram of Figure 2.59(b), the 
interface-active species is a cluster consisting of an oxygen vacancy surrounded by 
partially reduced metal ions. Segregation of such clusters to the oxide side of the 
interface ensures a gradual transition from oxidised metal atoms to metallic bonded 
atoms.  
 

 
Figure 2.59 (a) Adsorption of oxygen clusters from the bulk metal at the metal/oxide 

interface can occur when PO2 is high. (b) Adsorption of a cluster centered on an oxygen 
vacancy from the bulk oxide at the interface can occur when PO2 is low. 

 For the sake of simplicity, total oxidation (case a) or total reduction (case b) of metal 
around oxygen atoms (case a) or vacancies (case b) has been assumed [96]. 

 

2.2.3.2 Adsorption 
 
The basic mechanism of wetting is adsorption. Two types of adsorption behaviours 
should be distinguished, physical and chemical adsorption, in a liquid substrate system 
as sketched in Figure 2.60.  

In physical adsorption (a), there is no reconstruction of the interface, and the liquid 
atoms or solvent atoms in liquid merely sit on the top of the substrate surface without 
displacing any underlying atom. The subsequent atoms from liquid sit on the previous 
monolayer due to the large affinity between like atoms. The attachment of aluminium 
on alumina substrate is according to this mechanism. 

In physical adsorption (b), the liquid atoms or solvent atoms in liquid penetrate into the 
substrate until saturation, which will break the original atom bonding in substrate, but 
no displacement of substrate atoms takes place. The sessile volume of the liquid 
decreases with time due to the penetration. The liquid metal penetrates into the graphite 
before a chemical reaction happens. 
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In the (c) type of adsorption behaviour, sometimes called chemisorption, the liquid 
atoms or solvent atoms in liquid immerse into the substrate and realign with substrate 
atoms until saturation. In the chemisorption, a new atom bonding between new atom 
and substrate atom will be formed. The sessile volume of liquid decreases with time due 
to the penetration. Wettability depends on the new substrate and liquid. The interface 
monolayer is composed of both atoms from the liquid and the substrate. Better wetting 
is due to formation of the interface with the very large affinity between the atoms. A 
typical example is the Al-C system. Al4C3 is formed on the interface, which contributes 
to the better wetting. 

Most chemical reactions (or adsorptions) involve the transfer of mass across an interface 
and the composition of that interface often has a determining role in controlling the 
kinetics of these reactions. The composition of grain boundaries, of metal-ceramic joints 
and of other composite interfaces may also have a strong effect on the mechanical 
properties of these systems [102]. The Gibbs adsorption equation is 
 

1

m

i i
i

Sd dT du
s

                                                                                          (2.30) 

 

 
 

Figure 2.60 Adsorption behaviours at atomic scale 
Physical adsorption: (a) Atoms absorbed merely sit on the top of the substrate surface. (b) 

Atoms absorbed penetrate into the substrate; Chemical adsorption: (c) Atoms absorbed and 
substrate atoms rearranged (the position or arrangement can be changed). ABAB type 

realignment is shown here. 
 
The chemical bonding developed between aluminium and Al2O3 at the interface 
explains why the experimental work of adhesion for this metal (~900 mJ/m2) deviates 
strongly from the corresponding Van der Waals value, 300 mJ/m2, taken from the 
straight line of Figure 2.61.  

The ease with which inclusions can attach themselves to the substrate depends on 
interface structure. We can imagine two different types of interface structures, as 
sketched in Figure 2.62. In the first, inclusion transfers from the liquid to solid takes 
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place over an uneven layer which comprises a diffuse interface, as Figure 2.62(a). It can 
form due to attachment of inclusions. In Figure 2.62 (b), it will be relatively hard to 
attach the first inclusion on a flat interface. But the capture becomes easier after that and 
the diffuse interface develops. We expect diffuse interfaces to adsorb more easily than 
flat interfaces. 
 

 
Figure 2.61 Experimental values of the work of adhesion versus the liquid surface 

energies for molten aluminium and Si on monocrystalline Al2O3. These values exceed 
significantly the values of the straight line for van der Waals bonded systems [96]. 

Van der Waals forces include attractions between atoms, molecules, and surfaces. They differ 
from covalent and ionic bonding in that they are caused by correlations in the fluctuating 

polarizations of nearby particles (a consequence of quantum dynamics). Van der Waals forces 
are relatively weak compared to normal chemical bonds. 

 

 
Figure 2.62 Adsorption behaviours at microscale 

(a) Diffuse interface; (b) Flat interface. 
 

2.2.4 Wetting Properties with Elements in Aluminium 

2.2.4.1 Alloying elements 
 
Wetting of aluminium alloys with ceramics has practical importance. Wide ranges of 
aluminium alloys are produced. Wetting of aluminium alloy with SiC has been 
investigated in [103]. A decreased contact angle with addition of Pb, Mg, Ca to pure 
aluminium has been measured. The Mg reacts with Al2O3 to form MgAl2O4 spinel at the 
interface, reducing SL and LV, due to the reactions, 
 

a b
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2 33 ( ) ( ) ( ) 2 ( )Mg l Al O s MgO s Al l                                                                (2.31) 

2 3 2 43 ( ) 4 ( ) 3 ( ) 2 ( )Mg l Al O s MgAl O s Al l                                                           (2.32) 
 
which will rapidly change the oxide film. The same mechanism was elucidated for 
alloying elements Ca and Li [104]. But wetting is not significantly affected by Si 
addition [105, 106]. The progressive decrease in the contact angle with time is controlled 
by the dissolution of solid SiC in liquid aluminium and Al-Si alloy [104]. A reduction 
of contact angle of aluminium with ceramics has been achieved by adding Ti [104] and 
Cu [107]. The beneficial effect of Ti on wetting is believed to be due to its chemical 
reactivity with ceramic surfaces, producing a new phase of metallic oxide TiO, giving 
rise to a change in the chemistry of the metal ceramic interface. 
 

2.2.4.2 Effect of oxygen 
 
Since oxygen clusters cause a major perturbation of the structure and energy of the bulk 
metal, they are expected to segregate at two dimentional defects such as surfaces and 
interfaces, where the perturbation can be partially relaxed. This may explain the strong 
tendency for oxygen adsorption at both solid metal/vapour and liquid metal/vapour 
surfaces caused by the decrease in the surface energies. The adsorption energy at the 
metal/oxide interface i.e., the change in energy of the system when an oxygen atom 
segregates at the interface from the bulk, will be even higher in absolute value due to 
the ionic interactions between the clusters and the oxide surface (Figure 2.59a). Thus, 
the reduction of LV due to oxygen adsorption will be lower than the reduction of SL , 
resulting in an increase of the work of adhesion, Wa= SV+ LV- SL, and a decrease of 
, since cos =(Wa/ LV)-1 [96].  

 

a. Oxygen content in Al 
The surface tension of the aluminium has been reported in two groups [108]: oxygen 
saturated aluminium and ‘pure aluminium’, i.e. with zero oxygen content. Low oxygen 
contents can be obtained at higher temperatures owing to the formation of Al2O(g) in 
reaction(2.42). Surface tension of the pure aluminium is appreciably higher than value 
for oxygen saturated aluminium [108]. Oxygen saturation of aluminium is considered to 
be the case in this work due to the low solubility of oxygen, around 1.43×10-4 at.% at 
700oC [109]. 

 

b. Oxide films on Al 
The surface of an aluminium sample oxidizes easily. On exposure to air an oxide 
coating about 20 Å thick forms immediately and increases to about 90 Å after a month 
[110]. The liquid aluminium covered by a film of Al2O3 results in an apparent contact 
angle of ~150º at 1000ºC in 1 atm Ar and 10-17 oxygen partial pressure [111]. A solid 
membrane of Al2O3 (melting point of 2072oC) acts as a bag and holds the liquid 
aluminium inside at the experimental temperature, giving a larger apparent contact 
angle. 
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Based on the ease of oxidation of aluminium it seems that the large discrepancies in 
contact angle measurements can be explained by the oxide film present on the liquid Al. 
The large variations observed for the contact angle may be caused by differences in the 
thickness of the initial oxide layer, holding times and above all differences in the 
ambient oxygen potential, whether in vacuum or in an inert atmosphere. It is therefore 
important to de-oxidize the aluminium before measuring the contact angle. Laurent et 
al. [39] propose that the de-oxidation of the oxide layer progresses in 3 stages, see 
Figure 2.63.  
 

 
Figure 2.63 The de-oxidation of the oxide layer [39] 

 

Stage.I: At the start, the de-oxidation process is based on the dissociative gasification of 
the alumina shell, reactions(2.37)-(2.42). When the oxygen partial pressure in the 
furnace is 10-5-10-15 Pa (estimated vacuum ability of the sessile drop furnace), it is 
impossible to de-oxidize by dissociative gasification due to the extremely low 
equilibrium pressure of vapour species (See Figure 2.64). 

Stage.II: As the gasification proceeds or if the oxide film is disrupted, the oxide layer is 
no longer a complete barrier between the aluminium metal and the gas phase, and then 
reaction(2.42) can take place. The sudden expansion of the aluminium drop by fast 
heating can cause cracks which increase the possibility that stage II occurs.  

Stage.III: A completely de-oxidized drop of aluminium is in equilibrium with oxygen as 
follows:  
 

2 22 ( )  1/ 2    ( ) Al l O Al O g                                                                              (2.33) 
 
The real contact angle between aluminium and substrate can be determined in stage III 
and at the end of stage II. The de-oxidation time td for a monolayer of oxide is given by 
[39] 
 

1
( )d ev i

m O O

t                                                                                            (2.34) 

 
m denotes the molar surface area of the oxide. o

ev, the flow of oxygen resulting from 
all evaporation process is given by [39] 
 

2 2

2

1/2(2 )

eq
Al O Al Oev

O
Al O liq

P
m kT

                                                                                         (2.35) 

Stage.I Stage.II Stage.III 
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o
i , the impinging flow of oxygen is given by [39] 

 

2

2

1/ 2

2
(2 )

w
Oi

O
O w

P
m kT

                                                                                        (2.36) 
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Figure 2.64 Al2O3 gasification and corresponding equilibrium pressure of vapour 

species: a) PO2=10-5Pa; b) PO2=10-15Pa.  
Calculated by HSC 7.1 from Outotec 
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2 3 2 2( ) ( )Al O Al O g O g                                                                                            (2.37) 

2 3 22 ( ) 1/ 2 ( )Al O AlO g O g                                                                                     (2.38) 

2 3 22 ( ) 3 / 2 ( )Al O Al g O g                                                                                     (2.39) 

2 3 2 2 2( ) 1/ 2 ( )Al O Al O g O g                                                                                     (2.40) 

21/ 2 ( ) ( )O g O g                                                                                                        (2.41) 

2 3 24 ( ) 3 ( )Al l Al O Al O g                                                                                     (2.42) 
 
The equilibrium partial pressure of Al2O(g), derived from reaction(2.42), plotted as a 
function of temperature is shown in Figure 2.65 [96]. For a given value of the partial 
pressure of oxygen in the furnace, there is a threshold temperature, T*, below which the 
oxide film thickens and above which it is eroded. Time td with temperature is shown in 
Figure 2.66 with unknown oxygen partial pressure and thickness of the oxide layer [39]. 
td sharply decreases with temperature to seconds at 1200K according to reaction(2.42). 
This can explain that the results obtained by the different authors become similar at 
higher temperature, as in Figure 2.67. 
 

Figure 2.65 Equilibrium partial pressure 
of Al2O, derived from reaction(2.42), 

plotted as a function of temperature [96]. 

Figure 2.66 td at various temperatures  
The error bars are due to the uncertainty 

of the Gibbs energy of reaction(2.42) [39]. 
 

2.2.5 Wettability of Al-ceramic Systems 
 
In many systems of aluminium and ceramics, the wetting of liquid aluminium on 
ceramic substrates is accompanied by reactions on interfaces. In this work, reactive 
systems of aluminium with SiC and graphite will be discussed as possible filter material 
choices. The Al-Al2O3 system is investigated as a non-reactive system, although it can 
be seen as a reactive system in [96] as (0001) faces of Al2O3 are known to lose oxygen, 
which leads to a two dimensional reconstruction of the surfaces in high vacuum at high 
temperature (approximately 1200oC). As discussed in Section 2.2.3.2, the common rule 
for ceramics is that reactive systems are more wettable than non-reactive systems. 
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2.2.5.1 Al-Al2O3 system 
 
Understanding the wetting behaviour of aluminium on ceramics is crucial for metal-
ceramic production of composites. The wettability of aluminium on ceramics also plays 
an important role in aluminium filtration. Alumina is the most common filter material 
and is one of the most typical inclusions. Contact angles between alumina and molten 
aluminium are used to characterize wetting. The wettability between aluminium and 
alumina contributes to describe how the metal and alumina inclusions or metal and 
alumina filter material interact.  
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[12, 39, 112-120] measured the wettability between molten aluminium and solid 
alumina. Table 2.5 summarizes the measurements available in the literature. There is 
considerable spread in the experimental results. Therefore, we have attempted to 
examine the contact angle under high vacuum conditions where the oxide film on 
aluminium is eliminated. 

All the experiments in Table I were performed under vacuum (10-9-10-7 bar), except 
those of John and Hausner [112], who measured the contact angle under argon 
atmosphere with 10-49 bar oxygen partial pressure. Naidich et al. [115] reported their 
experimental results but did not mention the vacuum conditions. Even though the 
contact angles tend to decrease with the increase of temperature, the results are scattered 
(Figure 2.67). For example, contact angles at 700ºC measured by different authors were 
in the range of 88o to 167º. The scatter may be caused mainly by variations in the 
specimens (different purity, pre-treatment, crystallization, surface orientation, etc.) used 
in measurements and dissimilar experimental conditions (vacuum, oxygen potential, and 
the material in furnace tube), as listed in Table 2.5. The high vacuum work tends to give 
low contact angles as indicated by the solid dots for below 10-9 bar vacuum in Figure 
2.67. In our experience, an aluminium sessile drop is always covered by an oxide layer 
when 1 bar argon with 10-22 to 10-21 bar oxygen partial pressure is employed. This leads 
to the anomalous high contact angle. For instance, a contact angle of 150o was measured 
at 1000oC for the Al-Al2O3 system in our early experimental work [111].  
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Figure 2.67 Contact angle of Al on Al2O3 as function of temperature reported in [12, 

39, 112-120] 
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2.2.5.2 Al-graphite system 
 
In the last decades, several studies had been devoted to the wetting behaviour of the Al-
graphite system [121-123]. Single crystal graphite, SU-2000 vitreous carbon, and 
pyrographite all had contact angles around 100o at 700-900oC [115]. The wetting of the 
Al-graphite materials was found to depend particularly strongly on temperature. 

As a reactive wetting system, it was agreed that 1) the final or steady contact angle is 
equal or very close to the equilibrium contact angle of the liquid on the reaction product 
Al4C3 [121]; Tomsia et al. [6] found that the wetting behaviour of the reaction product is 
governed by the formation of adsorption layers at the interface, rather than by the 
subsequent nucleation and growth of the reaction product; 2) wettability would not be 
improved by the chemical reaction itself. The interatomic force is not correlated to the 
Gibbs free energy as an exchange of atoms is involved in a chemical reaction [122]. The 
Al-graphite system has the peculiarity that 1) the final contact angle, 2 on reaction 
product Al4C3 is much lower than the initial contact angle, 0 on the original substrate 
graphite; and 2) reaction product Al4C3 crystals are brittle and highly sensitive to 
moisture. Inclusions of this type will promote accelerated fatigue crack growth rates in 
aluminium due to their hydrophilic nature [123].  

The solubility of graphite in molten aluminium is only a few ppm at 900oC and 30ppm 
at 1000oC [107]. At temperatures higher than the melting point of aluminium, 
aluminium reacts with graphite to form Al4C3 as indicated in Figure 2.68.  

N. Eustathopoulos [98] pointed out that the rate of spreading is controlled by the rate of 
the chemical reaction at the solid/liquid/vapour triple line after the drop de-oxidation. 
The good wetting of aluminium on Al4C3 is attributed to the high adhesion energy of 
aluminium on Al4C3 since aluminium has a low sp-orbital capable of forming covalent 
bonds.  
 

 
Figure 2.68 Micrograph taken from above of an Al/vitreous carbon sample cooled 

from 827 oC, which show an Al4C3 layer close to the triple line [1] 
 

2.2.5.3 Al-SiC system 
 
The properties of the Al-SiC interface are of basic concern in aluminium filtration with 
SiC filter materials. Wettabilities between molten aluminium and single crystal SiC 
[124], reaction bonded SiC [125] and sintered SiC [125, 126] reported in the literature 
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are summarized in Table 2.6. The wettability may change with ‘different materials’, for 
example, due to the various preparation processes and the various sintering aids for SiC. 
Figure 2.69 plots the results in Table 2.6. Aluminium has a decreasing contact angle on 
SiC with increasing temperature. Reaction bonded SiC has better wettability with 
aluminium than single crystal SiC and sintered SiC. For example reaction bonded SiC, 
single crystal SiC, and sintered SiC have contact angles of 41o, 60o, and 107o 
respectively at 830oC as shown in Figure 2.69. 
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Figure 2.69 The equilibrium contact angles vs. temperature for Al on SiC from the 

literature [103, 105, 124-127] 
SSiC- sintered SiC; RBSiC- reaction bonded SiC; SCSiC- single crystal SiC 
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SiC with silica layer
 
In aluminium filtration, filters are primed to allow metal to flow through the filter 
without freezing. The SiC filter will be oxidized, during pre-heating. This oxidation 
may affect the wetting behaviour. The oxidation of SiC is very slow at room 
temperature [128], but SiC will react with air to form a silica-rich surface layer at 
temperatures above 700oC. SiC oxidation is controlled by the diffusion of oxygen 
molecules/ions through the thin oxide film [129]. The oxidation behaviour of SiC is also 
influenced by factors such as moisture, SiC particle size, and metal impurities[129]. 
Laurent et al.[127] found that silica acts as an oxygen donor to extend the life time of 
the Alumina layer on an aluminium drop:  
 

2 2 33 4 ( ) 2 3SiO Al l Al O Si                                                                             (2.43) 
 
However, this reaction does not improve the wetting of aluminium on SiC. See the 
circle marker (90o) at 800 oC in Figure 2.69, which is greater than the 76o for the non-
oxidized SiC by the same author at 700oC. The silica layer is changed to alumina and 
the equilibrium contact angle becomes the same as aluminium on alumina. With time in 
high vacuum, a thin initial layer of silica can removed according to reaction(2.43) and 
(2.42), successively. 

Aluminium is then in direct contact with SiC. The silica here delays the direct contact 
between aluminium and SiC [127]. 
 
