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-1 Introduction

Increasing demands on metai qualiry have led to the f'act that filtration is a standard operation in

aluminium fbundries. Ceramic fbam filters and classical deep bed t.ilters are commonly used. By

now, there is no theoretical platform describing deep bed filtration mode comprehensively. Work-

ing conditions for filters are only based on empirical data. The aim of this work is to describe

mechanisms that occur inside ceramic foam filters in general. Two tvpes of water models are used

to achieve this: a full-scale model of an actual f-iltration box and a one-channel model that simulates

one channel in a ceramic fbam filter. For comparison also a deep bed tllter is tested.

Especially flow velocir_v is crucial tbr the performance of a tllter since this parameter allows parti-

cles to be deposited and retained inside the filter but also causes detachment of particles. Further-

more it is lound that at tlor,r velocitics, rvhich arc applicd in practical use. there are already turbu-

lent conditrons prcciominant in largc parts of the tlltcr. In thcsc arcas particles mav not be dcpositcd

rd already rjetachccj parriclcs can bc washed out. Evcn singular pcrturbations like vibrations or

uneven metal flow can causc particlc tictachment. Optimal and evcn tlow' conditions are therefbrc

required for high flltration etficicncy.

2 Filtration Through CFF

During deep bed trltration the inclusion are removed fiom the liquidimclt inside the t-ilter. These

particles are significantly smaller than the tilter and this results in a high sensibilir.v against hydro-

dynamic perfurbations [1]. The liquid l-lows through the filter pores and the inclusions will attach to

the pore walls in case of a CFF or the particles tbrming the frlter for classical deep bed filters. These

filters have been known fbr a long time already and have been used mainly in drinking water purifi-

cation. There have been several developments especially for metal filtration. in the case ola classi-

cal deep bed fiiter, the particles are made of AlzO:. Besides this fiiter type. there are hvo more sys-

tems, which are also categorized in the fiitration mode of deep bed t-iltration though they can be
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considered a "negative" of the classicai fype: the bonded particle tube filters (BPF) and the

foam filters (CFF). BPF consist of very fine bauxite or SiC tubes. CFF are made of porous

foam, AlzOl in most cases. They are seen as the negative of a bed filter because the melt is

flowing around the particles of the filter but is running through its pores while the impurities 
a

attached at the walls of these pores (figure l) t2l. The specific surfäce of CFF and DBF ur. fr
proximately the same if particles and pores are of the same size. However. there is a significant dif.'

f'erence in open porosity with DBF showing values of about 0.rl while this is about rwice as much

tbr CFF with values reaching 0.8. t2]. This as a consequence results in very different t'low regimes,

as illustrated in figures 1. So the models used tbr evaluating tlolv conditions in DBF are only of
limited use in the case of filtration through CFF. Atready inside one pore of a CFF the tlow condi-

tions reach from laminar to turbulent. with zones of dead volume being present in most of the cases

(figure 2). Both flow conditions and the conditions fbr particle attachment are different in both hlter

tvpes.

Figure 1: Flor.v regime in a CFF and DBF [3] Figure l: Flor.v conditions

one pore ola CFF [3]

to look at the flo',v conditions of an aluminium melt and

in a CFF rcsulting thereof (flsurc 3). It is obvious that

filter characterized by laminar tlorv conditions. The con-

with tltter depth increasing. ,'\lso, increasing tilter height,

decreasing pore size and decreasing flow velocitv have a positive elftct on f-iltration efficiency.

