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In batchwise centrifugal casting a cylindrical mold is filled with suspension and ro-
tated rapidly around its axis. This results in the movement of the particulate phase
toward the cylinder wall and the formation of a tubular cast. Theory is presented for
particle transport in the suspension phase and subsequent cast growth using concepts
from the related fields of centrifugal sedimentation and centrifugal separation. Most
attention is given to the situation of complete mold filling, which allows for several
distinct simplifications. Analytical expressions for suspension concentration and cast
growth are presented for the case of unhindered seitling. Numerical simulations are
made for hindered settling. The outcome shows a good agreement with experiments in
which homogeneous porous ceramic membrane supports are made from a submicron-

sized «-alumina powder.

Introduction

The formation of a cast from a suspension of particles can
be done by the removal of liquid as in filtration or by the
movement of particles through the liquid because of a force
acting on the particles. This latter mechanism is called sedi-
mentation and is the basis of cast formation in centrifugal
casting. In this process, a cylindrical moild is filled with a sus-
pension of particles with a higher density than the matrix lig-
uid and rotated around its center axis. Subsequently, parti-
cles start to move toward the cylinder wall due to the cen-
trifugal forcc and form a cast with increasing thickness. After
cast release and proper posttreatment, a firm and homoge-
neous tubular structure can be obtained.

Centrifugal casting as described in this article occurs in an
impermeable (say metal) mold, and thus no filtration occurs.
This articie is furthermore confined to processes in which a
cylindrical mold is rotated around its own center axis, which
results in the formation of a tube. The theory presented can
be modified to describe cast formation in a typical laboratory
centrifuge in which the meld is rotated around an axis per-
pendicular to its own center axis. In that case a flat cylindri-
cal disk will be obtained.

Centrifugal casting to produce a tubular structure is ap-
plied in several arcas, for example, the production of optical
telecommunication fibers (Bachmann et al., 1996), steel tubes
(Northcott and Dickin, 1944; Royer, 1988; Kang and Rohatgi,
1996), polyester and polyvinyl pipes (Jones, 1994), function-
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ally gradient metal-ceramic materials (Fukui, 1991), or
porous ceramic supports for membrane applications
(Nijjmeijer et al., 1998). Structures made by centrifugal cast-
ing have distinct propertics when compared to more tradi-
tional techniques, such as extrusion and isostatic pressing. The
main advantage is the uniformity in particle packing, which
results in a very homogeneous product with a higher strength
and a smooth inside surface. Hong (1997) uses a discrete-ele-
ment method to study uniformity in particle packing of struc-
tures produced by centrifugal casting and shows that homo-
geneity is incrcased when the cast formation rate is lowered.

A uniform particle packing results in a higher corrosion
resistance in case of steel tubes, while for the production of
porous ccramic membrane supports a smooth inside surface
and a narrow pore-size distribution are obtained, which are
essential for the quality of membranes that are deposited on
this surface. A centrifuged tube shows an extremely good
roundness when compared to an extruded tube, which is of
importance when tubes are sealed into reactor modulcs
(Nijmeijer et al., 1998).

Theory of centrifugal casting is related to research in the
ficlds of centrifugal sedimentation and centrifugal separa-
tion. In centrifugal sedimentation, the objective is the darifi-
cation of slurries (Perry and Green, 1984) or the analysis of
size (distribution) of macromolccules and proteins (Schach-
man, 1959). These latter applications have already been de-
scribed thoroughly, starting with Lamm (1929), whose general
ultracentrifuge equation or Lamm’s equation is still the basis
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of any modeling effort in this field (Bowen and Rowe, 1970).
The diffusional part of this equation is sometimes neglected
(Sambuichi et al., 1987, 1991), but becomes an essential part
if the objective is the determination of molecular weight of
polymers in solution (Bowen and Rowe, 1970). The convec-
tive part is based on sedimentation velocities measured in a
gravitational field. The influence of solid-phase concentra-
tion on the sedimentation velocity is often fitted to a linear
function in order to obtain analytical solutions (Fujita, 1962).
The mold is always partly filled with suspension before rota-
tion is started. This results in the development of a gas—liquid
interface, a supernatant, a suspension phase, and a cake layer.

In the ficld of centrifugal separation much attention is paid
to predicting the movement of the supernatant—suspension
boundary and the suspension-cast boundary (Baron and
Wajc, 1979: Anestis and Schneider, 1983; Greenspan, 1983;
Schaflinger and Stibi, 1987; Ungarish, 1993, p. 75). These au-
thors follow a more rigorous approach including secondary
effects as spin-up from rest, Coriolis and inertial forces, and
prograde and retrograde rotation. Particle velocities are based
on Stokes’ law, and correction factors for hindered settling
are implemented to account for higher particle concentra-
tions. Model predictions are in excellent agreement with some
experimental results obtained by Baron and Wajc (1979) and
Schaflinger and Stibi (1987). Tubes with a very smooth out-
side surface can be obtained when particles have a lower
density than the liquid and thus sediment on an inner cylin-
der. This situation is described by Ungarish (1993, p. 75).