Al alloys
 
Addition of Mg, Ca, Ti and Pb to pure aluminium enhances the wetting of Al-SiC [103, 
106]. For example, the addition of 5wt% Mg in aluminium results in wetting of SiC 
( <90o) at 700-960oC [125]. This is due to the fact that Mg reacts with Al2O3 and 
consumes the oxide layer on the interface between aluminium and SiC. The evaporation 
of Mg (Tm=650oC) and Pb (Tm=372oC) in vacuum may also lead to decrease of the 
measured contact angle. The addition of Si to pure aluminium has little influence on the 
wetting of Al-SiC system.  
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Figure 2.70 The Al rich corner in the Al-C-Si phase diagram [130] 

 
A phase diagram of the Al-Si-C system is given in Figure 2.70. At 650oC (923K), the 
following ternary quasi-peritectic reaction [105] occurs isothermally: 

 
4 33 4 ( ) 3SiC Al l Al C Si                                                                              (2.44) 

 
The addition of Si to aluminium prevents formation of Al4C3, but does not affect 
wettability between SiC and aluminium [104, 105]. The free Si in reaction bonded SiC 
also prevents formation of Al4C3 [131] and is reported to be effective in promoting 
wetting by liquid aluminium in the temperature range 700-1040oC [125]. This may be 
due to the additional Si-Al bond on the Al-SiC interface and that aluminium penetrates 
into the SiC along the intergranular free Si resulting from the reaction bonding process 
in the extensive reaction zone [132]. 
 

2.2.5.4 Other systems 
 
AlF3 has been shown to be an effective material to remove alkali metals, such as Na and 
Ca [77, 78]. Previous work [111] shows that the contact angle of liquid aluminium with 
an oxide layer on AlF3 tablet (made from AlF3 powder) at 1000oC is around 150o. 

The wettability of the Al-TiB2 system has been systematically investigated in Katrin 
Nord-Varhaug’s thesis [133].  

The oxidation rate of TiB2 is low at temperatures below 500oC. A B2O3 layer that forms 
at low temperatures will protect the surface against further oxidation. At higher 
temperature, in the range 500-1000oC, other oxides will form such as Al2O3 and Al-B 
and Al-Ti products [133]. 
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Figure 2.71 Contact angle of Al-TiB2 system at various ambient atmospheres 

Data from [133] 
 

The high contact angle in the lower temperature range is typical of the sessile drop 
covered by a thin Al2O3 film inhibiting a real contact between the liquid and the 
substrate. The contact angle measured for Al-TiB2 system in Figure 2.71 is similar to 
that measured for Al-Al2O3 system in Figure 2.67 at casting temperature around 700oC.  

Particles of AlB2 formed at the interface of Al-TiB2, B2O3 on the surface of TiB2, or BN 
particles present in the triple point junctions of TiB2 might be the reason for the good 
wetting in the reactive system Al-TiB2. However, AlB2 particles may have nucleated 
and grown at the TiB2 surface during cool-down after the sessile drop experiments 
[133]. 

The contact angle of aluminium on various ceramics is given in Table 2.7. The ceramics 
are probably covered by an oxide film. Rhee, S.K. [134] believes that the wettability 
increases as AlN<TiB2<TiN<TiC. Yu. V. Naidich [115] gave the contact angles of CaF2 
and SiO2 at 700oC as around 130o and around 80o. Possible interface reactions are: 
 

2 33 2 2 3CaF Al AlF Ca                                                                                    (2.45) 

2 2 33 4 2 3SiO Al Al O Si                                                                                    (2.46) 
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Table 2.7 Wettability of ceramic materials and Al [104] 
Contact angle [o] Substrate 

700 oC 1100 oC 
Reference 

AlN 160 50 Ref.56 in [104] 
BN 160 29 Ref.56 in [104] 
C 145 57 Ref.57 in [104] 

SiC 160 43 Ref.58 in [104] 
Si3N4 160 60 Ref.56 in [104] 
SiO2 150 50 Ref.59 in [104] 
UO2 146 50 Ref.55 in [104] 
ZrO2 150 87 Ref.60 in [104] 

 

2.2.6 Discussion 
 
When discussing wettability in filtration, the presence of an oxide film on interface of 
Al-ceramic should be considered first. There may be two situations: 
 

a. Oxide film on the interface 
The contact angles have been measured in the literature with high vacuum and a long 
enough holding time to remove the oxide films. However, refining of aluminium 
through filtration is mainly carried out in 1 bar atmosphere, when the liquid aluminium 
is definitely covered with oxide films. Moreover, growth of oxide films would be 
certain with 2×104 Pa O2 (1 bar atmosphere). Before filtration, priming (preheating of 
filter or filter bowl to avoid the blockage) is performed until the temperature of filter is 
sufficiently high. When the liquid aluminium flows into the filter, aluminium will be 
oxidized by the air in the filter box and oxide film will be captured by the filter. Thus, 
liquid aluminium contacts the interface with oxide film, not the ceramic itself. Hongjun 
Ni [68] suggests that a layer of oxide film exists between the melt and filter framework 
in the CFF. When the first stream of melt comes into the CFF, oxidation becomes more 
serious due to the large inner surface area of CFF. Thus, wettability of aluminium with 
oxide film and substrate is important in filtration. At 700oC, the contact angle values are 
~150o and roughly independent of the nature of the substrates [104, 111]. 

Other metallic elements, such as Pb, Mg, Ca, Ti, Li and other interfacially active 
elements may give better wetting. Applying a thin metal film on the ceramic substrate 
surfaces, such as Ni and Ti, and Au and Cu, as well as a thin layer of metallic refractory 
compounds like TiB2 and TiN [135], which can dissolve in liquid Al, was found to 
improve the low temperature wettability. The presence of a thin carbon layer, which 
reacts with aluminium to produce a carbide at the interface, was also found to give a 
considerable improvement of wettability[104].  

A filter coated with a composite flux (containing 45%NaCl, 45%KCl and 5%LaF3) 
layer was found to capture more inclusions in the filter [68]. 
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b. No oxide film on the interface 
At the beginning, when liquid aluminium flows into a hot filter after priming, an 
expansion of the liquid aluminium surface with oxide films occurs close to the 
interfaces. The dross in the launder before the filter is experienced as Al2O3 inclusions 
by the filter. Contact angles are roughly ~80o for the Al-Al2O3 system at ~800oC, a 
stable angle ~70o of Al-graphite [1] system (or Al-Al4C3) at ~800oC, and ~100o for the 
Al-SiC system at 700oC [105]. The wettability by liquid aluminium increases in the 
sequence of AlN<TiB2<TiN<TiC [134]. Reactive systems are more wettable than non-
reactive system is the common rule for ceramics. 

 

The most probable situation in filtration is that the liquid Al-ceramic interface starts 
covered with oxide films, the metal penetrates the oxide film, and finally complete 
contact of aluminium with ceramics is attained. 

An important point that has to be considered in filtration is whether the wetting or non-
wetting with ceramics is an advantage for inclusion removal. This will be treated further 
in a final discussion section. The liquid aluminium comes into contact with ceramics, 
whether aluminium wets the ceramics or not. Capture of inclusions is determined by 1) 
wetting between inclusions and melt; 2) attraction between inclusions and filter 
(ceramics/oxide film); and 3) wetting between filter and melt. 

Thus wettability of inclusion-metal (S-L) and metal-ceramic (L-S) should be considered 
in filtration. Of course, attraction between inclusion and ceramic is needed for removal 
of the inclusion. To improve the capture force of inclusions on the filter wal, flux 
coating on the filter wall which wets inclusions will be a good idea. The inclusions in 
aluminium are Al2O3 and Al4C3, MgO, MgAl2O4, SiO2, SiC, AlN, TiB2, and AlB2. 
Sometimes, the inclusion and the filter materials have the same composition, such as 
Al2O3 and SiC inclusion/filter. The affinity of the same material may promote attraction 
between inclusion and filter wall.  

Carbon filters have been industrialized as petrol coke filter- DUFI during 1970-1985, 
known for removing hydrogen, alkaline metals and non-metallic inclusions in plants 
operated by the ALUSUISEE Group and elsewhere [136]. However, it is not in use 
now. The reason might be the Al4C3 produced on the carbon surface. In the filtration of 
aluminium, inclusions such as Al3C4 formed in the hall electrolysis must be removed. 
Thus it is crucial to investigate the wetting behaviour of the Al-graphite system. 

Further study should be performed on alternative filter materials, such as SiC, TiB2, 
AlF3, AlN, BN, Si3N4, SiO2, ZrO2, TiN, TiC and CaF2. 

Contact angles decrease with time in ceramic-Al systems. Reactions, spreading of 
aluminium, and de-oxidation of oxide films are responsible for this phenomena. During 
several hours of casting, the wettability between aluminium and a filter should improve. 

Wettability of aluminium alloy- ceramic systems is of practical importance for a large 
range of aluminium alloys in filtration. Aluminium alloy containing an active element 
has better wetting than pure aluminium. Loss of alloying elements in filtration, such as 
Mg in Al2O3 filter, should be considered. The contact angle reduction should be taken 
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into account when using the sessile drop technique for alloys with volatile elements 
such as Mg. 

The sessile drop technique as the most common method to measure wettability has 
developed rapidly during past few decades. The de-oxidation mechanism of Al2O3 film 
on aluminium drop is well known for reaction(2.42). This reaction is controlled by the 
removal of volatile compound Al2O and becomes more noticeable when the temperature 
is increased. Reaction(2.42) can take place not only on the interface of liquid aluminium 
and oxide film, but also on Al2O3 substrate or surroundings. Therefore an Al2O3 
chamber is not recommended, but a graphite chamber will be a good choice due to the 
reaction:  
 

2 ( ) 2 ( ) ( )Al O g C Al g CO g                                                                               (2.47) 
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Chapter 3 WETTING EXPERIMENTS 
 
The wettability given by the contact angle of pure aluminium on filter materials and on 
inclusions is believed to be an important factor affecting the filtration of aluminium. 
The contact angle of molten aluminium on alumina, SiC, and graphite has been 
measured in the temperature range of 1000-1300ºC. To determine the wetting behaviour 
of the Al-ceramic system at the lower temperatures employed in filtration, a semi-
empirical calculation is used. 
 

3.1 Experimental Equipment and Procedure 
 
The contact angle of liquid aluminium on the substrate was measured using the sessile 
drop technique. There are two sessile drop techniques reported in the literature. The first 
one uses contact heating — the metal and substrate are heated in contact, and de-
oxidation of the drop is attained by evaporation of the oxide layer; The second one 
applies capillary purification — the molten metal is dropped onto the substrate by 
extrusion through a graphite capillary which breaks the superficial oxide layer [137]. 
The contact heating method is applied in this thesis.  
 

 
Figure 3.1 Schematic of the wetting furnace 

 

The experimental apparatus is shown schematically in Figure 3.1. The apparatus 
essentially consists of a horizontal graphite heater surrounded by graphite radiation 
shields, located in a water-cooled vacuum chamber. The chamber was fitted with 
windows to allow a digital video camera (Sony XCD-SX910CR, Sony Corporation, 
Millersville, MD) to record the shape of the droplet. The maximum temperature of the 
furnace is 2400°C, and it is controlled by a pyrometer focused on the graphite sample 
holder. The contact angles and linear dimensions of the images were measured directly 
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from the image of the drop using Video Drop Shape Analysis software (First Ten 
Angstroms, Inc., Portsmouth, VA) [111]. We assume symmetry of the drop. This 
assumption was proved valid as no asymmetry was observed during the experiments. 

During the preliminary experiments, argon gas was flushed through the apparatus with a 
flow rate 500ml/min. Argon gas was cleaned with an all-pure gas purifier from Alltech1, 
followed by Mg turnings at 450oC. Inside the vacuum chamber there was also a small 
oxygen getter furnace which contained Ti sponge at 650oC. The oxygen potential in the 
gas outlet from the furnace was measured with a Rapidox 21002. When the oxygen 
potential was below 10-21 bar, the sample was quickly heated to 950oC in approximately 
80s, then heated to 1000, 1100, 1200, 1300, and 1400oC at a heating rate of 50oC/min 
(See Figure 3.2). Although the furnace temperature overshoots to 1100oC at the first 
80s, this has little affect on the wettability measurements at a lower temperature such as 
1000oC, since the oxide skin holds the liquid metal at the beginning. In all of the 
experiments, the contact angle and dimensions of the drop were recorded during the 
isothermal period at 1000, 1100, 1200, 1300, and 1400oC. Time = 0 was taken to be the 
beginning of the isothermal period. 
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Figure 3.2 Example of the registered temperature for the experiment holding the 

sample at 1200 oC 
 
The experiments were carried out with the substrate 99.7% pure alumina, graphite (ISO-
88), and 98.9% single crystal SiC (Washington Mills, Norway) with 99.999% pure 
aluminium. The SiC single crystal was cut and ground with 1200 mesh diamond paper 
to get a flat surface, then dried in a closed furnace at 100oC. The average roughness of 
ground SiC, ISO-88 graphite (as received), and Al2O3 (as received) was 51.25nm, 

                                                 
1 Alltech is the trade mark of Alltech Associated, Inc., 2051 Waukegan Road, Deerfield, Illinois 

60015-1899, USA. 
2 Rapidox 2100 is a zirconia oxygen gas analyser from Cambridge Sensotec Limited, 31 Elizabeth 

Court, St Ives, CAMBS, PE27 5BQ, England. 
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179.76nm, and 393.13nm respectively. The average roughness is given by the 
arithmetic average of the absolute values in Figure 3.3. The roughness profiles were 
obtained by the Infinite Focus IFM G43. The aluminium rod with a diameter of 2 mm 
was cut into small pieces around 2 mm in length, then polished by 500 mesh sandpaper 
and cleaned with ethanol in order to prevent subsequent oxidation.  
 

 

 

 
Figure 3.3 The roughness profile of the substrates 

 

3.2 Removal of Aluminium Oxide Skin 
 
The wettability of aluminium on solid substrates depends strongly on the experimental 
conditions, particularly the atmosphere. A high vacuum environment will promote 
aluminium evaporation and results in low contact angles, as illustrated in Figure 2.53. 
To evaluate the influence of the atmosphere on the contact angle of the Al-ceramic 
system, preliminary experiments were carried out. The samples were held 60 minutes at 
1200oC and 1400oC under the 10-8 bar vacuum and 1 bar argon with 10-22-10-21 bar 
oxygen partial pressure, respectively. The results are shown in Figure 3.4. 

The contact angles obtained in an argon atmosphere were higher than those determined 
under vacuum conditions. As shown in Figure 3.4, at 1200ºC the apparent contact angle 
                                                 

3 Infinite Focus IFM G4 is an optical coordinate system for form and roughness measurement from 
Alicona Imaging GmbH, Teslastrasse 8, 8074 Grambach, Austria – Graz. 
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was approximately 160º under the argon atmosphere, whereas the contact angle 
decreases from 138o to 80o in vacuum at the same temperature. Similar results were 
found for the contact angles at temperature 1400oC. However, the aluminium droplet 
disappeared rapidly in vacuum at 1400oC due to evaporation. The alumina film, with the 
melting point 2072oC, acts as a solid shell, encloses the molten aluminium, and leads to 
the overestimate of the contact angle. The thinner the oxide layer, the less the measured 
contact angle is until the surface of molten aluminium is uncovered. Obviously, it takes 
less time to remove the oxide skin in vacuum than in argon as the argon atmosphere 
impedes gasification as shown by Coudurier et al. [135]. Under an argon atmosphere, 
contact angles at 1400oC are comparable to those in vacuum at 1200oC. High 
temperature and a long time are necessary to remove the oxide skin in an argon 
atmosphere.  
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Figure 3.4 Contact angle vs. time for Al on Al2O3 at 1200ºC and 1400ºC in Ar and 

vacuum 
 

Figure 3.5 shows the preliminary experimental results obtained from 3 step-heating 
experiments. The samples were isothermally held at 1200oC, 1400oC, and 1600oC for 1 
hour at each temperature. Contact angles in argon are approximately 40o higher than in 
vacuum. Again, this indicates that the oxide skin is more stable under an argon 
atmosphere. Every 200oC increase of temperature results in a reduction of the contact 
angle by 20-25o in an Ar atmosphere. The contact angles at 1400oC and 1600oC could 
not be measured under vacuum, mainly due to the strong aluminium evaporation. 

Based on these preliminary experimental results, we conclude that the atmosphere has a 
significant impact on the wetting behaviour of molten aluminium. Due to the low 
diffusion rate of Al2O(g) at high pressure, it is difficult to reduce the oxide layer 
according to reaction(2.42) at 1 bar atmosphere even with a low oxygen potential. 
Hence it is recommended to use high vacuum. 10-8 bar vacuum is employed in this 
study. The de-oxidation mechanism is discussed in detail in Section 2.2.4.2 and Section 
3.4. 
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The atmosphere, mass of aluminium droplet and the oxide film thickness are reasonably 
the same in the current study. However, the substrate roughness and holding times are 
different for various substrates. 
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Figure 3.5 Contact angle vs. time for Al on Al2O3 at 1200- 1600ºC in Ar and vacuum 

 

3.3 Wetting Results  
 
Wetting of Al- ceramic systems under 10-8 bar vacuum is measured. 
 

3.3.1 Al-Al2O3 system 
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Figure 3.6 Contact angle vs. time for Al 

on Al2O3 at 1000ºC 
Figure 3.7 Sessile volume and base 
diameter vs. time for Al on Al2O3 at 

1000ºC 
 
Figure 3.6 and Figure 3.7 present measured time dependent contact angles of aluminium 
on alumina at 1000oC. The diagrams are somewhat arbitrarily divided into two stages. 
In the final stage, the contact angle is nearly constant. The contact angle decreases from 
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145o to approximately 70o during the first 750 min in the stage I. Removal of the oxide 
layer and evaporation of molten aluminium result in a reduction of the contact angle. In 
the next stage, the base diameter is nearly stable, and the contact angle is approaching a 
stable value (67-70o). 

Figure 3.8 and Figure 3.9 are the experimental results at 1100oC. Similar to the results 
at 1000oC, the contact angles decrease from 158o to approximately 63o (approximately 
259 min) in stage I. A decreasing sessile drop volume indicates that the reduction of the 
oxide layer and evaporation of aluminium take place simultaneously. In the next stage, 
the base diameter becomes nearly stable and the contact angle is approaching the 
equilibrium value (60-63o). The contact angles seem to decay exponentially with time at 
1000ºC and 1100ºC.  

Figure 3.10 and Figure 3.11 show similar results at 1200oC. They clearly present two 
stages for the change of contact angles. A sharp decrease of contact angles from 118o to 
53o (approximately 80 min) has been observed in stage I due to the high aluminium 
evaporation rate. In the second stage, the sessile drop base diameter becomes stable, 
which allows the equilibrium contact angle (47-57o) to be measured.  

The measured contact angles for the same system at 1300ºC are shown in Figure 3.12 
and Figure 3.13. Again, two stages are shown clearly in the diagrams. A decrease of 
both sessile drop volume and base diameter in stage I indicates that very high 
evaporation takes place. However, it is clear that there is a relatively stable contact 
angle at 50-55o (from approximately 40 min) in the last stage. 