Niedzinski et al. [4] were among the frrst

the conditions fbr attachment of particles

particles are attached in the regions of the

centration of particles removed decreases
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Figure 3: Attachment of particles in a CFF [-l]

2.L Influence of flow velocifv
i.

i, Flow velocit-v is a crucial parameter tbr filtration etficiency. If it is too high, it can cause releasc ol
fi' already attached particles fiom the fllter. But also vibrations. perturbations and unequal metal f-low

.1 c have negative effects as can be seen fiom tigure 4 shorving values tiom actual metal frltration*-"
.§L tests [51,
.ä,s-

$ Itis therefore important to understand the processes and mechanisms occurring inside the fllter. It is
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assumed that the main fbrce causing release of particles from the fllter is the drag fbrce of the liq-
;uid' The size of this tbrce is direct proponional to the velociry of the melt (Stoke's Law) [2]. Filtra-

ion efficiency decreases with increasing flow velocity. For creating guidelines for the proper use of
rs and application of appropriate flow velocilv, it is therefore necessary to investigate the
logical aspects of metal fiitration [2].
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Figure 4: Release of particles fiom the filter after

Pressure drop through a porous bed rs described by

150' tt' tr. (l -a'): *1.75' P' tr:
itl -

The flrst part is defining the

tlow conditions the equation

'(l - r)
d .ri'

i)

influence of laminar tlow. the second that of turbulent

can be simpliticd to:

perturbations in the

the Ergun cquation.

flltration process [5]

AP=
H

(i)

flow. At laminar

AP

-=LT11

150. tt.u . 
(t - e)'

,); €
(2)

This equals the Darcy equation that is valid fbr viscous f-low of a Newtonian tiquid flowing through

a porous media.

Under laminar flow conditions, pressurc drop will increase linearly with increasing tlow velocity. If
turbulent conditions are dominant. this linear correlation is no lonqer given. Guthrie lound evidence

that atready at flow conditions practically applied rurbulent conditions occur. In that case release of

particles from the fllter is likely. Usually superficial velocities are used for indication of flow ve-

locities. However, real velocities are higher, yet changing rapidly at different locations inside the

filer. The actual values of these real velocities are not known. An appropriate means to measure and

determine the flow conditions in reactors are tracer measurements. ,'6r'

16

14

612,-
310
o

=Ug6
=4

2

0

BETORE CFF

AFTER CFF

1a 
^., Proceetlings of EMC 2003

--.---r.---60 80 100

Casl time (min)

Sponaneous -)
relase



Fundamental Research on Deep Bed Filtration of Metals

Tracer Measurements

CFF can be regarded as a continuous reactor and the different volume fiactions can be deter-

rd to characterizethe flow behavior inside the t-ilter. One important characterization of the fluid

is the average residence time, which is given by equation 3 [6] Instead of metals model sub-

es are commonly used to simulate the flow, ',vhich allow measurements, which are easier and

:e exact and can easily be evaluated. Aqueous solutions are proven to be appropriate especially

the simulation of liquid aluminium and they allow easy tracer measurements, e.g. the change of

rical conductivity caused by a tracer liquid is an indicator for flow conditions that can be meas-

in real time.

üolume of fluid in rhe vessel - V

=-ilu^"rric rate of Jluid llow ;
(3)

; 1 average residence time

V: volume of fluid in the vessel

i : volumetric rate of fluid flow

lüsually the residence time in reactors differs from the calculaterl residence time a1d a, 

]:l:_* -":ldiff.r.nt residence times can be found. This means that some t'luid elements spend a longer and

,_olhers a shorter period of time in the system. This distribution of residence times is an important

:Characteristic and describes the pertbrmance of a reactor.

Tracer measurements are a tool to investigate the flow behavior. There are several methods for in-

boducing tracer material into a system of which pulse input of tracer was used in this work. This

involves the feeding of a quantity of tracer over a short time period into the system. The tracer ma-

i terial must not interact with the tluid in the reactor or the reactor itself and the amount o1'tracer has

.tobe negligible in comparison with the amount of fluid present in the system. in addition the time

period over which the racer is introduced to the system has to be very small compared to the calcu-

lated residence time. The concentration of the tracer in the outlet stream is measured and plotted

iagainst time. The results can be plotted in dimensionless and therefore more general fbnn by using

specific variables (C-Diagrams) [6]:

1

^c
'= ö7

7v

where Q : quantitv of tracer injected

V = Volume of fluid in the vessel

C : dimensioniess exit concentration

(4)