The objective of this article is the application of several
concepts from centrifugal sedimentation and centrifugal sep-
aration theory to centrifugal casting for the production of
tubular structures. A straightforward approach is followed,
resulting in a condensed mode! neglecting second-order ef-
fects as caused by inertial and Coriolis forces. Stokes’ law is
applied for unhindered settling of particles, while the influ-
ence of particle concentration (hindered settling) is imple-
mented using a correction factor (Concha and Almendra,
1979) that is not necessarily linear. In the former case, analyt-
ical expressions describe all process parameters, while in the
latter a numerical procedure must be followed. Special atten-
tion is paid to the situation of complete mold filling, which
implies that a gas-liquid surface will not evolve and neither
does a supernatant phase. The theory presented is based upon
monosized particles with equal densities, and thus the segre-
gation due to a distribution in size or density is not imple-
mented. Particle sizes as used in the literature are typically of
the order of 0.5-500 wm, while the volumetric particle con-
centration in the suspension is between 10 and 50% (see Table
3.

Particles in suspension are stabilized by interparticle repul-
sive forces to prevent flocculation, which would result in a
cast with nonoptimum properties. In the current work two
assumptions are made relating to these forces:

e First, the interparticle forces only have a working range
in the order of nanometers, and can thus be neglected when
calculating particle velocities: a so-called “hard-sphere” ap-
proach is used.

e Second, high pressures develop between particles in the
cast that help to overcome the interparticle forces and to
move particles into their primary potential minimum where
they are bound strongly. Therefore it is reasonable to assume
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that diffusion from the cast back into the suspension phase
can be neglected.

Because of particle stabilization in suspension, a dense and
noncompressible cast develops (Lange and Miller, 1987).
Therefore it is not necessary to solve momentum balances
over the cast as has been done by Sambuichi et al. (1987,
1991) and Tiller and Hsyung (1993) to describe cast forma-
tion from a flocculated suspension.

Theoretical Background
Introduction

Theory is presented for cast formation in a vertically up-
right cylinder (see Figure 1) that is rotated around its center
axis (r = 0), which causes the heavier particle phase to move
toward the cylinder wall and form a cast with increasing
thickness. Gravitation is neglected as a driving force for par-
ticle movement due to the high value of the centrifugal force
imposed (w?r/g > 1), and therefore only balances in radial
direction are solved. Constant density of the solid and the
liquid phase is assumed.

In centrifugal casting a cylindrical mold is filled to a cer-
tain extent with a suspension of particle concentration ¢,.
When rotation is started, the suspension is distributed evenly
over the tube wall, leaving a cylindrical core unfilled. Parti-
cles will move away from the gas—liquid interface r;, leaving
a supernatant phase behind (see Figure 2). While the super-
natant phase is growing, a cast is formed at the cylinder wail
rq that moves inward into the suspension. When the super-
natant~suspension interface r, reaches the suspension—cast
interface r., cast formation ceases suddenly. However, if ini-
tially the mold had been filled completely, no supernatant
phase will form and the cast formation rate decays exponen-
tially.

In the following subsections, first an overall mass balance
for the particle phase is discussed, resulting in an expression
for the final cast thickness. Second, the elements necessary to
describe the cast formation rate are discussed: expressions

O<r<r, Gas
r.<r<r,Supernatant
re<r<r.Suspension
r.<r<r,Cast

Figure 1. Centrifugal moid tube.
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Figure 2. Concentration profiles in supernatant, sus-
pension, and cast.

For complete filling ({ =1, dotted line) no supernatant
phase will evolve. For ¢{ <1 (continuous line), r, increases
from r; at ¢t = 0. Arrows indicate movement with time.

for particle velocities in the suspension phase; the equation
of continuity for the suspension phase; and expressions for
the movement of the suspension—cast boundary. Combina-
tion of these elements yields an expression for the rate of
cast formation that is elaborated for the cases of hindered
and unhindered settling and filling fractions less than and
equal to unity.