Great efforts were made to determine the Al-Al2O3 contact angle at even higher 
temperatures, for example, 1400oC under vacuum condition. Unfortunately, the rapid 
evaporation at temperatures higher than 1300oC prevents obtaining reliable results. 
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Figure 3.8 Contact angle vs. time for 

Al on Al2O3 at 1100ºC 
Figure 3.9 Sessile volume and base 

diameter vs. time for Al on Al2O3 at 
1100ºC 
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Figure 3.10 Contact angle vs. time for 

Al on Al2O3 at 1200ºC  

Figure 3.11 Sessile volume and base 
diameter vs. time for Al on Al2O3 at 

1200ºC 
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Figure 3.12 Contact angle vs. time for 

Al on Al2O3 at 1300ºC  

Figure 3.13 Sessile volume and base 
diameter vs. time for Al on Al2O3 at 
1300ºC 

 

3.3.2 Al-Graphite system 
 
Wettability between aluminium and graphite at 1000oC as a function of time is shown in 
Figure 3.14 and Figure 3.15. Three kinetic stages can be distinguished: the first stage, 
where the contact angle decreases rapidly (in 64 min) from the initial contact angle 

0 152o to 1 120o; the second stage where the contact angle continues to decrease to a 
relatively low value of 2 80o, but at a slower rate; and the third stage where the contact 
angle stabilized at 2 after approximately 500 min. The nearly stable base diameter and 
the sessile volume allow the stable contact angle in the third stage to be measured. 
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Figure 3.14 Contact angle vs. time for 

Al on graphite at 1000ºC 
Figure 3.15 Sessile volume and base 

diameter vs. time for Al on graphite at 
1000ºC 
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Figure 3.16 Contact angle vs. time for 

Al on graphite at 1100ºC 

Figure 3.17 Sessile volume and base 
diameter vs. time for Al on graphite at 

1100ºC 
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Figure 3.18 Contact angle vs. time for 

Al on graphite at 1200ºC 

Figure 3.19 Sessile volume and base 
diameter vs. time for Al on graphite at 

1200ºC 
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Similarly three stages: (I) rapid decrease, (II) slow decrease and (III) stable contact 
angle at 1100oC are shown in Figure 3.16 and Figure 3.17. The constant base diameter 
and the sessile volume allow measurement of the stable contact angle in the third stage. 
A lower stable contact angle is obtained in a shorter time at 1100oC than at 1000ºC. 

Efforts to obtain the Al- graphite contact angle at even higher temperatures, for example 
1200oC, were made as shown in Figure 3.18 and Figure 3.19. Unfortunately, the 
evaporation of aluminium at higher temperatures is so high that the aluminium droplet 
disappeares quickly. 

Experimental results of aluminium on graphite are summarized in Table 3.1. 
 

Table 3.1 Wetting results of Al on graphite 
Stage.I Stage.II Stage.III Tempe- 

rature 0[o] 
1[o] t1[min] 2[o] t2[min] 

1000ºC 152 120 64 80 500 
1100ºC 157 107 14 62 209 

 

 

 
Figure 3.20 SEM micrograph of a cross section in an Al-graphite 

specimen cooled naturally after 250 min at 1100oC 
 

Figure 3.20 shows the presence of a continuous layer of reaction product, Al4C3 at the 
Al-graphite interface with a thickness of 130 m. The graphite-Al4C3 interface is 
rougher than the graphite substrate before the experiments and pores are present around 
some particles. Aluminium in the Al4C3 layer and the discrete Al4C3 particles indicate 
that the reaction proceeds by dissolution of carbon into aluminium. The final contact 
angle is determined by the Al-Al4C3 system. 
 

3.3.3 Al-SiC system 
 
Figure 3.21 and Figure 3.22 show the time dependent wetting properties of aluminium 
on SiC at 1000oC under vacuum conditions. The contact angles decrease rapidly from 
121o to 81o during the first 45 min, followed by a relatively slow reduction in the stage 
II until approximately 150 min. Removal of the oxide layer and evaporation of molten 
aluminium lead to the reduction of the contact angle in stage I. In the third stage, the 
base diameter is nearly stable and the equilibrium contact angle (60-65o) is obtained. 

Al

Al4C3 

Graphite 
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Figure 3.21 Contact angle vs. time for 

Al on SiC at 1000ºC 

Figure 3.22 Sessile volume and base 
diameter vs. time for Al on SiC at 

1000ºC 
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Figure 3.23 Contact angle vs. time for 
Al on SiC at 1100ºC 

Figure 3.24 Sessile volume and base 
diameter vs. time for Al on SiC at 

1100ºC 
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Figure 3.25 Contact angle vs. time for 

Al on SiC at 1200ºC 

Figure 3.26 Sessile volume and base 
diameter vs. time for Al on SiC at 

1200ºC 
 
Two measurements of the wetting properties of Al-SiC system at 1100oC are shown in 
Figure 3.23 and Figure 3.24. Compared with the results obtained at 1000oC, both the 
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first and second stages were short in time. After approximately 112 minutes, the 
equilibrium contact angle is determined. The second measurement (200611) with a 
relatively larger aluminium drop gives nearly the same contact angle. 

Efforts to obtain the Al-SiC contact angle at even higher temperatures, for example 
1200oC, were made, as shown in Figure 3.25 and Figure 3.26. Unfortunately, no stable 
contact angle was measured, probably due to high evaporation rates.  

Experimental results of aluminium on SiC are summarized in Table 3.2. 
 

Table 3.2 Wetting results of Al on SiC 
Stage.I Stage.II Stage.III Tempe- 

rature 0[o] 
1[o] t1[min] 2[o] t2[min] 

1000ºC 121 81 46 60-65 150 
1100ºC 149 75-83 16 51-56 112 

 
Figure 3.27 shows the presence of a continuous layer of reaction product, Al4C3 at the 
Al-SiC interface with a thickness approximately 10 m. Aluminium in the Al4C3 layer 
and the discrete Al4C3 particles indicate that the reaction proceeds by dissolution of 
carbon into aluminium.  
 

 

 
Figure 3.27 SEM micrograph of a cross section in an Al-SiC 

specimen cooled naturally after 250 min at 1100oC 
 

3.4 Time Dependent Wetting Properties 
 
The three successive stages of wetting kinetics in Figure 3.6 to Figure 3.26 are 
discussed successively. 
 
Stage.I- De-oxidation of oxide layer  
The sharp decrease of the contact angle on both Al-SiC and Al-graphite is similar to the 
contact angle curve observed for Al-Al2O3 for the same stage in the same wetting 
furnace. This reduction is due to de-oxidation of the oxide layer according to reaction 
(2.42).  

Al 

Al4C3 

SiC 
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Aluminium is oxidized (reaction(3.1)) even at oxygen partial pressure of 10-49 bar at 
700oC (Figure 3.28) [138]. However, this pressure is impossible to achieve in the 
current experimental apparatus. At this pressure, a 3-liter furnace chamber contains less 
than 1 oxygen molecule.  
 

2 2 34 ( ) 3 ( ) 2Al l O g Al O                                                                                             (3.1) 
 
Nevertheless, the oxide layer on the surface of a molten aluminium drop can be 
removed, if the outgoing flow of gaseous Al2O according to reaction(2.42) is greater 
than the incoming flow of oxygen. The equilibrium partial pressure of Al2O (Figure 
3.28), according to reaction(2.42), is 4.3×10-5

 bar at 1000oC. Holding the total pressure 
in the furnace under 10-8 bar, the oxide skin of the aluminium drop is removed. This 
process allows us to measure the contact angles between molten aluminium and solid 
substrate. Thus the wetting behaviour of the first stage is controlled by de-oxidation of 
the oxide layer on the aluminium drop according to reaction(2.42). 
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Figure 3.28 Equilibrium partial pressure of gas species in reactions(3.1) and (2.42) 

calculated from FactSage v6.2 
 
The time needed for de-oxidation in stage I for the Al-Al2O3 system is much longer than 
that of the other two systems. There are two reasons. First, in the Al-Al2O3 system, the 
vacuum removing oxide from the aluminium according to reaction(2.42) has to deal 
with the alumina substrate also. Second, the carbon component from the substrate in the 
other two systems helps to remove the oxide layer by reaction(2.47). 
 
Stage.II- De-oxidation of silica and the Al4C3 formation 
There are three possible explanations concerning the second stage in the Al-SiC system: 
a) the dissolution of SiC into aluminium according to reaction(3.2), b) coverage of the 
interface by Al4C3 according to reaction(2.44) 3SiC+4Al(l) = Al4C3+3[Si], and c) de-
oxidation of silica on the interface according to reactions (2.43) 3SiO2+4Al(l) = 
2Al2O3+3[Si] and (2.42), successively. 
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The maximum solubility of carbon in liquid aluminium, on the order of 30 ppm at 
temperatures close to 1000oC [139] is too low to support the dissolution mechanism in 
a).  

At temperatures lower than 900oC [107], the kinetics of the reaction(2.44) is slow and 
leads to the limited formation of discrete particles of Al4C3 at the interface. Thus the 
spreading of de-oxidized aluminium is controlled by de-oxidation of SiO2 on SiC with 
limited amounts of discrete particles of Al4C3 at low temperatures. This is supported by 
the delayed equilibrium contact angle obtained in the Al-oxidized SiC system [127] at 
660-900oC. 

In this investigation, temperatures were higher than 1000oC, and the formation of Al4C3 
at the interface is accelerated [96]. The SiC-Al4C3 interface (see Figure 3.27) is 
smoother and the Al4C3 layer is much thinner than that on graphite (see Figure 3.20) 
[140] at 1100oC with the same holding time. The kinetics of reaction(2.44) forming 
Al3C4 from SiC is slower than that of reaction(3.3) forming Al3C4 directly, so the stable 
contact angle was obtained early in the Al-SiC system with formation of only a small 
amount of Al4C3. It also might be that the SiC substrate produces more densely packed 
Al4C3. 
 

[ ] [ ]Al AlSiC Si C                                                                                                        (3.2) 

4 34 ( ) 3 ( )Al l C s Al C                                                                                                  (3.3) 
 
In the second stage in the Al-graphite system, the spreading of aluminium on the 
substrate is lower than the previous stage and the base diameter is a linear function with 
respect to time. The interfacial reaction(3.3) has Gibbs energy of -136kJ/mol to -
102kJ/mol [141] at temperatures of 660 to 1300oC. The Al4C3 layer at the Al-graphite 
interface (see Figure 3.20) also supports the assumption that the second stage in the Al- 
graphite system is controlled by the formation of Al4C3. 

Note that for the Al-Al2O3 system, there is not such a stage. 
 
Stage.III- Stable contact angle 
A relatively stable contact angle is detected in the third stage for all three systems. Good 
repeatability of wetting properties is observed at the same temperatures. 
 
Schematics of stages I to III 
To summarize the discussion, schematics of the wettability for the Al-ceramic systems 
are shown in Figure 3.29. The contact angle initially changes with time and finally 
approaches an “equilibrium value”. Both the Al-SiC and Al- graphite systems produce 
Al4C3 at the end. However, Si present in aluminium could prevent Al4C3 formation in 
the Al-SiC system. See reaction(2.44). 
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Figure 3.29 The time dependent wettability of the ceramic-Al system 

 
In spite of the fact that roughness is greatest for Al2O3, it has the largest contact angle. 
For example at 1100oC, the equilibrium contact angle is 51-56o for SiC, 62o for 
graphite, 60-63o for Al2O3, respectively. 
 

3.5 Extrapolation of Contact Angle to Lower Temperatures 
 
To determine the wetting behaviour of the Al-ceramic system at the lower casting 
temperature, a semi-empirical calculation is employed. 

The equilibrium value of the contact angle obeys the classical Young’s Equ.(2.23). We 
have not taken into account the effect of the curvature of the aluminium droplet [94, 
95].  

Most of the reported surface tension measurements pertain to “oxygen-saturated” 
samples [108]. According to Mills and Su [108], the surface tension of oxygen saturated 
molten aluminium can be evaluated:  
 

993.86 0.18 ( )o
Al T C in mN/m                                                                              (3.4) 
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3.5.1 Al-Al2O3 system 
 
Eustathopoulos, Nicholas and Drevet [96] reported the experimental surface energies of 
alumina by the multiphase equilibrium technique. The extrapolation of the experimental 
data to low temperatures gives a value of 1400±500 mNm-1 at 700oC, which agrees 
roughly with first principle simulation results [142] (Figure 3.30). 
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Figure 3.30 The surface energy of solid Al2O3 vs. temperatures 

 
The work of adhesion Wa is equal to the sum of the surface tension of molten metal, LV, 
and the surface energy of solid substrate, SV, minus the interfacial energy, SL. 
 

a LV SV SLW                                                                                                     (3.5) 
 
When the two surfaces are brought into contact and replaced by the interface, the work 
of adhesion holds the two surfaces together. The work of adhesion between molten 
metal and the solid is a measure of the bond strength between the two media. Girifalco 
and Good [143] proposed that the work of adhesion is proportional to the geometric 
average of the surface energies of two media: 
 

2a LV SVW                                                                                                          (3.6) 
 
where  is a function of the molar volumes of the liquid and the solid. In the current 
work, the deviation between the calculated and measured interfacial energies is 
minimized adjusting the temperature-dependent coefficient . Figure 3.31 shows the 
fitted line for the coefficient . The points are obtained by balancing the Equs.(3.5) and 
(3.6) where LS is derived from the Young’s Equ.(2.23) with known contact angles in 
the Al-Al2O3 system. The proportionality factor increases monotonically with 
temperature. The experimental results at low temperatures reported by John and 
Hausner [112], Klinter et al. [113], and Wang and Wu [114] have been included. They 
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all achieved a total pressure lower than 10-9 bar, except John [112]. The other results 
reported in the literature [12, 39, 115-120] seem to have employed either a high total 
pressure or less pure materials.  
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Figure 3.31 The coefficient  fitted to literature data and this work 

 
The following equation is obtained for the interfacial energy of aluminium and alumina, 
employing Equs.(3.5) and (3.6) and Figure 3.31. 
 

2 3 2 3 2 3[1.55 14.38exp( 0.0029 )]Al Al O Al Al O Al Al OT                              (3.7) 
 
The equation is applicable for the temperature range from 700 oC up to 1500oC. From 
Equ.(3.7), the contact angles of the aluminium and alumina at various temperatures 
under vacuum can be calculated using Equ.(2.23). At the melting point of aluminium, 

SL= 1.63 J/m2 is obtained from Equ.(3.7). P. Nikolopoulos et al. [144] proposed a 
similar semi-empirical relation for the metal and alumina or zirconia interface at the 
melting point of the metal: 
 

2 3

2/3( 1)O Al
SL LV SV

Al Al O

R Vx
R y V

                                                                        (3.8) 

 
where R is the radii of the ions, V is the molar volume, and x=2, y=3 for AlxOy. 
RO/RAl=2.80, VAl=11.36 cm3/mol, and VAl2O3=25.62 cm3/mol. It gives SL= 1.66 J/m2 at 
660oC, which agrees well with our calculation results even though P. Nikolopoulos et 
al. [144] have not included aluminium in their correlations. 

Figure 3.32 shows the calculated contact angle with the measured values at various 
temperatures. The contact angle between aluminium and alumina at 700oC is 
approximately 97o, which indicates that alumina is not wetted by molten aluminium at 
the casting temperature. 
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Figure 3.32 The calculated and measured contact angle vs. temperature for Al on 

Al2O3 
 

3.5.2 Al-Graphite system 
 
Since the surface energy of Al4C3 has not been reported in the literature, one may use 
the value of Al4C3- Inter to estimate the contact angle at lower temperatures. Figure 3.33 
shows the Al4C3- Inter values as a function of temperature. The experimental data can be 
divided into two sets: those of Landry using the vitreous graphite substrate, the present 
measurements and those of Landry using single- and ploy-crystal graphite. 

If we approximate the Al4C3- Inter values as a linear function of temperature, the contact 
angle of Al-Al4C3 system in the range of 660-1250oC can be estimated using the 
following equation:  
 

4 3 int 2.3 ( ) 2125.3cos
o

Al C er

Al Al

T C                                                                (3.9) 

 
for this work, where 2.3 is the slope of Est-2. 
 

2.0 ( ) 1430.2cos
o

Al

T C                                                                                          (3.10) 

 

for vitreous carbon, where 2.0 is the slope of Est-1. 
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Figure 3.33 Al4C3- inter fitted to literature data [145] under 10-8 bar vacuum and this 

work 
 

Figure 3.34 shows the calculated contact angle with the measured values at various 
temperatures. The contact angle between aluminium and Al4C3 (single- and ploy-crystal 
graphite) at 700oC is around 126o, which indicates that Al4C3 (graphite) is not wetted by 
molten aluminium at the casting temperature. If the vitreous graphite is used, the contact 
angle reduces to 92o at 700 oC. This is reasonable due to the imperfectly crystallized 
form in vitreous graphite. 
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Figure 3.34 The calculated and measured contact angle vs. temperature for Al on 

various graphites 
 
As suggested with Ambrose et al. [146], the decay of the contact angle with time can be 
fitted empirically by an exponential form: 
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2 0 2( )exp( / )t t                                                                                      (3.11) 
 
When o, 2 and  are known, the time dependent property of the Al-ceramic system can 
be estimated at the casting temperature. The initial contact angle o, is not significantly 
altered by temperature [145] and substrate. All the contact angles occur from non-
wetting, assuming o=160o. In this work, o is lower than 160o due to holding several 
minutes before the time zero. As shown in Figure 3.34, 2=126o for single- and ploy-
crystal graphite at 700oC. 

The characteristic time factor  seems related to the de-oxidation time which depends on 
oxygen partial pressure. This needs further investigation. However, when we take = 23 
min (the lowest de-oxidation limit from the literature [105]), the time dependent wetting 
behaviour of Al-graphite system at 700oC can be predicted and shown in Figure 3.35. 
Note that  changes the decreasing rate of the contact angle, but not the final 
equilibrium contact angle. 

The adhesion work Wa (see Equ.(3.12)) and ratio of that with cohesion work Wc 
(Equ.(3.13)) at 700oC are shown in Figure 3.36. The adhesion (attraction to dissimilar 
molecular) work is less than 25% of the work of cohesion liquid aluminium. This 
indicates that the Al-Al4C3 (graphite) interface is energetically weak, which is due to 
covalent bonds of Al4C3 [137]. 
 

(1 cos )a LVW                                                                                                      (3.12) 
2c LVW                                                                                                                   (3.13) 
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Figure 3.35 The calculated contact angle 
vs. time for Al on graphite at 700ºC 

Figure 3.36 The adhesion work and the 
ratio Wa/Wc for Al on graphite at 700 oC 

according Equs.(3.12) and (3.13) 
 
Eustathopoulos et al. [98] found out that spreading during the interfacial reaction can be 
described by 
 

0R R Kt                                                                                                               (3.14) 
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Figure 3.37 shows a linear fit of the base diameter in the second stage with fitting factor 
92.63%. The spreading rate of the triple line, K=d(diameter)/dt is equal to 1.53 m/min 
in the second stage at 1100oC. The spreading rates are 0.87 m/min and 7.46 m/min at 
1000oC and 1200oC in the second stage. 

From the changes in the sessile volume, evaporation rates of 4.2nl/min, 4.3nl/min, and 
28.4nl/min at 1000oC, 1100oC, and 1200oC are found in the second stage, respectively. 
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Figure 3.37 The base diameter vs. time for Al on graphite at 1100ºC 

 

3.5.3 Al-SiC system 
 
R.H. Bruce in [147] reported average surface energies of (110) face of -SiC according 
to Equ.(3.15).  

 
2851 0.546 ( )o

SiC T C  in mJ/m2                                                                           (3.15) 
 

As discussed in the Section 3.4, the formation of Al4C3 at the interface is accelerated at 
temperatures greater than 1000oC, but it does not significantly change the wetting [124]. 
This may be due to its slow reaction rate at the interface. Therefore, wettability will be 
discussed as in the non-reactive Al-SiC system. 