Proceedings o.f EMC 200-t 1243



o=L
I

Hiibs c he n, K riiger, Sc hn e i der

And

where: O : dimensionless time

t: actual time I

7 = average residence time

The area under each C cun,e must be unilv since the entire tracer introduced to the system must

evenrually leave the system [6].

irr" = ,
0

According to the distribution of residence times

which the C Diagrams have a rypical design. This

possible to det'ine difTerent reactor types of
be seen in figure 5.

it is

is to

1.5

l0

a5

0

c l

I

Figurc 5 Basic rcactor typcs: lcft: plug flolv. middte: back mix tlow, right: prcsence of dead

r,olume [6]

ln thc case of plug tior,v the traccr elemcnts introduccd to thc system do not mix at all while they

pass the reactor and arril'e at the outlet exactly- at Q : l. So thcre is no spread of residence time.

(figure 5. Iefi). ln a back mix tlow' reactor the traccr is dispcrsed immediately and uniformly

throughout the systcm. This means thc tracer conccr)tratiort in thc outlct strcam is equal to the con'

centration inside the reactor. Thus the C ciiagram shor.vs a decreasc in traccr conccntration starting

tiom unitv ciuring the tesr run. This mcans that a tiaction of the tracer stavs inside thc system fbr a

time much longer than expected r.vhile another tiaction passes the svstem much faster (tigure 5,

midcile). The presence of dead volume regions is indicated by a maximum in thc C diagram at a

time smaller than the average residence time and C > I (tigure 5. right). The volume of the reactor

seems to be much smaller than it actually is. Real reactors usuallv are a mixrure of plug flow, back

mix and dead volume. The C diagram tbr such a mixed model is sho'"vn in tigure 6. The volume

fiactions can be determined liom the diagram [6].
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Figure 6 Determination of the volume fractions in a mixed model [6]

While in most cases dead volume decreases the perfbrmance of a reactor, for tlltration a certain

amount of dead volume seems to be essential for the deposition of particles.

Results

For the test work rwo diffcrent model typcs wcrc uscd. Thc flrst onc was a full-scaie fllter box

model. J'racer tcsts on real CFF were made to invcstigatc thc changc of flow bchavior with thc tlow
rate and tilter pore sizc. Thc second watcr mode I typc uscd rvas a specially designcd sin{rle channel

model to simulate the f-low in one channcl of a CFF. Thrce dilfcrent singie channcl models werc

tested to investigate the inf'luencc of pore shape and t'lolv direction on thc florv behar.,ior.

The serup of the models used fbrthe investigations is shown in tigure 7.

For all tests sulphuric acid was used as tracer and also KNInOT was added tbr visualization of the

flow. A small amount of tracerwas added at the inlet of the fiiter,/model and an electrode at the out-

let measured the electric conductivity. which gives an immediate signal for any change in concen-

hation. A computer recorded the signal and thus the concentration-time-curve could be plotted. A

valve in the outlet stream allowed different flow rates to be adjusted.
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Figure 7 Water models used: Full-scale trltration box model (leti), one-channel models (right)

4.1 Pressure Drop Measurements in Full Scale Modei

As explained above' the Ergun equation gives the correlation betw'een pressure drop and tlow veloc-

ity. It is also possible bv the means of this equation to distinguish between pressure drop caused by

laminar and by turbulent flow conditions. r\t laminar ilow conditions. particle detachment and re-

lease tiom the frlter should not occur, however at turbulent conditions, the chancc tbr this increases.

In order to evaluate the transition point fiom laminar to turbulent tlow. the tull-scale model was

used to perform such pressure drop measurements. At a certain flow velocis the prcssure drop was

measured in the fbrm of the dilference of water level in fiont of and aficr the fllter. Then the flow

vetocitv was incrcased, thc measurement repeated until the prcssurc drop ol'er a whole range of

flow velocities was recorded. This was executed fbr tllters of differcnt porc sizes. Both flowveloc-

ir-v and pore size proved to be important factors. For the 30 ppi tilter a steady linear increase over

the whole rangc of florv velocities was fbund. whereas for a 80 ppi filter the transition point from

laminar to turbulent tlow could be measured. The measured valucs were than compared with calcu-

lated values according the Ergun equation. As tbr velocit-v, superficial velociw divided by porosity

w'as used. fllter thickness was used fbr length L; the torn-rosit1, factor of the liquid through the filter

was not yet acknowledged, so real velocities will still be higher locally in the tilter. Figure 8 shows

measured and calculated values fbr a 30 ppi filter. figure 9 for an 80 ppi filter.
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Figure 8: Calculated (left) and measure (right) pressure drop for a 30 ppi CFF filter

The measurements did not allow showing the transition point fiom laminar to turbulent flow. The

overall pressure drop was low throughout the test range though. so tolerances olmeasurement accu-

racy would not allow noting a break in the linearitv. But also the calculated values show that the

influence of rurbulent flow is indeed low for this t'iiter. For the 80 ppi t'ilter a clear transition from

laminar to rurbulent conditions could be measured. This also matches very well with the calculated

values. It can also be noticed that the calculated values are slightly higher than the measured ones.

This indicates that real vclocrties in thc tllter arc highcr than assumed. So the 80 ppi fiiter is oper-

ated at flolv velocities '"vherc turbulcnt florv is prcdominant.

Figure 9: Calculated (left) and measure (right) pressure drop lor an 80 ppi CFF filter
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4.2 Tracer Measurements in Full Scale Model

For this test series, a certain f'low rate was adjusted and then tracer introduced to the system

on top of the CFF. The time fbr the flrst tracer to leave the tllter at the bottom of the CFF *;
measured and compared to theoretical residence time. This was repeated over a range of flow vr

locities and for different CFF types. lt was fbund that the measured time was significantly

than the calculated time, indicating that real velocities are higher than theoretical ones but also inai.

cating the presence of dead volume. As an example the results tbr a 30 ppi filter are shown in fi
10. For this tvpe of measurement, only the time for the first tracer to leave the filter *ur *.ur*d
So only the presence of dead volume could be concluded from the results, howeveran exactbreak.,

down of flow conditions could not be calculated. For this reason, the one-channel models *ere de- ,!

veloped 
a

Figure

1.3

Theoretical and actual rcsidencc tirne insidc a .i0 ppi

Tracer measurements in one channel modeis

Three ditferent shapes of models were used so that various parameters could be examined. The first

model was characterized bir round pores and a straight flow line tbr the liquid. tn the second model

the shape of the pores were elongated lvhich represents a better model of the reaI fllters. ln the third

model tinally. also the tact was reflected that the tiquid does not f1or.r straight throur:h the model but

has to tlnd its wav through a toftuous wav inside the frlter (tiqure 7. right). In orclcr to achieve simi'

laritv berween the CFF and the one-channel models. the Relnolds numbers must be equal. Using

the geometries of model and frlter and taking into account that the mociel liquid \v'as the same in

CFF tests and one-channel tests. the correct ilor.v velocities couiC be calculated.
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The tracer was then introduced at the inlet of the one channel model: at the outlet an electrode

measuring electrical conductivir_v was installed. By this set-up, a change in conductivitv can be

' measured in real time and thus the concentration of tracer in the outlet is measured continuously.

The results were plolted against time and this allorved so receil'e the C-diagrams as explained

. above. The tests rvere conducted at different tlow rates. for each t'lorv rate the breakdown of volume

, fractions calculated. So the change of flow behaviour as a function of flow velocilv could be ob-

,, u..red. The results can be seen in the fbllowin-e tigures.

I _-rre 11: Volume Fractions in round-pore model (left) and elongatcd pore model lright)

Figure ll shorvs the results for the round pore model and the clongated pore model: in figure I2 the

results for the tortuosir,v model are shorvn. The tbllowing conclusions can be drarvn tbr the results

-all three models showed decreasing dead volume parts if tlor.v velocitl,incrersed

- at the same time all models shorved increase in plug flow volume

- the round pore model had higher dead volume fractions than the elongated pore model

- at both the round pore and the elongated pore model. dead volume was er,enly transfbrmed into
plug flow and mixing volume at increasing florv rates. at the torn:osiry model however aimost ex-

clusively into mixing volume.