With the method described in Section 3.5.1, Figure 3.38 shows the fitted line for the 
coefficient 2  calculated from single crystal SiC including this work and the literature 
[105, 124, 127] for experiments with total pressure less than 10-8 bar. The points are 
obtained by balancing the Equs.(3.5) and (3.6) where LS is derived from the Young’s 
Equ.(2.23) with known contact angles in the Al-SiC system. Note that even though a 
thin layer of Al4C3 formed at the interface in this work at 1100 oC, we treat it as the Al-
SiC system since according to [124], the progressive replacement at the interface, 
during the reaction, of a predominantly covalent carbide, such as SiC, by another 
carbide of the same type (A14C3) does not significantly influence the wetting.  
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Figure 3.38 2  fitted to the literature data [124-127, 148] and this work 

 

Based on the preceding discussion, the following equation is obtained for the interfacial 
energy of single crystal SiC and aluminium, employing Equs.(3.5) and (3.6) and Figure 
3.38. 

 
[0.99 5.86exp( 0.0043 ( ))]o

Al SiC SiC Al Al SiCT C                                (3.16) 
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Figure 3.39 The calculated and measured contact angle vs. temperature for Al on SiC 

[103, 105, 124-127] 
SSiC- sintered SiC; RBSiC- reaction bonded SiC; SCSiC- single crystal SiC 

 
The contact angles of the aluminium and SiC can be calculated using Young’s 
Equ.(2.23). Figure 3.39 shows the calculated contact angle with the measured values at 
various temperatures. The calculated contact angles fit well with the literature data on 
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single crystal SiC. The calculated equilibrium contact angle at 700oC is 79o, which 
indicates that SiC is wetted by molten aluminium at the casting temperature. 

When we take = 23min (the lowest de-oxidation limit from the literature [105]), the 
time dependent wetting behaviour of Al-SiC system at 700oC can be predicted, and is 
shown in Figure 3.40. The contact angle decays exponentially and reaches the 
equilibrium angle at the end. Figure 3.41 shows that adhesion work reaches 60% of the 
work of cohesion of liquid aluminium. This indicates that the Al-SiC interface is 
relatively strong. 
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Figure 3.40 The calculated contact angle 
vs. time for Al on SiC at 700ºC 

Figure 3.41 The adhesion work and the 
ratio Wa/Wc for Al on SiC at 700 oC 

according Equs.(3.12) and (3.13) 
 

3.6 Wetting in Filtration 
 
Filtration of aluminium is carried out in 1 bar atmosphere, when the liquid aluminium is 
definitely covered with oxide films. However, contact angles have been measured in 
high vacuum and for a long time to remove the oxide films. This addresses the case that 
aluminium is in direct contact with the filter material. Based on the vacuum studies, the 
behaviour of aluminium filtration will be discussed. 
 

3.6.1 Priming 
 

When replacing a filter for molten aluminium it is necessary to pre-heat the filter and 
the bowl in which it is seated in order to enable the filter to prime (allow metal to 
infiltrate the filter without freezing) and to avoid cracking the filter from thermal shock. 

Liquid aluminium forms an Al2O3 skin rapidly when it is exposed to the atmosphere. 
Increasing temperature speeds up oxidation. In a typical filter start-up, the liquid 
aluminium is covered by oxides created by the hot atmosphere and from the filter 
material in the pores of the filter. Thus plugging and also freezing are common 
problems in the industry.  
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Time is required to attain wetting (equilibrium contact angle) as discussed in Section 
3.4. Thus, the wetting properties of filter and aluminium improve with time during 
filtration.  

When liquid aluminium penetrates the ‘baked’ filter, oxide skin covers the aluminium 
and the filter. One part of the oxide skin forms Al2O3 inclusions and the rest may adhere 
on the filter/Al interface. For metal to manage to enter the filter, a capillary extrusion 
mechanism must take place, when aluminium breaks through the oxide layer. The 
metal, lets say 15 tons/h, would break the oxide layer on filter/Al interface. Metal is 
then in direct contact with the filter material. Then oxidation is not a problem due to the 
low solubility of oxygen in aluminium, around 1.43×10-4 at.% at 700oC [109]. So 
wettability under high vacuum should describe closely the case where metal and 
ceramics are in contact. 
 

3.6.2 The Wetting of Inclusion-Al and Al-filter 
 
In filtration, small inclusions collide with the inner wall and are captured by the filter. 
Tortuous passages in the filter improve the possibility of collisions. The probability that 
an inclusion will be retained depends on a number of variables, such as chemical 
composition of the inclusion and filter, the wettability, micro-porosity, topography, flow 
rate, inclusion size etc [56]. 

Here wettability of aluminium with inclusions and filter is discussed. Aluminium may 
push inclusions towards the filter wall due to poor wetting between aluminium and 
inclusions. If the viscous drag on inclusions is not higher than the forces that cause 
capture, they will be retained on the filter walls. 

The time dependent wettability of aluminium on various ceramics is compared in Figure 
3.42. We believe that the wetting behaviour of vitreous graphite would describe wetting 
of the Al4C3 inclusion in aluminium better than the single- and poly- crystal graphite 
due to the imperfectly crystallized structure of Al4C3 inclusions. The contact angle 
decreases with time. SiC has the best wetting with aluminium. Note that the same 
characteristic time factor  is employed here for comparison, even though the Al-SiC 
and Al-graphite systems should have faster de-oxidation of the oxide layer. The 
equilibrium contact angles at 700oC are 79o (single crystal SiC), 92o (vitreous graphite), 
and 97o (Al2O3).  

Most of the inclusions have been present in liquid aluminium for a long time before 
filtration. Therefore contact angles of Al4C3 and Al2O3 inclusions are believed to be 
constant 92o and 97o, and the adhesion work is 838mJ/m2 and 762mJ/m2, respectively. 

Based on a principle of minimum Gibbs energy it is proposed that aluminium trends to 
expel surfaces (particles) with poorer wetting than the Al-filter interface.  

We have the following discussion based on Figure 3.42:  

 When Al4C3 inclusions are removed with an Al2O3 filter, inclusions may be 
retained by the filter wall due to the filter microporosity, topography, and flow 
characteristics, rather than the wettability since Al4C3 inclusions have a lower 
contact angle with aluminium than the Al2O3 filter.  
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 When Al2O3 and Al4C3 inclusions go through a SiC filter, Al-SiC filter 
wettability would not help to capture inclusions since SiC gives poorer wetting 
with aluminium than inclusions at first. But it improves with time when wetting 
of aluminium with SiC is better than with inclusions. 

 Al2O3 inclusion attachment on the Al2O3 filter can be explained by the 
agglomeration effects. 

Improved inclusion removal is achieved with filter materials that have better wetting 
with aluminium than the inclusions.  

 
Graphite as a filter material 
Al4C3 reacts with water vapour according to reaction: 
 

4 3 2 4 312 3 4 ( )Al C H O CH Al OH                                                                           (3.17) 
 
Release of methane and the presence of Al4C3 may be a reason not to use graphite as a 
filter in industry. 

 
SiC as a filter material 
As mentioned the presence of Si in aluminium will prevent formation of Al4C3 in a SiC 
filter. SiC should be a good alternative filter material due to its good wetting with 
aluminium. 

 
Al2O3 as a filter material 
Al2O3 is a common filter material. It does not react with aluminium and is poorly wetted 
by aluminium when compared to SiC. 
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Figure 3.42 The contact angle of Al with various ceramics at 700 oC 
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3.7 Summary 
 

In filtration of aluminium, aluminium is in contact with an alumina layer. Therefore it is 
important to study the wetting behaviour of initially oxidized aluminium on ceramics.  

Wetting behaviour between molten aluminium and oxidized ceramics in the temperature 
range 1000 to 1300oC is investigated. 

The contact angles decrease with increasing temperatures. In order to predict the 
wetting behaviour of the Al-ceramic system at the lower casting temperature, a 
calculation for the temperature dependence of the contact angle is presented. The 
contact angles of Al-Al2O3, Al-SiC, and Al-graphite at 700oC are calculated to be 97o, 
79o, 92o (vitreous graphite) and 126o (single- and poly-crystal graphite), respectively. 
This is in good agreement with experimental values found in the literature.  

It is proposed that aluminium trends to expel surfaces (particles) with poorer wetting 
than the Al-filter interface.  

The wettability of these three Al-ceramic systems with respect to time can be divided 
into three stages: (I) de-oxidation of the alumina layer, (II) Al4C3 formation and de-
oxidation of silica, and (III) the stable contact angle.  
Improved wetting of aluminium on ceramics with temperature promotes infiltration. In 
priming of filters it is necessary to have a metal height above the filter or to increase the 
temperature. However, filtration may proceed at lower temperatures once metal has 
entered the filter.  

SiC filters have better wettability with aluminium than Al2O3 filters. SiC reacts slowly 
with aluminium at the casting temperature. SiC filters will increase the Si content in 
aluminium due to de-oxidation of the silica layer on the interface, and also due to the 
presence of free Si in reaction bonded SiC. Si in aluminium will prevent formation of 
Al4C3. 

It is more difficult to remove Al4C3 inclusions then Al2O3 inclusions due to the better 
wettability of aluminium on Al4C3. 

Graphite reacts with aluminium and produces Al4C3 at the interface, which is 
hydrophilic. It may be a problem to use graphite as a filter material. 
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Chapter 4 PLANT EXPERIMENTS 
 
In this chapter a set of aluminium filtration plant experiments is presented. The results 
are used to throw light on the aluminium filtration mechanisms and will be compared to 
the branch filtration model discussed in Chapter 7.  
 

4.1 Experimental Equipment and Procedure 
 
Four filtration experiments were performed with two types of 10"×10"×2", 30 ppi filters 
in the reference center of Hydro Sunndalsøra: one high in Al2O3 and one high in SiC. 
These two types of filters were produced in the same line by the same supplier, giving 
similar porosity and wall thickness. The filters were Al2O3 industrial filters in 
experiments 1 and 3, SiC industrial filters in experiments 2 and 4. 
 

4.1.1 Filtration Loop 
 

 
Figure 4.1 The schematic top view of the filtration loop 
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A top view of the filtration loop is shown in Figure 4.1. The melting furnace contains 15 
tons of aluminium alloy, melted by burner inside. A porous plug through the furnace 
bottom with argon gas is used to stir the metal. Argon is injected with 35-50 Nl/min (Nl 
for normal liter at the atmosphere pressure) for 10min each time. Mechanical stirring 
from gate 1 is employed especially after standing a long night. The pump is used to 
control the mass flow of the metal. The pumping speed is 250rpm here, which gives a 
flow rate of 47-88mm/s. 

 

 
Figure 4.2 The schematic side view of the filter bowl (left) and the preheating lid (right) 
 
Initially metal runs in the launder from position A through E and goes back to the 
melting furnace. The Liquid Metal Cleanliness Analyser (LiMCA) and laser give real 
time data for the metal. The filter in a filter bowl is preheated by a gas flush in the lid 
for 10 min; see Figure 4.2 right. Dam 2 is opened when LiMCA shows a relatively 
stable inclusion level and metal is led through the preheated filter, fills the lower space 
of the filter bowl, and goes out (see Figure 4.2, left). Dam 3 is opened when the right 
side groove of the filter bowl is full of metal. Then dam 1 is closed to ensure a constant 
mass flow through the filter. Dam 4 is opened to drain the metal in filter bowl after each 
experiment. Dam 5 is opened afterwards to drain the metal in launder at the end of the 
day.  

See Figure 4.1 and Table 4.1 for position of instruments. LiMCA, and laser give on-line 
data for inclusion level (in k/kg), metal height in the launder (in mm) and temperature 
(in oC), respectively. Disk samples are for spectrographic analysis. The PoDFA give 
information on inclusion concentrations and types. 

 
Table 4.1 Position of instruments 

Position Note 
A Position 1: Melting furnace temperature, Disk # 1 
B Position 1: LiMCA # 1 
C Position 1: Laser # 1, PoDFA # 1 
D Position 2: Laser # 2, PoDFA # 2, Disk # 2 
E Position 2: LiMCA # 2 

 
Filtration lasts 1 hour in each experiment. 3 groups of PoDFA and disk samples from 
both position 1 and 2 are taken in each experiment when the LiMCA shows a stable 
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inclusion level at approximately 0 min, 30 min, and 60 min. Dam 1 is opened after each 
experiment, and then dam 2 and 3 are closed.  

2 trials were made for each industrial filter: Exp.1 and 3 for Al2O3, Exp.2 and 4 for SiC. 
Spent filters in whole pieces are taken out from the filter bowl for further study. Sample 
numbering follows a rule: sample type + experimental number + position number + 
sample number. For example, for Exp.1, we have: 
PoDFA samples: P111, P121, P112, P122, P113, P123; 
Disk samples: D111, D121, D112, D122, D113, D123; 
 

4.1.2 Materials 
 
Table 4.2 provides the filter properties from the supplier. The densities of filter 
materials were tested by AccuPyc 13304 in SINTEF. The average porosities are shown 
in the last row in Table 4.2. The porosity is calculated on the basis of mass and volume 
measurements using the relation: 
 

1 /the bulk density the material density                                                             (4.1) 
 

Table 4.2 Properties of the filters 
 Al2O3 industrial filter SiC industrial filter 

Max. application 
temperature 

1000oC 1250oC (depending on 
application) 

Al2O3 85-90% Al2O3 5-9% 
P2O5 Approx.6% SiC 58-64% 
SiO2 Approx.6% SiO2 29-33% 

Chemical characterization 

K2O+Na2O Approx.1%   
Dilation* 20-1000 oC  0.42% 
Chemical resistance Good  
Thermal shock resistance Good  
Thermal expansion** 20-
1000oC 

Approx.8.5×10-6/ oC Approx. 4.3×10-6/ oC 

Bending strength (3-point) 1.5 MPa  
Bulk density 0.34-0.49 g/cm3 0.35-0.50 g/cm3 
Material density 3.50-3.51 g/cm3 2.76-2.89 g/cm3  
Average porosity 88.2% 85.0% 

* Dilation refers to an enlargement or expansion in bulk or extent. 
** Thermal expansion is the tendency of matter to change in volume in respect to a 
temperature change. 

 
The chemical composition of the aluminium alloy 5005 with approximately 1% Mg was 
used. See Table 4.3. 

 

                                                 
4  AccuPyc 1330 is a density analyser from Micromeritics, 4356 Communications Dr. 

Norcross, GA 30093-2901, U.S.A. 
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Table 4.3 The standard chemical composition of the 5005 alloy [149] 
Unspecified other 

elements 
 

Mg Fe Si Zn Cu Mn Cr Each  Total Al 
wt% 0.5-1.1 0.7 0.3 0.25 0.2 0.2 0.1 0.05 0.15 Remain 

 

4.1.3 Measurement Methods 
 
Inclusions were measured in several ways. During filtration, 2 LiMCA II were used 
before and after the filter. The LiMCA II gives on-line readings of the inclusion number 
and the size distribution. In addition, 6 PoDFA off-line samples were taken. 6 disk 
samples for spectrographic analysis were taken at the same time as the PoDFA samples. 
Dissolved hydrogen content is measured by Alspek continuously. The Alspek results 
will not be discussed here, but will be reported in [150]. 
 

4.1.3.1 PoDFA 
 

Introduced in Section 2.1.7.2, the Porous Disc Filtration Apparatus (PoDFA) was used. 
The PoDFA gives quantitative information on inclusion type and concentrations. The 
PoDFA system includes a PoDFA sampling station, crucible heater, crucible and filter. 
See Figure 4.3.  

 

 
Figure 4.3 Principle of PoDFA apparatus  

 

The hot metal is drawn through a pre-heated filter by the vacuum until a given amount 
of metal is weighted in the crucible under the filter. The residue on the filter is analyzed. 
The PoDFA samples (circled in Figure 4.3) are hot mounted in Bakelite and polished to 
a mirror-like finish. Using the grid method [14], the total inclusion area is obtained. 
This area was then divided by the mass of the metal that passes through the filter (about 
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1.5 kg). The total inclusion concentration area per kilogram is calculated using the 
formula(2.17) [14].  

3 groups of PoDFA samples are taken at the beginning, middle, and end of the filtration 
on positions before and after the filter. 
 

4.1.3.2 LiMCA II 
 
Although the PoDFA technique is a powerful tool in determining not only the inclusion 
concentrations but also the type of inclusions, the process is fairly slow. Thus, an on-
line measuring apparatus, the Liquid Metal Cleanliness Analyser (LiMCA), is 
recommended. 

LiMCA II [151, 152] is used to measure the size and number size distribution of the 
inclusions during casting. One LiMCA II is placed at the inlet of the filter with the other 
at the outlet in the current work. See position B and E in Figure 4.1. 
 

   
Figure 4.4 LiMCA II in operation, positioned after the filter 

 
When a non-conductive inclusion between 20 and 320 m passes through the orifice 
with the flow, the overall resistance of the orifice is increased momentarily and can be 
detected as a voltage pulse. Figure 4.4 shows the LiMCA II in operation. There are two 
main disadvantages for the LiMCA II: two inclusions sticking to each other are 
measured as one with a greater size; and gas bubbles are measured as inclusions. For 
more information about the theoretical basis of the LiMCA II, refer to the Section 
2.1.7.3. 
 

4.1.3.3 The filter wettability 
 
The new filters shown in Figure 4.5 were crushed, ground, and sieved. The ground 
powder of size less than 40 m is pressed into tablets under 3.6 bar pressure. The 
wettability is tested in 10-8 bar vacuum at temperatures 1000 and 1100oC, as described 
in Section 3.1.  
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Figure 4.5 The new Al2O3 industrial filter (left) and SiC industrial filter (right) 

 

4.1.4 The Remelting of PoDFA Samples 
 
PoDFA samples were re-taken after the pilot experiments from around 2 kg of metal 
sample taken from each PoDFA position as described in Section 4.1.3.1, due to lack of 
PoDFA filters during the pilot trial. One PoDFA sample was taken from each remelted 
metal sample. 

Metal is remelted according to the heating program as shown in Figure 4.6. 
Temperatures are logged every 10 seconds. 100% power is used to heat the solid sample 
until approximately 900oC, and melt starts at approximately 650oC. The melting point 
of approximately 1 wt% Mg alloy is approximately 10oC lower than the pure 
aluminium. At 70% power the metal is heated to 720oC and manually held at this 
temperature. 
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Figure 4.6 Example of the registered temperature for the sample P213 

 

Meanwhile the crucible with a PoDFA filter is preheated and the temperature is 
measured. Then metal is poured into preheated crucible. There is a bowl inside the 
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PoDFA apparatus used to measure the filtrated metal mass. The standard filtrated mass 
is set at 1.25kg. When the mass reaches 1.25kg, filtering is stopped automatically. -610 
mm Hg (-0.81 bar) pressure is employed.  

Remelting will change the properties of the metal. It may adsorb hydrogen from the 
atmosphere during remelting and push hydrogen out as solidification proceeds. 

However, the inclusion content probably is not influenced. The original PoDFA sample 
(Figure 4.7) is melted in the crucible upside down. After pouring all the metal, a layer of 
oxide skin with the label is left inside the melting crucible (Figure 4.8). During melting, 
no breakage of the oxide layer on top of the metal is observed even when we used the 
100% heating power. This indicates that a strong oxide skin protects against further 
oxidation of the metal. Inductive stirring of the crucible should give an even distribution 
of inclusions in the metal. 

 

 
Figure 4.7 The ingot before 

melting 
Figure 4.8 The oxide skin left in crucible after 

melting 
 

Bottom in 
the crucible 
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4.2 Experimental Results  

4.2.1 Chemical Composition of the Metal 
 
Figure 4.9 to Figure 4.12 show composition of the alloying elements in Exp.1 to Exp.4 
from the spectrographic analysis. This alloy contains approximately 1.00 wt% of Mg, 
0.15 wt% of Fe, 0.075 wt% of Si, and the other elements are all less than 0.05 wt%. The 
minor elements are presented in an enlarged scale. All experiments give relatively stable 
inlet and outlet composition, except for a sudden increase of inlet level at 60min in 
Exp.1 and outlet level at 0 min in Exp.3 for Ca. 

No apparent change of Si and Mg content was detected. This indicates that 
reactions(2.44), (2.31), and (2.32) are very slow at the casting temperature for this alloy. 
Industrial Al2O3 and SiC filters did not change the metal composition. 
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Figure 4.9 The composition of alloying elements before and after the filter in Exp.1 
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Figure 4.10 The composition of alloying elements before and after the filter in Exp.2 
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Figure 4.11 The composition of alloying elements before and after the filter in Exp.3 
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Figure 4.12 The composition of alloying elements before and after the filter in Exp.4 

 

4.2.2 Filter Wettability 
 
The wetting of aluminium and industrial filters was tested. The time dependent contact 
angles for aluminium on filter materials are presented in Figure 4.13 to Figure 4.16.  
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Figure 4.13 Contact angle vs. time for Al 

on Al2O3 industrial filter at 1100ºC 
Figure 4.14 Contact angle vs. time for Al 

on Al2O3 industrial filter at 1200ºC 
 
Similar trends as on pure substrates are observed. Contact angles decrease with time and 
are close to a stable angle. It shows nearly stable contact angle of 32o on Al2O3 
industrial filters at 1200 oC and 92o on SiC industrial filters at 1100 oC. However, no 
stable contact angle was reached for Al2O3 industrial filters at 1100 oC even though we 
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held it for 9 hours due to the penetration. The repeated two experiments in Figure 4.16 
show that the aluminium droplet on SiC industrial filters at 1200oC evaporates so fast 
that no stable contact angle was detected. Due to the carbon present, aluminium 
evaporation is enhanced for SiC industrial filter according to reaction(2.47). 
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Figure 4.15 Contact angle vs. time for Al 

on SiC industrial filter at 1100ºC 
Figure 4.16 Contact angle vs. time for Al 

on SiC industrial filter at 1200ºC 
 

Industrial Al2O3 filters give lower contact angles than pure Al2O3 as shown in Table 4.4. 
It is mainly due to the increased roughness of the pressed powders, and may also be due 
to that the components, P2O5 and K2O+Na2O, improve the wetting. However, industrial 
SiC filters show larger contact angles than pure SiC as shown in Table 4.4. The Al2O3 
component in SiC industrial filters has impaired its wetting with aluminium.  

Regarding the roughness of pressed powder, we conclude that both sintered filter 
materials (not pressed powder) are non- wetted by aluminium at casting temperature 
since wettability decreases with lower temperatures. SiC industrial filters are probably 
better wetted by aluminium than Al2O3 industrial filters due to its SiC components.  
 

Table 4.4 Contact angles of industrial filters and pure materials 
Filter 1000oC 1100oC 1200oC 1300oC 

Industrial Al2O3  <60o 32o  
Industrial SiC  92o <32o  

Pure Al2O3 67-70o 60-63o 47-57o 50-55o 

Pure SiC 60-65o 51-56o   
 

4.2.3 Pressure Drop 
 
Figure 4.17 to Figure 4.20 show the pressure drop and the temperature. During 
filtration, temperatures change in the range of 718-732oC, with a stable pressure drop 
31-33 mm in Exp.1. There is a similar situation in Exp.2. The temperatures change in 
the range of 695-737oC, with the pressure drop 29-31 mm. In Exp.3, the temperature is 
relatively high, 730-746 oC, while the pressure drop decreases from 27 mm to 18 mm in 
the beginning for 16 min and stabilizes at 16-18 mm until the end of filtration. In Exp.4, 
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the pressure drop decreases from 26 mm to 17 mm during the first 16 min and 
stabilizes. The temperatures are 719-732oC. 
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Figure 4.17 The pressure drop in Exp.1 – Al2O3 industrial filter 
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Figure 4.18 The pressure drop in Exp.2 – SiC industrial filter 
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Figure 4.19 The pressure drop in Exp.3 – Al2O3 industrial filter 
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Figure 4.20 The pressure drop in Exp.4 – SiC industrial filter 

 

4.2.4 Inclusion Levels 
 
Figure 4.21 shows the N20 (inclusions greater than 20 m) level. Filtration starts at the 
151min on the LiMCA reading in Exp.1. Gas injection in melting furnace was started 
just before, which leads to the sudden increase of inlet inclusion level. As expected the 
outlet inclusion level is lower than the inlet level. Figure 4.22 gives the mean number 
inclusion size distribution and filtration efficiency in Exp.1. Most of the inclusions are 
less than 40 m. Approximately 50% of the inclusions are in the range of 20-25 m. For 
details concerning the time behaviour of the various size fractions, see Figure B.1 to 
Figure B.2 in Appendix B. The filtration efficiency in general increases with particle 
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size. The standard deviations of filtration efficiencies are discussed in Appendix C. In 
all four experiments, only less than 2.5% of the inclusions are larger than 60 m. The 
low number of large inclusions results in a huge uncertainty. 

As an example, Figure 4.23 shows the filtration efficiency for N35-40 inclusions with 
time in Exp.1 with mean filtration efficiency of 60% except spurious points. The time 
dependent filtration efficiencies for N20-25, N25-30, and N30-35 inclusions in Exp.1 
are shown in Figure B.9 to Figure B.11 in Appendix B. 
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Figure 4.21 The inclusion level N20 in Exp.1 – Al2O3 industrial filter 
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Figure 4.22 The mean number inclusion size distribution and filtration efficiency in 

Exp.1 – Al2O3 industrial filter 
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Figure 4.23 The filtration efficiency vs. time for inclusions 35-40 m in Exp.1 
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Figure 4.24 The inclusion level N20 in Exp.2 – SiC industrial filter 

 
A similar situation was observed in Exp.2. The incoming inclusion levels fade with time 
due to the sedimentation in the melting furnace (Figure 4.24). The sudden increase of 
mass flow and fluctuation in metal flow causes an abrupt increase in inclusion level at 
the start of filtration as illustrated in Figure 4.24. Figure 4.25 gives the mean number 
inclusion size distribution and filtration efficiency in Exp.2. The number of inclusions is 
greatest in the range of 20-40 m. For details concerning the time behaviour of the 
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various size fractions, see Figure B.3 to Figure B.4 in Appendix B. The filtration 
efficiency in general increases with particle size.  
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Figure 4.25 The mean number inclusion size distribution and filtration efficiency in 
Exp.2 – SiC industrial filter 

30 40 50 60 70 80 90
0

1

2

-120

-80

-40

0

40

80

In
cl

us
io

n 
nu

m
be

r/k
.k

g-1

Fi
ltr

at
io

n 
ef

fic
ie

nc
y/

%

 

Time/min

 In
 Out

 

 Efficiency
Exp.2 N35-40

 
Figure 4.26 The filtration efficiency vs. time for inclusions 35-40 m in Exp.2 
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As an example, Figure 4.26 shows the filtration efficiency for N35-40 inclusions in 
Exp.2, which shows a huge fluctuation of filtration efficiency. The time dependent 
filtration efficiencies for N20-25, N25-30, and N30-35 in Exp.2 are shown in Figure 
B.12 to Figure B.14 in Appendix B. 

In Exp.3, 35Nl/min argon gas was injected through a porous plug for 13.5 min. Then the 
incoming inclusion level increased from approximately 5k/kg to 20k/kg. See Figure 
4.27. The second inclusion increase at approximately 32 min is due to the increased 
metal flow and fluctuation at the filtration start. Figure 4.28 gives the mean number 
inclusion size distribution and filtration efficiency in Exp.3. The inclusion number is 
greatest in the range of 20-40 m. For details concerning the time behaviour of the 
various size fractions, see Figure B.5 to Figure B.6 in Appendix B. The filtration 
efficiency in general increases with particle size.  
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Figure 4.27 The inclusion level N20 in Exp.3 – Al2O3 industrial filter 

 

As an example, Figure 4.29 shows the filtration efficiency for N35-40 inclusions with 
time in Exp.3, which shows a huge fluctuation of filtration efficiency. The time 
dependent filtration efficiencies for N20-25, N25-30, and N30-35 in Exp.3 are shown in 
Figure B.15 to Figure B.17 in Appendix B. 

50Nl/min argon gas was injected into the melting furnace 34 min before the filtration in 
Exp.4. Filtration starts at the 39 min on the LiMCA reading, see Figure 4.30. Figure 
4.31 gives the mean number inclusion size distribution and filtration efficiency in 
Exp.4. Most of the inclusions are less than 40 m. For details concerning the time 
behaviour of the various size fractions, see Figure B.7 to Figure B.8 in Appendix B. The 
filtration efficiency in general increases with particle size. As an example, Figure 4.32 
shows the filtration efficiency for N35-40 inclusions in Exp.4 with filtration efficiency 
greater than 60% for most of the particle sizes. The time dependent filtration 
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efficiencies for N20-25, N25-30, and N30-35 in Exp.4 are shown in Figure B.18 to Figure 
B.20 in Appendix B. 
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Figure 4.28 The mean number inclusion size distribution and filtration efficiency in 
Exp.3 – Al2O3 industrial filter 
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Figure 4.29 The filtration efficiency vs. time for inclusions 35-40 m in Exp.3 
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Figure 4.30 The inclusion level N20 in Exp.4 – SiC industrial filter 
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Figure 4.31 The mean number inclusion size distribution and filtration efficiency in 

Exp.4 – SiC industrial filter 
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Figure 4.32 The filtration efficiency vs. time for inclusions 35-40 m in Exp.4 

 
The PoDFA results of the metallographic analysis are shown in Table 4.5. The filtered 
mass other than 1.25 kg is either due to blockage of filter, e.g. 0.93kg, or problems with 
the mass scale of the apparatus, e.g. 1.46kg. The results are also plotted in Figure 4.33 
in the form of a bar chart that represents the proportion of each inclusion type. There are 
three types of inclusions, approximately 50% of mixed oxide, 10% of carbide, and 40% 
of TiB2. Figure 4.34 shows the inclusion removal with the PoDFA data from Table 4.5. 
The mixed oxides were removed from 0.19-0.33 mm²/kg to 0.15-0.29 mm²/kg, carbides 
from 0-0.19 mm²/kg to 0.01-0.04 mm²/kg, and TiB2 from 0.09-0.47 mm²/kg to 0-0.19 
mm²/kg. Total inclusions are removed from 0.33-0.78 mm²/kg to 0.28-0.45 mm²/kg. 

No carbide (Al4C3) removal was detected with available data, except at 0 min (actually 
it is 2-3min from the filtration start when the inclusion level stabilized) and 60 min in 
Exp.4. Mixed oxide was removed, except at 0 min in Exp.4. No TiB2 was removed at 0 
min in Exp.4 and 30min in Exp.3. 

The metal is relatively clean. Mixed oxide probably comes from surface turbulence, 
splashing, etc. TiB2 is found due to the presence of Ti and B as seen from Figure 4.9 to 
Figure 4.12, since no grain refiner was involved in the experiments. Carbide is Al4C3 
that does not come from the filters.  

The content of oxide in a sample is probably underestimated. Oxide films are difficult to 
measure by metallographic means due to the nature of PoDFA analysis technique. An 
oxide film is like a paper tissue in its shape. Metallographically films are only seen as 
thin lines. Some oxide may be removed during remelting and the solidification. 
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Table 4.5 The PoDFA results 
PoDFA 

 
Sample 

No. 

Weight 
 
 

[kg] 

Preheated 
PoDFA 

filter temp. 
[oC] 

Mixed 
oxide 

 
[mm²/kg]

Carbides 
 
 

[mm²/kg]

TiB2/Ti-
rich 

 
[mm²/kg]

Total 
inclusions  

 
[mm²/kg] 

Removal 
Eff. of 
Total 

inclusions 
112 1.46 540      
122 1.34 480 0.19 0.01 0.09 0.29  
113 1.09  0.27 0.02 0.13 0.42  
123 1.27 641 0.26 0.01 0.12 0.39 7.14% 
121 1.22 490      
211 1.49       
221 1.27 541 0.16 0.02 0.18 0.36  
212 1.25 492 0.31  0.47 0.78  
222 1.25 531 0.21 0.02 0.19 0.43 44.9% 
213 1.25 486      
223 1.25 491 0.34  0.51 0.85  
311 1.25 485 0.33  0.22 0.55  
321 1.32 510 0.22 0.04 0.00 0.45 18.2% 
312 0.93 506 0.22  0.12 0.33  
322 1.26 513 0.15 0.04 0.18 0.37 -12.1% 
313 1.24 500 0.33  0.40 0.73  
323 1.06 490      
411 1.26 477 0.19 0.19 0.09 0.47  
421 1.26 523 0.23 0.02 0.17 0.42 10.6% 
413 1.15 471 0.25 0.02 0.12 0.38  
423 1.25 513 0.17 0.01 0.10 0.28 26.3% 
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Figure 4.33 Inclusion concentration 
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Figure 4.34 Inclusion removal analysed by PoDFA 

The squares are before the filter, the circles after. 
 

4.2.5 Spent Filter 
 

 
Figure 4.35 Cross sectional view of spent filters in the pilot test 

 
The spent filters were cut along the middle (see Figure 4.35). The cross sections are 
shown in Figure 4.36 to Figure 4.39. Part of the filter was non-wetted by metal, and the 
metal was evenly loaded in the middle and two sides of the filter in Exp.1. More metal 
was observed in the cross section of Exp.2 (SiC) than in Exp.1 (Al2O3). However, it is 
hard to compare Exp.4 (SiC) and Exp.3 (Al2O3) since both filters were partly wetted by 
metal. Note that the rust in the Exp.3 is from saw. 

We do not know if the voids were present when molten metal filled the filter or if they 
are due to drainage during solidification. 
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4.3 Discussion 
 
The cross sectional views of the spent filters in Section 4.2.5 show that filters were 
partly wetted by the metal. Part of the metal may have drained away during 
solidification due to gravity and the cohesion work of the metal, especially for non-
wetting filters. Both filter materials are non-wetted by aluminium at the casting 
temperature.  

The SiC and Al2O3 industrial filters did not change the metal composition. Moreover, 
there is no indication that carbide was formed or entered the metal from the filters. An 
aluminium alloy with less than 10 at% Si (Figure 4.40) at 700oC could allow Al4C3 to be 
produced according to reaction(2.44).  
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Figure 4.40 The Si level in equilibrium with Al4C3 and SiC in reaction(2.44) [153] 
 

However, reaction(2.44) is probably slow. In the current one hour filtration, no increase 
of Al4C3 was measured with 0.075 wt% of Si alloy in Exp.2 and Exp.4 (SiC filters). The 
SiO2 and Al2O3 components in the SiC industrial filters may slow down the kinetics of 
reaction(2.44). 
 

Table 4.6 The pressure drop during filtration 
 Exp.1 Exp.2 Exp.3 Exp.4 
Temp.[oC] 718-732 695-737 730-746 719-732 
Pressure 
drop[mm] 

31-33 29-31 27 to 18 in 16 min 
and stabilized 

26 to 17 in 16 min 
and stabilized 

 
The pressure drop discussed in Section 4.2.3 is summarized in Table 4.6. Exp.3 and 
Exp.4 experienced a decreasing pressure drop during the first 16 min and stabilized at a 
lower value of 17-18 mm compared to the value of 29-33 mm in Exp.1 and Exp.2. 
Improved Al-filter wettability due to increased temperature is the probable reason for 
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the pressure drop decrease in Exps.3 and 4 compared to Exp.1 and 2. No metal leakage 
for filter- filter adopter and filter adopter- filter bowl (Figure 4.2) was observed in the 
experiments.  

The preheating history of the filters is shown in Table 4.7. Exp.2 was the first 
experiment on the second morning, which had a relatively cold filter bowl. Although 
Exp.1 was heated by metal approximately 15 min, it had also a relatively cold filter 
bowl due to the 2 hour stop in between. Exp.3 experienced a relatively warm filter bowl 
heated in the previous experiment. Note that the metal in Exp.3 is approximately 10 
degrees higher than the other 3 experiments. At the end of the second day, Exp.4 was 
carried out with the most hot filter bowl. Thus, Exp.3 and Exp.4 had a hotter filter bowl 
than Exp.1 and Exp.2.  

Heat transfer from metal to filter including the bowl takes place in the early stage of 
filtration. A hot bowl is vital to keep the heat loss as low as possible [154]. From this 
point, the heat loss in Exp.3 and Exp.4 is expected to be low and filters are at higher 
temperatures then in Exp.1 and Exp.2.  
 

Table 4.7 The preheating history of the filters 

 Charge No. Note 
Day 1 Exp.1 12:10 Preheated filter for 10min 

13:22 Metal (~740oC) runs through filter for ~ 15min. 
15:11-16:26 Filtration Exp.1 

Exp.2 09:45 Preheat for 10min 
12:26-13:35 Filtration Exp.2 

Exp.3 14:45 Preheat for 15min 
15:17-16:29 Filtration Exp.3 

Day 2 

Exp.4 18:20 Preheat for 10min 
18:51-20:07 Filtration Exp.4 

 
Thus, the wettability between the filter and the molten aluminium improves with the 
temperature in Exp.3 and Exp.4 requiring less pressure drop to infiltrate the filter.  

Ceramic foam filters are produced by burnout of the organic foam material and firing of 
the ceramic foams covering it. This produces a highly porous body with a high 
temperature bond. CFFs do not have a large strength. One can break the tiny branches 
by hand. It is possible that these branches (2R,SiC= 0.4 ± 0.1 mm, 2R,Al2O3= 0.3 ± 0.1 
mm in the current study) break at high casting temperatures. Thus, micro leakage 
(breakage of branches) might exist in the filters in Exps.3 and 4. This might explain the 
pressure drop in the first 16 min in Exps.3 and 4. 

Figure 4.41 shows the pressure drop with the metal temperature. At the same 
temperature around 727oC, Exp.4 (SiC) has a lower pressure drop than Exp.2 (SiC) due 
to the warmer bowl. Exp.3 (Al2O3) with a higher metal temperature experiences a lower 
pressure drop than Exp.1 (Al2O3). It may be that improved wetting reduces the pressure 
drop. Exp.3 (Al2O3) and Exp.4 (SiC) show similar pressure drop at 743oC and 727oC, 
respectively. This may indicate that SiC industrial filters have better wettability than 
Al2O3 industrial filters.  
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Figure 4.41 The pressure drop vs. metal temperature 

 

The LiMCA results are influenced significantly by micro bubbles. However, no gas 
bubbling refining unit was involved. The hydrogen content is in the range of 0.1- 0.2 
ml/100g in the current experiments. Thus, LiMCA should give a reliable inclusion 
reading in the range of 20-320 m. There are no reliable results under 20 m due to the 
electronic signal disturbances.  