'at the eloneated pore model and the tortuosirv model. a sudden decrease of dead volume from a

certain flow velocir.v" could be obsen'ed. This shorvs again the sensibtlity of flltration asainst pertur-
bations such as vibrations or uneven metal florv that cause a sudden increase in tlow velociw
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- at the torhrosis model the decrease of dead volume iiaction started already at lower flow

Figure

4.4

Volume fiactions in tortuositv model

Tracer measurements in deep bed filter

To be able to compare the flow behaviour of CFF to those of classical deep bed

model that simulated such a tllter was used. The experimental set-up is shorvn in

principles of measurement were analogue to the measurenlents at the one-channel

_qrain sizes rvere used. one in a rangc ol2-"1 mnr. the sccond in the ranqc of'.1-8 rnm.

fiiters,

The rcsults showcd that thcse deep bed tlltcrs tcaturc a high pcrccnraL{e of'dcad rolume at low tlow
rates. Iiowever with increasing tlow velocitv. thc anrount ot'tlead rolurnc decreased rapidly and

rerv sudden tiom a certain flow velocitv. r\lso, plu*u tlow'incrcasc is neeligible. with dead volume

transfbrming into mixing volume almost entirelv. if the grarn sizc is tlner. the dead volume fiaction

is smaller fiom the beginning with a continuous decrease at increasing flow v'elocities. Plug flow

volume remains almost unchanged throughout the range of flow velocitics. Fi._uure l4 shows the

results of these measurements.

figure 13.

I models.
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:: Figure l'l: Florv behaviourof dccp bcd tlltcrs. Lctt: grain size "l-llmm. right: grain size 2-'1 mm

4.5 Comparison of models

Table 1 shows a comparison of the most important results fiom the tortuosiry one-channel model to
the deep bed filters. Also Reynolds numbers in the laminar and turbulent f'lorv regions rvere calcu-
lated' In the transition range from laminar to turbulent f'low, Reynolds numbers in deep beri filter
and one-channel model are very low, rangin-s liom 2-5. The real velocitv in the single pores of the
filter however is supposed to be higher, thus also Reynolds numbers should show higher values
already here' The value measured at the tortuosiry model therefbre ret'lects realir,v quite well.
Though the Reynolds number does not indicate presence of rurbulent flow conditions. the tracer
measurement proved evidence that in parts of the t-ilter turbulent conditions are in<jeed occurins. In
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Figure 13: Set-up for deep bed filter measurements
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all models dead volume changed into mixing volume at higher flow rates. The final value is
for all models.

Given the fact that producers of CFF such as Pyrotek or Selee recommend operation of their

in a range of 0,5 to 1,7 cm/s [7], [8] and taking into account that according to hydraulic

(see table 2) Reynolds number in aluminium are fwice as high at same flow velocity than in
it is clear that already in the lower operating range filters are close to turbulent flow conditions.

Table l: Comparison of deep bed fllters with one-channel model

One-channei
model.

tortuous

Deep bed tilter

4-8 mm

Deep bed filtil
2-4 mm

Window size* CM t1
I .- 0.29 0,l5

Superficial velocity at transition
point laminar-turbulent

cm/s 0, r3 0. r5 0,t2

Reynolds number at transition
point

I 5,6 -1.-t 1,8

Laminar region** lrtN
vp o//o 6 0 2

Ot
o 53 82 69

o//o .1 I l8 29

Transition region

o//l) 7 0 6

o/
/l\ 9 76 51

O/
o 85 34 43

Turbulent range***

vp o/,() 20 7 5

o/,0 J IJ t2

o//o 11 80 83

* fbr deep bed fllters, an equivalent
low tlow velocities;***et maximum

rolurne lround the lllter particles; rf d

Prr.tceetiings of EMC 20Al
:i

diameter is calculated, derived lrom the

florv velocity
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Hydraulic analogy water - aluminium for CFF for one flow velocity
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