We have carried out a number of measurements per experiment: 2 LiMCA, 1 Alspek, 
and taken 6 PoDFA samples, 6 spectrographic analysis samples, and 12 reduced 
pressure drop test samples. This disturbs the aluminium and may influence the accuracy 
of the LiMCA readings.  

The filtration efficiencies for the various inclusion sizes are shown in Figure 4.42. The 
standard deviations are discussed in Appendix C. In all four experiments, less than 2.5% 
of the inclusions are larger than 60 m. The low number of large inclusions results in a 
huge uncertainty. Results regarding inclusions in 20-60 m are plotted. Each point 
represents the mean value during one hour of filtration. For the time dependent filtration 
efficiency for various inclusion sizes, refer to Figure B.9 to Figure B.20 in Appendix B. 

Filtration efficiencies increase with the inclusion size. Exps.1-3 have similar filtration 
efficiencies. However, Exp.4 has a higher value. The reason may be improved wetting. 

Basically, no carbide and TiB2 removal was observed in the four experiments. Oxide is 
obviously removed. Total removal efficiency is 7.14% in Exp.1, 44.9% in Exp.2, 18.2% 
and -12.1% in Exp.3, and 10.6% and 26.3% in Exp.4 from the observed PoDFA results 
in Table 4.5. This may indicate that SiC industrial filters capture more inclusions. 
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Figure 4.42 The filtration efficiency vs. the inclusion size distribution 

 

4.4 Conclusions 
 
Plant scale filtration experiments were carried out with Al2O3 and SiC industrial filters. 
In one hour filtration experiments, the initial behaviour of filters has been studied. 

Both industrial filters are non-wetted by molten aluminium at casting temperature. 
However, SiC industrial filters have better wettability than Al2O3 industrial filters. 

No metal composition change was introduced by both industrial filters. This is 
promising for SiC filters, considered an alternative filter material in aluminium 
filtration. 

Improved wetting of aluminium on ceramics with temperature is an advantage in getting 
molten metal to infiltrate the filter. In priming filters it is necessary to have a metal 
height above the filter or to increase the temperature. In our plant experiments, the metal 
height above the filter was up to 33 mm in Exp.1 and Exp.2. With higher temperatures 
for the filter and filter bowl, the metal height was only 26-27 mm, and then stabilized to 
17-18mm in Exp.3 and Exp.4. Filtration may proceed at lower temperatures once metal 
has entered the filter.  

The Exp.4 with the SiC industrial filter gives higher filtration efficiency. The reason 
may be improved metal- filter wettability. 

In addition to the filter, the bowl should be preheated at the beginning of casting. 

We did not experience cake filtration or the blockage of the filter for the 5005 
aluminium alloy even though we generated inclusions in the melting furnace. The alloy 
mainly contains oxides, carbides, and boride inclusions.  

LiMCA accompanied with PoDFA measures effectively the inclusion level, size 
distribution, and inclusion types. 
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The filtration efficiency improves with inclusion size. For inclusion sizes in the range of 
35-40 m, filtration efficiency was approx. 50% in all experiments even though the pore 
size was large using 30 ppi filters with average porosity approximately 86%.  
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Chapter 5 PARTICLE COLLISION ON A SINGLE 
CYLINDER
 
As a basic unit of particle removal in a ceramic foam filter (CFF), a single cylinder will 
first be studied in the current chapter. Mainly, collision of particles by interception and 
gravity is taken into account. As shown in Figure 5.1, a particle with diameter 2RP 
approaches a cylinder with diameter 2R and collection angle . Schlichting [155] 
pointed out that the boundary layer separates and vortices (eddies) are formed at the rear 
side of the cylinder. Eddies are considered to scatter the particles, and collisions with 
the cylinder in the vortex region are neglected. 
 

 
Figure 5.1 2 Dimensional view of a particle in a stream approaching a cylinder 

collector 
 

5.1 Interceptional Collision 
 
We assume that there is no slip between the liquid flow and the solid and introduce a 
boundary layer. Considering flow normal to the circular cylinder, the potential flow is 
given in the form of a series [155]: 
 

3 5 7
1 3 5 7( ) ....U x U x U x U x U x                                                                  (5.1) 

 
The normal distance from the cylinder surface is y. This distance is made dimensionless 
by assuming [155] 
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1Uy                                                                                                   (5.2) 

 
The coefficients U1, U3, U5 depend only on the shape of the body. The stream function 
is 
 

3 5 7
1 1 3 3 5 5 7 7

1

( , ) ( ) 4 ( ) 6 ( ) 8 ( )....x U xf U x f U x f U x f
U

                      (5.3) 

 
Where x is the distance along cylinder measured from stagnation point and, x=R .  
 

1 2UU
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U UU
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R R

  

7 7 7

2
7! 2520

U UU
R R

                                                                               (5.4) 

 
Then Equ.(5.2) becomes 
 

Rec
y
R

                                                                                             (5.5) 

 
With Reynolds number 
 

2Rec
U R                                                                                                                 (5.6) 

 
where the index c is for the cylinder. The stream function for the boundary layer 
becomes [155]: 
 

3 5 7
1 3 5 73 5 7

2( , ) 4 ( ) 6 ( ) 8 ( ) ....2 3 60 2520
U U U Uy R f R f R f R fU R R R R

R

 

3 5 7
1 3 5 7

4 1 12 ( ) ( ) ( ) ( )....
2 3 10 315

U R f y f y f y f y                          (5.7) 

 
The functions f1, f3, f5, and f7 [155] are given in the Appendix A. The flow of liquid 
towards the cylinder is 2Lc . The volume flow approaching the cylinder is 2U RLc. 
Thus the collision probability for a particle of radius RP due to interception is: 
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4 6
2

1 3 5 7
2 2( Re ) ( Re ) ( Re ) ( Re )....

3 20 630Re
P P P P

c c c c
c

R R R Rf f f f
R R R R

 

                                                                                                                                      (5.8) 
 
The collision efficiency increases with the  until the maximum collision efficiency is 
attained at  = c, given by: 
 

4 6
2

1 3 5 7
2 ( ) 2 ( ) ( ) ( ).... 0

4 90Re
i

c c c c
c

f f f f                           (5.9) 

 
or 
 

6 4 2
7 5 3 12 45 360 180 0f f f f                                                                (5.10) 

 
This equation is solved graphically by equating the left and right hand side of the 
equation. The method employed for the calculation of functions f1 to f7 is described in 
Appendix A. The solution for Equ.(5.10) is given in Figure 5.2. Inserting the collection 
angle c in Equ.(5.8), we get Figure 5.3. The relation  
 

0.5/ Ren
i c cA                                                                                                         (5.11) 

 
is fitted to Figure 5.3 to give 
 

1.73 0.50.65 / (Re )i c c                                                                                            (5.12) 
 
with R2, 99%. The curve fitting employs a nonlinear least squares fitting (NLSF) [156] 
with a least square deviation. R2 value gives the correlation coefficient for the fit. 
Equ.(5.12) can also be written as  
 

1.73 0.3650.65( / ) (Re )i p cR R                                                                                     (5.13) 
 
It is seen that the collision efficiency i strongly depends on the ratio between particle 
size and cylinder size Rp/R. When streamlines are pressed together in flow around the 
cylinder, particles in the liquid come closer to the walls. At a distance Rp they collide 
with the surface. There is a moderate increase of i with the cylinder Reynolds number. 
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Figure 5.2 The collection angle for collision by interception 
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Figure 5.3 The relation of c and collision efficiency according to Equ.(5.8) 

 
It is assumed that the cylinders are oriented randomly relative to the velocity. For the 
flow normal to a cylinder, Equ.(5.13) gives the collision efficiency.  is the angle that 
the normal to the velocity makes with the cylinder axis. Following Schlichting [157], 
we assume that when the cylinder makes an angle  with the normal to the flow, the 
velocity U cos  determines the boundary layer behaviour (Independence principle):  
 

1.73 0.365( ) 0.65( / ) (Re cos )i p cR R                                                                (5.14) 
 
An average collision efficiency is determined: 
 

/2
0.365

0

2 cos 0.8109i avg i id                                                                 (5.15) 
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Table 5.1 gives the calculated collision results compared with Palmer’s experimental 
data [3] for capture. Since the error is less than 1% when including f7, f9 or higher grade 
functions are not considered. Palmer observed 50o for the collection angle [3] which is 
close to our calculated collection angle of approx. 59o in Table 5.1. 

With her first nine distinct flow conditions (smooth surface cylinder), Rec= 50-500 and 
Rp/R= 0.008-0.03, Palmer [3] obtained the following regression: 
 

2.08 0.7180.224( / ) Rei Palmer P cR R                                                                               (5.16) 
 
Weber and Paddock [158] showed that the interceptional collision efficiency can be 
given by 
 

2( )
2

P
i weber

R
R

                                                                                                     (5.17) 

 
where  
 

2

2( ) ( )UR R
U y U y

                                                                              (5.18) 

 
 is the dimensionless surface vorticity at the collection angle. From Equs.(5.7) and 

(5.18), we obtain 
 

2 2 22 2
3 5 73 5 71

2 2 2 2

4 1 12
3 10 3152 Re

P
i weber

c

f f fR f
y y y y

                       (5.19) 

 
Espinosa et al. [159] has simulated particles in 2-D flow around a cylinder and results 
are illustrated in Figure 5.4, together with Equ.(5.19). The collection angle 59o from 
Table 5.1 is used for Equ.(5.19). Figure 5.4 shows the collision efficiencies compared 
with Palmer’s experimental data. 
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Figure 5.4 Collision efficiency for Palmer’s case for neutrally buoyant particles 

2.5mm of silicone grease coating was included in our calculation. R`=R+0.25cm. 
 
The Espinosa calculation agrees well with Palmer in experiments 2, 3, 6, 8 and 9. It 
gives slightly higher results in experiments 1, 4, 5, and 7. The Weber calculation 
employing the Schlichting boundary theory agrees with the Palmer experiments 3, 5, 6, 
and 9. It gives lower values in experiments 1, 2, 4, 7, and 8.  

The collision efficiency i in our calculation is slightly higher than the experimental 
results, except in experiments 1 and 7.  

Two effects may contribute to higher results. Not all collided particles stick on the wall. 
The hydrodynamic effect, lift force normal to the cylinder surface, may push particles 
away from the cylinder. 
 

5.2 Gravitational Collision 
 
The other crucial collision mechanism is gravity. Hence the effect of gravity will only 
be outlined. If the particle density is different from that of the metal (assumed to be 
larger than the metal density), particles will settle out in the direction of the 
gravitational force. The gravity force acting on the particle [160] is  
 

( )g p lF gV                                                                                                        (5.20) 
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where V is the volume of the particle and equal to 4 RP
3/3 for a spherical particles. 

The drag force on the particle is usually calculated in terms of an empirical factor C 
[161]: 
 

2
d l S pF C U A                                                                                                             (5.21) 

 
where the drag coefficient C depends on the shape of the body and Ap is the projected 
area of the particle in the flow direction and equal to RP

2 for spherical particles. 
 
The literature [161, 162] gives C versus Rep for a sphere in an unbounded liquid, where 
 

24
Re p

C , when Re 1p (Stokes’ formula) 

47.91-8.04Re pC  , when Re 1 5p to  
0.6217.58Re pC  , when 2Re 5 10p to                                                                    (5.22) 

 
where  
 

2Re P
p

U R                                                                                                        (5.23) 

 
The terminal settling velocity of a particle is determined by the balance between the 
opposing forces Fg and Fd, which gives Equ.(2.1). 

For instance, for alumina particles ( p=3.97 g/cm3, RP=10 m) in aluminium metal 
( l=2.37 g/cm3), C=240 when we set Rep=0.1. Then the settling velocity is 0.61 mm/s. It 
takes 27.32 min to sink 1 m in a tank of stagnant aluminium. 

Near a surface, Equ.(5.22) does not apply.  

5.3 Collision in Down, Up, and Horizontal Flow 
 
It is assumed that the flow approaching the cylinder is completely mixed with particles 
due to the action of the vortices from the upstream cylinders. The particle will follow 
the flow along the cylinder.  

The velocity of the fluid along the cylinder surface is given by 
 

3 5 73 5 71( , ) 4 1 1( , ) 2
2 3 10 315

f f fU R fyU y
y y y y y

        (5.24) 

 
The fluid velocity inwards in the radial direction is 
 

2 4 6
1 3 5 7

1 ( , ) 1 1 1( , ) 2 4 ....
2 2 45r

U RyU y f f f f
R y R y

      (5.25) 
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Then the particle velocity along the cylinder is given by  
 

( , )( , ) cosS
yV y U
y

                                                                      (5.26) 

 
The particle velocity inwards in the radial direction is given by 
 

1 ( , )( , ) sinr S
yV y U

y R
                                                                         (5.27) 

 
where  
 

( / 2 ) / 2 (See Figure 5.5) 
sin sin( / 2 ) sin sin cos cos  
cos cos( / 2 ) cos sin sin cos                                                  (5.28) 
 

 
Figure 5.5 The schematic view of the cylinder cross section  

 
Note that the velocity of the particle relative to the surrounding melt at the surface, Us is 
significantly changed from the Stokes’ velocity in Equ.(2.1) when it approaches the 
wall. It may be influenced by diffusion, hydrodynamic effects, Van der Waals force, 
surface tension etc. Us is much smaller than the Stokes’ velocity due to the high value of 
the drag coefficient near the wall. 

Collision of particles with the cylinder occurs on the part of the cylinder where  
 

1 ( , )( , ) sin 0r S
yV y U

y R
                                                                (5.29) 

 
See Figure 5.5. The sign of the inequality in Equ.(5.29) corresponds to the case where 
the particle trajectory hits the collecting surface and the equality sign is valid when the 
particle trajectory touches the collecting surface. 
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a) = 0 or 2 , down flow b) = , up flow 

 

 

c) = /2, horizontal flow  
 

Figure 5.6 Schematic view of particles deposition on a single cylinder. =0 opposite 
to the incoming flow direction 

Gravity acts in flow direction a), or against the flow direction b); and gravity acts normal to the 
flow c) 

 
In order to find out where the collision start to take place, the condition (5.29) with the 
equality sign can be used and give y=RP. One obtains 
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2 4 6
1 3 5 7

1 1 12 4 .... sin sin cos cos
2 2 45 S

P

U R f f f f U
R R

 

2 4 6
1 3 5 7

1 1 22 4 .... ( ) sin sin cos cos
2 45 P Sf f f f R R U

U R
 

6 4 2
7 5 3 1

22 45 360 180 90( ) sin sin cos cosP Sf f f f R R U
U R

 

6 4 2
7 5 3 12 45 360 180 sin sin cos cosf f f f K                               (5.30) 

 
where  
 

290( ) 90 Re (1 ) 90 ( Re )S SP
P S c c c

U URK R R U
U R U R U

               (5.31) 

 
Hence, it is not attempted to derive values for Us. However, in order to give an 
indication of the effect of gravity on efficiency, Us is included as an unknown variable 
in a discussion of down, up, and horizontal flow (Figure 5.6) towards a cylinder. In the 
following Us and K are regarded as not dependent on the angle . 
 

5.3.1 Down Flow 
 
The case = 0 represents down flow, when the direction of the flow and gravity 
coincide. See a) in Figure 5.6. Then, 
 

1 ( , )( , ) cos 0r S
yV y U

y R
                                                                   (5.32) 

 
Or  
 

6 4 2
7 5 3 12 45 360 180 cosf f f f K                                                              (5.33) 

 
All inclusions collide on the upper section of the collectors in the case of downward 
flow. Table 5.2 gives the collection angle in down flow. The collection angle increases 
from 57.9o ( c <<0.01 and K=0) to 90o when the settling velocity increases. Here we 
show the results until K=100. Data in Table 5.2 are plotted in Figure 5.7. The collection 
angle depends on p, l, , U , R, and Rp. It will not exceed 90o in down flow. The 
collection angle increases with decreased c (decreasing particle size and/or decreasing 
Rec or U ).  

The collision efficiency in down flow is  
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0
0 ,

2 ( ) ( sin )
( , ) sin sin

2 ( )

c

c

o P c r S
P c s c

i g c
o c P

n R R L U U d
R U

n U L R R U
   (5.34) 

 
where we set g=Us/U . However, the gravitational collision efficiency is based on 
time, distance, and the mass transfer coefficient for deposition, which calls for further 
investigation.  
 

Table 5.2 The collection angle under various K and c in down flow 
The collection angle[o] K 

c =0.01 c =0.05 c =0.1 c =0.3 c =0.6 c =1.0 c =1.8 
1 89.7 80.2 69.7 61.6 61.9 63.6 66.6 
3 89.8 85.9 78.3 64.9 62.9 63.9 66.6 

10 90.0 88.7 85.4 71.8 65.7 65.1 67.1 
20 90.0 89.4 87.5 77.1 69.0 66.8 67.7 
30 90.0 89.7 88.3 80.0 71.4 68.2 68.3 
40 90.0 89.7 88.8 81.8 73.5 69.3 68.8 
50 90.0 89.8 89.0 83.1 75.0 70.5 69.4 
60 90.0 89.8 89.1 84.0 76.3 71.4 69.8 
70 90.0 89.9 89.3 84.8 77.5 72.4 70.3 
80 90.0 89.9 89.4 85.3 78.4 73.1 70.8 
90 90.0 89.9 89.5 85.8 79.2 73.9 71.2 

100 90.0 89.9 89.5 86.2 79.9 74.6 71.6 
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Figure 5.7 The collection angle vs. K/90 factor for various c in down flow 

 

The contribution from interception to collision efficiency is discussed in Figure 5.8. 
Interceptional collision increases with c in down flow. However, it slightly decreases 
with increasing Us (or the p) since heavy particles tend to separate from the flow line. 
Gravity drives particles towards the cylinder. The smaller the c or the larger the K, the 
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greater the contribution from gravity in collision (see Figure 5.7). However at large 
polar angles, flow in the boundary layers is out from the cylinder and flow separates 
from it. The interception collision efficiency, i, c is practically independent of gravity, 
as shown in Figure 5.8 and is given by Figure 5.3. 
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Figure 5.8 Interceptional collision efficiency vs. K/90 factor for various c in down 

flow 
 

5.3.2 Up Flow 
 
The down low with particles lighter than the metal or the up flow with particles heavier 
than the metal would give = . See b) in Figure 5.6. Then, 
 

( , ) cosr P SU R R U                                                                                          (5.35) 
 
Or  
 

6 4 2
7 5 3 12 45 360 180 cosf f f f K                                                         (5.36) 

 
Figure 5.9 shows the collection angle in up flow. The trend is more complicated then 
the other 2 cases. We can separate it into 3 areas as discussed in Figure 5.9 b, c, d, and 
Table 5.3. The collection angle c increases with c due to the increasing Rec (or metal 
velocity). However, it decreases with the settling velocity (or K), except in the area b, 
because the K increases with Rec in area b (K<0.01 and RP is very small). The 
collection angle decreases with the settling velocity in the area c and d, since heavy 
particles tend to leave the stream line. If we compare the area c and d, the large 
collection angle (>90o) is attained for small particles (area c) and small collection angle 
(< 70o) for large particles (area d) in up flow. 
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Figure 5.9 The collection angle c vs. K/90 factor for various c in up flow 
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Table 5.3 The collision angle c in up flow 
 c and K Note 
b c=0.01, 0,05 & K/90<0.01 When K , c ; When c , c  

c c=0.01, 0,05, 0.1, 0.3 & 
K/90>0.03 When K , c ; When c , c  

d c= 0.1, 0.3, 0.6, 1.0, 1.8 When K , c ; When c , c  
 
The collision efficiency becomes 
 

0
,

2 ) ( sin )
( , ) sin sin

2

c

c

o P c r S
P c s c

i g c
o c P

n R R L U U d
R U

n U L R R U
   (5.37) 

 
The contribution from interception to the collision efficiency is discussed in Figure 
5.10. Interceptional collision increases with c in up flow. However, it decreases with 
increasing Us (or the p) since heavy particles tend to move away from the flow line, 
except area c (see Figure 5.9 c also). The large collection angle (>90o) is attained for 
small particles ( c<<0.3) in this area. These particles tend to stay on the upper side of 
the cylinder with increasing K. However, gravity helps a particle to escape in up flow 
generally.  
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Figure 5.10 Interceptional collision efficiency vs. K/90 factor for various c in up 

flow 
 

5.3.3 Horizontal Flow 
 
This case is represented by = /2. See c) in Figure 5.6. For the upper side of the 
cylinder 
 

1 ( , )( , ) sin 0r S
yV y U

y R
                                                                   (5.38) 
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Or  
 

6 4 2
7 5 3 12 45 360 180 sinf f f f K                                                               (5.39) 

 
The upper collection angle with K/90 factor for various c in horizontal flow is 
illustrated in Figure 5.11 a). The collection angle would increase from 58.0o to 180o 
when settling increases if the flow did not separate from the cylinder. We show the 
results until K/90=1.  

However, we assume that particles beyond the separation point are captured by vortices 
and neglect their collision with the rear side of the collector. Schlichting [155] 
concluded that the separation angle is 108.8o. Thus the collection angle is limited from 
58.0o to 108.8o in the upper side when settling velocity increases. The collection angle 
decreases with c. 
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Figure 5.11 The collection angle vs. K/90 factor for various c in horizontal flow 
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For the lower side of the cylinder, the right side of the Equ.(5.39) becomes -Ksin . 
Then, the Figure 5.11 b) applies. The collection angle decreases from 66.5o (for c=1.8) 
to 0o when settling increases.  
The collision efficiency becomes 
 

0 0
/2

( ) [ ( sin ) ( sin ) ]

2( )

c c

o P c r S r S

o c P

n R R L U U d U U d

n U L R R
 

( , ) [1 cos ] ( , ) [cos 1]
2

P s P sc c c c
R U R U

U
 

, ,( ) (cos cos )

2
c c

i i g c c                                                               (5.40) 
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Figure 5.12 Interceptional collision efficiency vs. K/90 factor for various c in 

horizontal flow 
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Figure 5.13 (cos c- cos c+) vs. K/90 factor for various c in horizontal flow 
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The contribution from interception and gravity to collision efficiency is discussed in 
Figure 5.12 and Figure 5.13. Interceptional collision increases with c in horizontal 
flow. However, it slightly decreases with increasing Us (or the p) since heavy particles 
tend to separate from the flow line. Gravity helps to collect particles on the upper side 
of the collector and it helps particles to escape on the lower side. See Figure 5.13. The 
smaller the c or the greater the K, the greater the contribution from gravity in collision. 
However at large polar angles, flow in the boundary layers is out from the cylinder and 
the flow separates from it. 
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Chapter 6 REMOVAL THEORY OF PARTICLES IN 
CERAMIC FOAM FILTERS 
 
Filters are a crucial step to remove inclusions and even dissolved elements from molten 
aluminium. Ceramic foam filter (CFF) appeared in late 1970s and early 1980s. Removal 
of inclusions by filtration strongly improves the mechanical properties of aluminium 
[17]. There are several mechanisms for a particle to reach the inner surface of the filter: 
interception, gravity, inertial forces, Brownian movement, and hydrodynamic effects 
[16]. Electromagnetic forces will not be considered. Also hydrodynamic effects are 
neglected. Interception and gravity are the dominant mechanisms. 

The performance of a CFF is usually derived from a model of the interaction between a 
particle in flow stream and a single collector. Most of the models assume CFF as a net 
of tubes, spheres, or cells [163, 164]. However, a close look shows that the filter 
consists of a network of branches (See Figure 6.1). CFFs are produced by impregnating 
granular polyurethane foams with ceramic slurry. Subsequent burnout of the organic 
foam material and firing of the ceramic foams produces a high temperature bond, with a 
highly porous body, presenting an open-cell structure nearly equivalent to the inverse 
replica of a granular structure [21]. These branches, which collect the particles, are 
considered as cylinders. A similar assumption for capture has been used in marine 
biotechnology, e.g. passive settlement of larval on benthic algae [165].  
 

 
Figure 6.1 SiC CFF filter (photo by M.Gaal) 

 



Removal Theory of Particles in Ceramic Foam Filter 
 

 156

To describe the removal of inclusions in a filter, it is assumed initially that once the 
inclusions touch the collector, they adhere. A number balance over a control volume in 
a filter in Figure 6.2 gives [26]: 

Inclusions through the surface z= inclusions through the surface (z+ z) + inclusion 
captured inside the control volume A z 

or 
 

( ) ( ) t sc z AU c z z AU k a A z c                                                                    (6.1) 
 
where  
 

tk U b                                                                                             (6.2) 
 

 
Figure 6.2 A control volume in a filter 

 
Insert Equ.(6.2) into Equ.(6.1) and it becomes  
 

s
dc a bc
dz

                                                                                                                (6.3) 

 
Rearranging Equ.(6.3) and integrating between cin and cout, yield 
 

exp( )out
s

in

c a bL
c

                                                                                                      (6.4) 

 
The filtration efficiency is defined in terms of cin and cout and as follows: 
 

1 exp( )in out
s

in

c cE a bL
c

                                                                                 (6.5) 

 
The geometry factor asb is equal to 
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s
Surface area of collector Collector surface area projected in flow directiona b

Volume of melt Surface area of collector
 

Surface area of collector Volume of collector
Volume of collector Volume of melt

 

Collector surface area projected in flow direction
Surface area of collector

                                 (6.6) 

 
Not all the cylinders in filter media are normal to the flow direction. We have to 
consider cylinders which show an angle , in the range of -90o to 90o, to normal to the 
flow. The cylinder surface area projected in flow direction contributes in sum as:  
 

/2

/2
/2

/2

2 cos 2 2
c

c

RL d
Collector surface area projected in flow direction RL

d
 

                                                                                                                                      (6.7) 
 
Insert the Equ.(6.7) into geometry factor and get 
 

2 2

222 1 4(1 )
2

c
c

s
c c

RLRLa b
R L RL R

                                                                    (6.8) 

 
Then the filtration efficiency becomes 
 

2

4(1 )1 exp( )E L
R

                                                                                          (6.9) 

 
Insert  into Equ.(6.9) and the filtration efficiency can be determined. 
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Chapter 7 BRANCH MODEL IN PLANT EXPERIMENTS 
 
In the current chapter, the aluminium flow rate in the plant experiments is calculated 
and the branch model is used to calculate the aluminium filtration efficiency. The results 
are compared with the literature. The branch model compares favourably to the other 
geometrical models. The effect of the wettability in aluminium filtration should be 
considered. 
 

7.1 The Flow Rate  
 
Forchheimer’s equation has been successfully employed in the literature [166] to predict 
the flow rate through granular media due to pressure drop. This equation states that for 
an uncompressible fluid, the pressure drop through a rigid and homogeneous porous 
medium is given by: 
 

2

1 2

lP U U
L k k

                                                                                     (7.1) 

 
where k1 and k2 are constants only dependent on the medium properties, known 
respectively as Darcian and non-Darcian permeabilities, and  
 

1

3 2

2

(2 )
150(1 )

pR
k  

2

3 (2 )
1.75(1 )

pR
k                                                                                                      (7.2) 

 
The major problem in the permeability evaluation of a ceramic foam filter is to reliably 
define structural properties of the cellular medium to replace the particle diameter 2Rp 
in Equ.(7.2). Moreira and Coury [167] measured the permeability utilizing water as 
flowing fluids. Ergun type calculation was employed using the pore diameter dpore 
instead of the granular particle diameter. The final correlation using SI units has the 
following form: 
 

3 0.05

1 9 21.275 10 (1 )
pored

k  
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3 0.25

2 41.89 10 (1 )
pored

k                                                                                                    (7.3) 

 
valid for Repore for water in the range of 0.6 to 2.55×103 [168]. 

We know [169]:  
Density of the water at 30 oC, 996 kg/m3, 
Dynamic viscosity of water at 30 oC, 0.798×10-3 kg/(m·s), 
Density of the aluminium at 725oC, 2360 kg/m3, 
Dynamic viscosity of aluminium at 725oC, 1.245×10-3 kg/(m·s) 

Thus, 
 

Re 1.52
Re

Al water Al

water Al water

                                                                                             (7.4) 

 
Therefore, Equ.(7.3) is expected to be valid for Repore for aluminium at 725oC in the 
range of 0.91 to 3.88×103. The pore diameter of the filter was obtained by image 
analysis: dpore,SiC= 2.2 ± 0.4 mm, dpore,Al2O3= 2.1 ± 0.6 mm. It was also measured 10 
times randomly with the vernier calipers to study the 3 dimential pore size. The Repore in 
the plant experiments is in the range of 213 to 374, which indicates that the Equ.(7.3) is 
valid in the current case. 

The use of reliable equations is essential for the correct flow rate prediction. The 
permeability of a CFF slows down as inclusions accumulate. It is hard to predict the 
permeability correctly as inclusions accumulate. 

The permeabilities in the current case are shown in Table 7.1. 
 

Table 7.1 The permeability calculation in plant experiments 
k1[m2] k2[m] /k1[kg/m3s] l/k2[kg/m4] 

SiC Al2O3 SiC Al2O3 SiC Al2O3 SiC Al2O3 
2.91E-08 5.26E-08 1.00E-03 1.44E-03 4.28E+04 2.37E+04 2.36E+06 1.64E+06 

 
Inserting Table 7.1 into Equ.(7.1), we get the flow rate and Reynolds numbers given in 
Table 7.2, in which the branch diameter of the filter was determined by image analysis: 
2R,SiC= 0.4 ± 0.1 mm, 2R,Al2O3= 0.3 ± 0.1 mm, the cross section area of the filter Ax is 
6.45×10-2 m2 (10``×10``), and the thickness of the filter L is 0.0508 m (2``). The flow rate 
increases with the pressure drop. 
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The average flow rate and mass flow are shown in Table 7.3.  
 

Table 7.3 The average calculated flow rate and  
Reynolds number in ceramic foam filters 

Experiment 1 2 3 4 
U [mm/s] 86.38 70.39 67.98 52.61 
Q[m3/s] 5.6E-03 4.5E-03 4.4E-03 3.4E-03 

Qm[ton/h] 47.3 38.5 37.2 28.8 
Rec 49.1 53.4 38.7 39.9 

 
where the volumetric flow rate is given by: 
 

xQ U A                                                                                                                      (7.5) 
 
and the mass flow rate is: 
 

3.6m lQ Q                                                                                                    (7.6) 
 
The Al2O3 industrial filters (Exps.1 and 3) give higher velocities than the SiC filters 
(Exps.2 and 4). This may be due to the poor wettability of aluminium on Al2O3 
industrial filter. Better wettability due to increased temperature in Exp.3 should give 
lower velocities than in Exp.1, the same for Exp.4 compared to Exp.2. 

The inclusion travels around 10m in between the two LiMCA taking into account 
movement through the filter and bowl in plant experiments. The inclusion readings at 
149.5 min (before the filter) and 150.5 min (after the filter) in Exp.1 (Figure 6.21) give 
similar peaks. This probably is due to the movement of same group of inclusions. 
Considering the LiMCA reading step width of 1.5min, it gives a flow rate in Exp.1 
larger than 56 mm/s. Similarly, Figure 6.27 give flow rate larger than 56 mm/s in Exp.3. 
Figure 6.30 give flow rate 26 to 555 mm/s in Exp.4. Thus, movements of the peaks are 
roughly agreed with the calculated results in Table 7.3. This also indicates that velocity 
is rather high in Exps.1-4. 
 

7.2 The Collision Efficiency 
 

The interceptional collision efficiencies with particle size distribution in down flow are 
shown in Table 7.4. The c are in the range of 0.36 - 2.10. The interceptional collision 
efficiencies increase with particle size.  

As shown in Figure 2.47, the filtration efficiency decreases with the flow rate until it 
reaches a minimum, and then increases. The greater the velocity the less time particles 
have to settle. Gravitational collision efficiency decays with increasing flow rate. 
Gravitational collision must be taken into account at the lower flow rates. Interceptional 
collision efficiency increases with the velocity since then more liquid and particles 
come into contact with the collector. See Figure 7.1. 
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Gravitational collision dominates at the superficial flow rate 11 to 12mm/s for 40- 60 
m inclusions in Tian and Guthrie’s case [170].  

An interpretation of Figure 2.47 is that interceptional collision dominates at the 
superficial flow rates greater than 50mm/s for 20- 100 m inclusions since the filtration 
coefficient increases with velocity. Thus, the contribution from the gravity is neglected 
in this work.  
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Figure 7.1 Sketch of collision efficiency vs. flow rate 
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7.3 The Filtration Efficiency 
 
The filtration efficiencies are shown in Figure 7.2 to Figure 7.5 according to Equ.(6.9). 
q  instead of  is used. The factor q, in between 0 to 1, can be interpreted as the number 
of particles that stick to the cylinder relative to the number that hit it. According to the 
deep bed filtration theory, for a particle to be captured, two steps have to be undertaken: 
transport and adhesion. The filtration efficiency will be a function of both transport 
efficiency (collision efficiency)  and adhesion efficiency q. 
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Figure 7.2 The filtration efficiency vs. inclusion size in Exp. 1 with various q 

 
In Figure 7.2 to Figure 7.5, the filtration efficiencies increase with the particle size. 
There are very small numbers for particles larger than 60 m, as discussed in Section 
4.2.4. For particles less than 60 m, q= 0.4, 0.5, and 0.4 for Exp.1 to Exp.3 gives the best 
match between calculated and experimental data. Around 40% of collided particles 
attach on the filter interface in alumina filters, and 50% in SiC filters. The SiC industrial 
filter in Exp.4 has q larger than 1. This might be due to that the porosity in Exp.4 is 
higher than average value 85.0%, which leads to the larger flow rate (or Rec) than in 
Table 7.3. Then, the filtration efficiency becomes larger than the calculated value. The 
improved wettability in Exp.4 due to the increased temperature may contribute to more 
inclusion attachment on the filter walls, as well. 

The difference between the experimental values and the model may be due to errors in 
the model, variations in the branch diameter, and the contributions from wettability, e.g. 
wetting between particle- metal, and metal-filter wall, which could be influenced by 
factors, such as filter and bowl temperature, flow rate, particle and filter properties etc. 
In spite of the high velocities, gravity may play a role. 
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Figure 7.3 The filtration efficiency vs. inclusion size in Exp.2 with various q 
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Figure 7.4 The filtration efficiency vs. inclusion size in Exp.3 with various q 
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Figure 7.5 The filtration efficiency vs. inclusion size in Exp.4 with various q 

 

7.4 Comparison with the Literature 
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Figure 7.6 The relation of c and collision efficiency according to Equ.(5.8) and Equ.(5.19)  

 
Figure 7.6 compares our model and Weber’s model [158] considering the Schlichting 
boundary layer. The collision efficiency by Weber is fitted with R square factor, 
99.995%. The Weber collision efficiency (See Equ.(5.19)) employs the second 
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derivative of our collision efficiency (See Equ.(5.8)). Weber’s model gives lower 
filtration efficiency than ours at higher values of c. As an example, the result in Exp.1 
is shown in Figure 7.7. An explanation may be that Weber approximated the stream 
function with a Taylor series including only the second order terms. 
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Figure 7.7 The calculated filtration efficiency in our model and Weber’s model based 

on the Schlichting boundary layer 
 
Various reported theoretical geometrical models, which describe ceramic foams as a 
collection of cells, polyhedra, etc. The specific surface area as is summarized in Table 
7.5, where the structural parameter ds is the strut (cylinder) diameter in the models. The 
specific surface areas calculated according to pore diameters are shown for porosity 
88.2% (Al2O3 industrial filter) and 85.0% (SiC industrial filter) in Figure 7.8. 
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The models from Innocentini et al. [166], Richardson et al. [172], Moreira et al. [167, 
168], Lu et al. [171], us, and Giani et al. [175] (in sequence from high to low surface 
area) give specific surface area higher than models by Lacroix et al. [176], Fourie and 
Plessis [173], and Buciuman and Kraushaar-Czarnetzki [174], regarding the ceramic 
foams as polyhedra (12 or 14 faces). Polyhedra seem to simulate the open cell metallic 
foams better than ceramic foams.  

Figure 7.9 to Figure 7.12 compare the filtration efficiencies based on the specific 
surface area by various models. Innocentini et al. [166], Richardson et al. [172], Moreira 
et al. [167, 168], Lu et al. [171], and this work (from high to low) give filtration 
efficiencies higher than experimental values in Exps.1-3, except in Exp.4. They are 
expected to have higher calculated filtration efficiency than the experimental value 
since we assume that all inclusions that hit the wall are captured by the filter. 

Innocentini et al., 1999 [166] and Richardson et al. [172] replace the particle diameter in 
deep bed filters with the structural parameters in the cellular media. Poor agreement 
with experimental permeability was obtained [166]. Lu et al. [171] and Giani et al.[175] 
investigated the open-cell metal foam, considering it made up of uniform distributed, 
equal sized cubic cells. Apparently, the structure of the ceramic foam filters is more 
complicated than that. Moreira et al. [167, 168] obtained the specific surface area by 
image analysis. They measured the perimeter of the solid phase of a cross section and 
multiplied it by the length of the tortuous path, obtained from the tortuosity 
measurements. They did not explain how they derived the specific surface area 
equation. 

In our calculation, we may overestimate (or underestimate) the specific surface area, 
when we give the branch radius as 1/10 pore diameter. The reason is that the ceramic 
branches are not ideal cylinders. 
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Figure 7.9 Filtration efficiency in Exp.1 calculated with various models  
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Figure 7.10 Filtration efficiency in Exp.2 calculated with various models 
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Figure 7.11 Filtration efficiency in Exp.3 calculated with various models 
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Figure 7.12 Filtration efficiency in Exp.4 calculated with various models 

 
Figure 7.13 to Figure 7.16 show the collision efficiency as: –ln(1-E)= asbL  in plant 
experiments and in our model with a fitted q value. Experiments and calculation match 
well for particles less than 60 m, especially for particles 20-40 m (approx. 90% of all 
inclusions). This indicates that we use reasonable specific surface area in our model. 
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Figure 7.13 The collision efficiency factor vs. inclusion size in Exp.1 
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Figure 7.14 The collision efficiency factor vs. inclusion size in Exp.2 
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Figure 7.15 The collision efficiency factor vs. inclusion size in Exp.3 
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Figure 7.16 The collision efficiency factor vs. inclusion size in Exp.4 

 

7.5 Conclusion 
 
A branch model where the ceramic foam filter is treated as a collection of cylinders is 
used to describe the plant experiments. 

The flow rate in the industrial filters is calculated using Forchheimer’s equation and 
empirical results for permeability. At higher temperatures, better wetting contributes to 
the lower pressure drop and also lower flow rates, e.g. in Exps.3 and 4. The Al2O3 
industrial filter gives a larger flow rate than SiC industrial filters probably due to its 
poor wetting. The mass flow in the plant experiments is 29-47 ton/h and the Reynolds 
number based on the branch diameter is in the range of 39-53. 

The calculated collision efficiency and the filtration efficiency increase with inclusion 
size. The filtration efficiencies according to Equ.(6.9) agree with the experimental 
values when introducing the factor q, in between 0 to 1, which is interpreted to give the 
number of particles that stick to the cylinder relative to the number that hit it. Around 
40% of collided particles attach on the filter interface in Al2O3 industrial filters, and 
50% in SiC industrial filters. The increased wettability between the SiC industrial filter 
and molten aluminium at a higher temperature in Exp.4 may be the reason that q is 
larger than 1.  

The difference between the experimental values and the model may be due to errors in 
the model, variations in the branch diameter, and the contributions from wettability, e.g. 
wetting between particle- metal, and metal-filter wall, which could be influenced by 
factors, such as filter and bowl temperature, flow rate, particle and filter properties etc. 
Gravity effects have not been taken into account. 

Considering the Schlichting boundary layer, the collision efficiency obtained from 
Weber gives lower values than ours and does not increase with inclusion size for 
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inclusions larger than 60 m. This may be due to that Weber approximated the stream 
function in a Taylor series including only second order terms. 

The branch model also has been compared to other geometrical models. Polyhedra seem 
to simulate the open cell metallic foams better than ceramic foams. Uniform distributed 
cells may be too simple to describe ceramic foams. The branch model in our case proves 
to give a reasonable specific surface area and the filtration efficiency. 

In conclusion, the Equ.(7.7) together with Equs.(5.15) and (5.13) give the filtration 
efficiency for ceramic foam filters in aluminium filtration. The model is based on 
inclusion and branch diameters, Reynolds number, filter thickness, filter specific surface 
area, and the wettability. 
 

2

4(1 )1 exp( )E q L
R

                                                                                         (7.7) 
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Chapter 8 CONCLUSIONS AND FUTURE WORK 
 
In this work, removal mechanisms of inclusions in ceramic foam filter have been 
studied. This includes measurement of wetting between aluminium, inclusion, and filter 
materials. A branch model is also carried out to study the inclusion transport 
mechanism. An objective has been to find alternative filter materials. Also plant 
filtration experiments have been carried out.  
 
Wetting  
 
When liquid aluminium flows into a pre-heated filter, aluminium is further oxidized due 
to the hot air inside. One part of the oxide goes into the metal as Al2O3 inclusions, and 
the rest adheres on the Al-filter interface. This superficial oxide layer will be broken due 
to capillary infiltration of the molten metal through the filter and oxide. Then, oxidation 
is less of a problem due to the low saturated oxygen content in aluminium. 

Wetting behaviour between aluminium and ceramics: graphite, oxidized SiC and Al2O3 
in the temperature range 1000 to 1300oC is investigated in the current work. The 
wettability with respect to time goes through three kinetic stages: de-oxidation of the 
alumina layer, interface reaction, and finally the stable contact angle. In order to predict 
the wetting behaviour of the Al-ceramic system at the lower casting temperatures, a 
semi-empirical calculation for the temperature dependence of the contact angle is 
presented. The contact angles of Al-Al2O3, Al-SiC, and Al-graphite at 700oC are 
calculated to be 97o, 79o, 92o (vitreous graphite) and 126o (single- and poly-crystal 
graphite), respectively. This is in good agreement with experimental values in the 
literature.  

SiC filters have better wettability with aluminium than Al2O3 filters. SiC filters may 
react slowly with aluminium at the casting temperature. SiC filters will increase the Si 
content in aluminium due to de-oxidation of the silica layer on the interface, and also 
free Si in reaction bonded SiC. The presence of Si in aluminium will prevent reaction 
between SiC and aluminium and formation of Al4C3. 

It is harder to remove Al4C3 inclusions than Al2O3 inclusions probably due to the better 
wettability of aluminium on Al4C3.  

Graphite reacts with aluminium and produces Al4C3 at the interface, which is 
hydrophilic. It may be a problem to use graphite as a filter material.  

SiC and Al2O3 industrial filters are non-wetted by molten aluminium at casting 
temperature.  
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Improved wetting of aluminium on ceramics with temperature is an advantage in getting 
molten metal to infiltrate the filter. In priming filters it is necessary to have a metal 
height above the filter or to increase the temperature. In our plant experiments, the metal 
height above the filter was up to 33 mm in Exp.1 and Exp.2. With higher temperatures 
for the filter and filter bowl, the metal height was only up to 27 mm in Exp.3 and Exp.4. 
Filtration may proceed at lower temperatures once metal has entered the filter.  

It is believed that improved metal – filter wetting gives higher filtration efficiency. A 
hot filter bowl is as important as a pre-heated filter in filter priming. 
 
Filtration  
 
Plant scale filtration experiments were carried out with Al2O3 and SiC industrial filters. 
No metal composition change was introduced by the industrial filters. This is promising 
for the use of SiC filters, considered an alternative filter material in aluminium 
filtration. 

We did not experience cake filtration or the blockage of the filter for the 5005 
aluminium alloy even though we added inclusions in the melting furnace. The alloy 
mainly contains oxides, carbides, and borides inclusions.  

LiMCA accompanied with PoDFA measures effectively the inclusion level, size 
distribution, and inclusion types. 

The filtration efficiency improves with inclusion size. For inclusion size in the range of 
30-40 m, filtration efficiency was approx. 50% in all experiments even though the pore 
size was large using 30 ppi filters with average porosity approximately 50%.  

SiC industrial filters have better wettability with aluminium than Al2O3 industrial filters. 
At a higher temperature, the SiC industrial filter in Exp.4 showed a much higher 
filtration efficiency than the other three. 
 
Modelling  
 
The collision of particles on a cylinder is investigated based on the Schlichting 
boundary layer theory, focusing on interceptional and gravitational collision. The 
deposition by interception is determined by the cylinder radius R, particle radius Rp and 
cylinder Reynolds number Rec. The interceptional collision efficiency i increases with 

c (=Rec
0.5Rp/R), and  

 
1.73 0.50.65 / (Re )i c c                                                                                                  (8.1) 

 
Three collision cases in filtration: down flow, up flow, and horizontal flow are 
discussed in order to illustrate the role of gravity.  

A branch model where the ceramic foam is treated as a collection of cylinders is 
proposed and compared with other models. The branch model gives a reasonable 
specific surface area and filtration efficiency. Inclusion removal in aluminium filtration 
is based on the ratio between the inclusion and ceramic foam branch diameters, the 
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branch Reynolds number, filter thickness, filter specific surface area, porosity, and the 
wettability etc: 
 

2

4(1 )1 exp( )E q L
R

                                                                                         (8.2) 

 
Future work  
 

The gravitational collision efficiency should be investigated. Then it is necessary to 
figure out the velocity of the particles on hitting the collector surface. This is a difficult 
task. 

A more extensive study should be carried out on that aluminium tends to expel 
inclusions with poorer wetting than the Al-filter interface. 

Pre-heating of the filter bowl is as important as the preheating of filter itself due to 
problems with heat loss and infiltration at the beginning of the filtration. Pre-heating 
deserves further study including variables such as pre-heating gas, time and temperature 
distribution. 

The possible introduction of wettability into permeability in Forchheimer’s equation 
(7.1) calls for further study. 

The SiC filter, as an alternative filter material, is promising. Its reaction rate with 
molten aluminium at casting temperatures should be further investigated. 

The factor q here described as the ratio of inclusions that stick to the wall and inclusions 
that hit the wall, in Equ.(7.7) may be employed to compare the efficiency of various Al- 
ceramics in filtration.  
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Appendix A. The Functions f1, f3, f5, f7 
 
The functions f has been discussed by Schlichting. 1968 [177] in detail. He calculated 
the functions associated with the term 11 and improved the accuracy, see Table 9.1 in 
[177] as below. 
 
Table A.1 Functional coefficients for the first four terms of the Blasius series, required 

in the calculation of 2-dimentional boundary layer on a cylinder (symmetrical case) 
[177] 

 f1` f3` g5` h5` g7` h7` k7` 
0 0 0 0 0 0 0 0 

0.2 0.2266 0.1251 0.1072 0.0141 0.0962 0.0173 0.0016 
0.4 0.4145 0.2129 0.1778 0.0117 0.1563 0.0030 0.0044 
0.6 0.5663 0.2688 0.2184 -0.0011 0.1879 -0.0286 0.0096 
0.8 0.6859 0.2997 0.2366 -0.0177 0.1994 -0.0637 0.0174 
1.0 0.7779 0.3125 0.2399 -0.0331 0.1980 -0.0925 0.0271 
1.2 0.8467 0.3133 0.2341 -0.0442 0.1896 -0.1102 0.0369 
1.4 0.8968 0.3070 0.2239 -0.0499 0.1782 -0.1159 0.0452 
1.6 0.9323 0.2975 0.2123 -0.0504 0.1665 -0.1114 0.0506 
1.8 0.9568 0.2871 0.2012 -0.0468 0.1558 -0.0997 0.0525 
2.0 0.9732 0.2775 0.1916 -0.0406 0.1469 -0.0839 0.0510 
2.2 0.9839 0.2695 0.1839 -0.0332 0.1400 -0.0669 0.0466 
2.4 0.9905 0.2632 0.1781 -0.0257 0.1349 -0.0507 0.0402 
2.6 0.9946 0.2586 0.1740 -0.0189 0.1313 -0.0367 0.0330 
2.8 0.9970 0.2554 0.1712 -0.0133 0.1288 -0.0254 0.0257 
3.0 0.9984 0.2532 0.1694 -0.0089 0.1273 -0.0168 0.0191 
3.2 0.9992 0.2519 0.1682 -0.0057 0.1263 -0.0107 0.0135 
3.4 0.9996 0.2510 0.1675 -0.0035 0.1257 -0.0065 0.0091 
3.6 0.9998 0.2506 0.1671 -0.0021 0.1254 -0.0038 0.0059 
3.8 0.9999 0.2503 0.1669 -0.0012 0.1252 -0.0021 0.0036 
4.0 1.0000 0.2501 0.1668 -0.0006 0.1251 -0.0011 0.0021 

 f1`` f3`` g5`` h5`` g7`` h7`` k7`` 
0 1.2326 0.7244 0.6347 0.1192 0.5792 0.1829 0.0076 

 
If we set  
 

2 3 4 5 6
1 0 1 2 3 4 5 6( )f A A A A A A A                                                (A.1) 

 
Then 
 

' 2 3 4 5
1 1 2 3 4 5 6( ) 2 3 4 5 6f A A A A A A                                               (A.2) 
' ' 2 3 4

1 2 3 4 5 6( ) 2 6 12 20 30f A A A A A                                                   (A.3) 
 
Schlichting, 1968 [177] also gave 
 

1 0(0) 0f A  
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'
1 1(0) 0f A  
' '

1 2(0) 2 1.2326f A                                                                                         (A.4) 
 
Then, fit the data in Table A.1 with the function 
 

' 2 3 4 5
1 3 4 5 6( ) 1.2326 3 4 5 6f A A A A                                                   (A.5) 

 
and we get fitted f1` with R2=99.993%, see Figure A.1. 

 

0 1 2 3 4
0,0

0,2

0,4

0,6

0,8

1,0

 

 

f' 1

 f1
`

 Fitted line

 
Figure A.1 The Function f1

` in the Blasius power series 
 
Then  
 

2 3 4 6
1( ) 0.6163 0.1825 0.0230 0.0002f                                              (A.6) 

 
With the same way, set  
 

2 3 4 5 6
3 0 1 2 3 4 5 6( )f B B B B B B B                                               (A.7) 

 
Schlichting, 1968 [177] gave 
 

3 0(0) 0f B  
'

3 1(0) 0f B  
' '

3 2(0) 2 0.7244f B                                                                                                  (A.8) 
 
Then we got the function 
 

2 3 4 5 6
3 ( ) 0.3622 0.1960 0.0512 0.0064 0.0003f                            (A.9) 
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from the fitted f3
` with R2=99.858% in Figure A.2. 

 
When set 
 

2 3 4 5 6
5 0 1 2 3 4 5 6( )f C C C C C C C                                          (A.10) 

 
Schlichting, 1968 [177] gave 
 

' ' '
5 5 510 / 3f g h  

5 0(0) 0f C  
'

5 1(0) 0f C  
' '

5 2(0) 2 0.6347 0.1192 10 / 3 1.0320f C                                                  (A.11) 
 
Then we got the function 
 

2 3 4 5 6
5 ( ) 0.516 0.4517 0.0376 0.1054 0.0375f                           (A.12) 

 
from the fitted f5

` with R2=100% in Figure A.3. 
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Figure A.2 The Function f3

` in the Blasius power series 
 



                                                                                                                  Appendix A 
 

 193

0,0 0,2 0,4 0,6 0,8 1,0
0,00

0,05

0,10

0,15

0,20

0,25

 

 

 f`
5

 Fitted line

f' 5

 
Figure A.3 The Function f5

` in the Blasius power series 
R2<98% for =[0, 4.0]; thus fitting in =[0, 1.0] is employed. 

 
For the function f7, set  
 

2 3 4 5 6
7 0 1 2 3 4 5 6( )f D D D D D D D                                             (A.13) 

 
Schlichting, 1968 [177] gave 
 

' ' ' '
7 7 7 77 70 / 3f g h k  

7 0(0) 0f D  
'

7 1(0) 0f D  
' '

7 2(0) 2 0.5792 0.1829 7 0.0076 70 / 3 2.0368f D                                  (A.14) 
 
Then we got the function 
 

2 3 4 5 6
7 ( ) 1.0184 1.4171 0.4471 0.3319 0.1750f                             (A.15) 

 
from the fitted f7

` with R2=99.997%. See Figure A.4. 
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Figure A.4 The Function f7

` in the Blasius power series  
R2<98% for =[0, 4.0]; thus fitting in =[0, 1.0] is employed. 
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Appendix B. Inclusion Level in Filtration 
 
The time dependent inclusion level before and after the filters are shown in Figure B.1 
to Figure B.8. Approximately 50% of the number of the inclusions is in the range of 20-
25 m. 

The filtration efficiencies with time for various inclusion sizes are summarized in 
Figure B.9 to Figure B.20. More than 87% of the number of inclusions is smaller than 
40 m. Inclusions less than 40 m are discussed in the current appendix. 
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Figure B.1 The inclusion number size distribution before the filter vs. time in Exp.1 – 

Al2O3 industrial filter 
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Figure B.2 The inclusion number size distribution after the filter vs. time in Exp.1 – 
Al2O3 industrial filter 
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Figure B.3 The inclusion number size distribution before the filter vs. time in Exp.2 – 

SiC industrial filter 
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Figure B.4 The inclusion number size distribution after the filter vs. time in Exp.2 – SiC 

industrial filter 
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Figure B.5 The inclusion number size distribution before the filter vs. time in Exp.3 – 

Al2O3 industrial filter 
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Figure B.6 The inclusion number size distribution after the filter vs. time in Exp.3 – 

Al2O3 industrial filter 
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Figure B.7 The inclusion number size distribution before the filter vs. time in Exp.4 – 

SiC industrial filter 
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Figure B.8 The inclusion number size distribution after the filter vs. time in Exp.1 – SiC 

industrial filter 
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Figure B.9 The filtration efficiency vs. time for inclusions 20-25 m in Exp.1 
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Figure B.10 The filtration efficiency vs. time for inclusions 25-30 m in Exp.1 
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Figure B.11 The filtration efficiency vs. time for inclusions 30-35 m in Exp.1 
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Figure B.12 The filtration efficiency vs. time for inclusions 20-25 m in Exp.2 
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Figure B.13 The filtration efficiency vs. time for inclusions 25-30 m in Exp.2 
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Figure B.14 The filtration efficiency vs. time for inclusions 30-35 m in Exp.2 
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Figure B.15 The filtration efficiency vs. time for inclusions 20-25 m in Exp.3 
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Figure B.16 The filtration efficiency vs. time for inclusions 25-30 m in Exp.3 
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Figure B.17 The filtration efficiency vs. time for inclusions 30-35 m in Exp.3 
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Figure B.18 The filtration efficiency vs. time for inclusions 20-25 m in Exp.4 

40 50 60 70 80 90

2

4

6

8

-20

0

20

40

60

80

In
cl

us
io

n 
nu

m
be

r/k
.k

g-1

Fi
ltr

at
io

n 
ef

fic
ie

nc
y/

%

 

Time/min

 In
 Out

 

 Efficiency Exp.4 N25-30

 
Figure B.19 The filtration efficiency vs. time for inclusions 25-30 m in Exp.4 
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Figure B.20 The filtration efficiency vs. time for inclusions 30-35 m in Exp.4
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Appendix C. Standard Deviation for the Filtration 
Efficiency

 
Standard deviation shows how much variation there is from the "average". A low 
standard deviation indicates that the data points tend to be very close to the average, 
whereas high standard deviation indicates that the data are spread out over a large range 
of values. 
The average is given by 
 

1 2 3
1 ( .... )Nx x x x x
N

                                                                                       (C.1) 

 
The standard deviation is given by 
 

2

1

1 ( )
N

i
i

x x
N

                                                                                               (C.2) 

 
The filtration efficiency E is calculated as Equ.(2.13). E is not linearly dependent on 
inlet inclusion number nin. It is necessary to calculate the upper and lower deviation 
explicitly. For the detail, please refer to Syvertsen’s thesis [152]. 
 

2 2 2 2 2( ) (1 ) (1 ) ( ) ( )
( )

out out out out out in
E

in in in in in in in

n n nE E
n n n n n

 

2 2 2 2 2( ) (1 ) (1 ) ( ) ( )
( )

out out out out out in
E

in in in in in in in

n n nE E
n n n n n

             (C.3) 

 
For deviations which give  
 

1EE  
0EE                                                                                                             (C.4) 

 
it is adjusted to  
 

1E E  

E E                                                                                                                     (C.5) 
 
because it is clear that 
 
0 1EE                                                                                                            (C.6) 
 
Based on the preceding discussion, Figure C.1 shows the filtration efficiency with the 
standard deviation. Only less than 2.5% of the inclusions are larger than 60 m in all 
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four experiments, which results in a huge uncertainty (more than 100%) for inclusions 
in that range. The results larger than 60 m are unreliable. 
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Figure C.1 The filtration efficiency vs. the inclusion size distribution with standard 

deviation 
 
 

 