Overall mass balance: final cast thickness

The final cast thickness &, can be derived from the overall
mass balance for the solid phase including tube radius r,
initial suspension concentration ¢, cast concentration ¢,
and filling fraction ¢. Suspension and cast concentration are
defined on a volume-basis. For a given amount of suspension
or cast consisting of a volume solid phase V, and liquid phase
V,, concentration ¢ is defined as

b= : ey

The filling fraction ¢ is defined as the ratio of total sus-
pension volume to mold volume. If a mold with height H,, is
filled to height H,, then { is given by (See Figure 1)

{=—. (2)

After the start of rotation, liquid will overcome gravity and
distribute evenly over the tube height, as far away as possible
from the tube center. In the center a gas-liquid interface will
develop at radius r;, whose location can be derived from an
overall mass balance for the suspension phase:

Himry = H,m(ri —rf). 3)

Implementation of Eq. 2 in 3 results in
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rp=ryyl-=¢. 4)

The final cast thickness &, can be derived from an overall
balance when all particles have been transported from the
suspension into the cast and only a clear supernatant re-
mains:

W{"&‘rl%}qb(J:”{rg“(ru_ 53@)2}(1)(-. (5)

Rearrangement of Eq. 5 and implementation of Eq. 4 results

m
/ )
éx—ro{l— 1-{3} (6)

Particle transport mechanisms

Transport of particles in the suspension phase is by means
of convection J, or diffusion J,. Diffusion as a transport
mechanism is not described in this article for the following
reasons:

e Within the suspension no concentration gradients will
develop, as will be explained later on.

¢ Diffusion from the cast can be neglected because of the
mutual interaction of the particles within the cast, see the
Introduction section.

e Diffusion from the suspension to the supernatant can be
neglected for the following two reasons: 1. Particles diffusing
to the supernatant will locally have a higher velocity due to
the lower concentration ¢, as is explained later on, and thus
effectively move back into the suspension. 2. For high values
of the Peclet number [Pe =uv-L-D "' (sce Westerterp et al,
1987)] diffusion can be neglected. For liquids, the diffusion
coefficient D can be based on the Stokes—Einstein relation,
which relates D to the Boltzmann constant k, temperature
T, liquid viscosity 1, and particle radius a,:

kT

6mna,

N

If length L is replaced by the tube radius r,, the following
expression for Pe can be obtained after implementation of
Eqgs. 14 and 7:

~ dra(p,~ plw’m,

T (®

Pe

This result is analogous to Russel (1989, p. 412) for settling
under gravity. For r =r, and data from Table 1, a value of
Pe=7-10° is obtained, which implies that diffusion can be
neglected.

The convective flux of particles in suspension J, is given by
the product of suspension concentration ¢ and velocity v:

J.=¢v. )

The velocity v of a particle moving through a liquid under
the influence of a centrifugal force field is given by a combi-
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Table 1. Values as Measured and Used as Base Case in

Simulations
Cast concentration (packing factor) ¢, 0.55
Initial suspension concentration ¢ 0.2012
Tube radius ry 0.010675 m
Particle radius a, 2001077 m
Liquid viscosity n 1.8%x1073 Pa-s
Solid density p, 3,970 kg/m’
Liquid density pr 1,018 kg/m>
Angular velacity w 5,000 rpm =524 rad/s
Temperature T 300 K

nation of the centrifugal force, buoyancy, and friction. For
creeping flow, the friction F; exerted on a single sphere can
be described by Stokes’ law:

Fp=—6mna,u(t). a1,

Crecping flow conditions prevail for Reynolds numbers ( =
2p,va,m ") below 0.1. A Reynolds number of 1-107° was
calculated with the data from Table 1 and with use of Eq. 14,
justifying the use of Eq. 10.

In a centrifugal ficld, the sum of centrifugal force F, and
buoyancy F, is described as follows, including the solid and
liquid densities p, and p,, angular velocity w, and radial co-
ordinate r:

4
.Fr+Fh=§77ag(ps—pL)w2r- D

Using Newton's second law the following second-order differ-
ential equation is obtained to describe the particle move-
ment:

R dr 4 d?r

cTay p, — pYw?r —67ma,— = —'n'az pT (12)

3 Pdr 3

Equation 12 can only be solved in a straightforward man-
ner if the assumption is made that the time scale on which
the final particle velocity is reached is short compared to the
overall process, and thus r can be looked at as a constant. In
that case integration of Eq. 12 over time ¢ results in (Un-
garish, 1993, p. 27; Kang and Rohatgi, 1996):

2a}(p,— p)’r

pit) = -
1 o7

{1—et-9mM2a 0} (13)

For the limit of t -, velocity v is given by

2a%(p, - po’r
po et P T PO T 2y (14)
91

Here we have introduced the sedimentation coefficient s,
which is used often in the literature on sedimentation and
filtration. The time to reach 99% of velocity v is given by
equating the ratio v(¢)/v with the value 0.99, which yields

242 p,
(== 2P 000, (15)
9In
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For the data of Table 1, a value of 1 =9-10"" s is found.
In the sequence of this article processes are in the order of
seconds or larger, thus Eq. 14 can be used to describe parti-
cle velocities. Furthermore, the assumption made in the
derivation of Eq. 13 proves valid.

Equation 14 is only valid for unhindered settling for a sin-
gle sphere in an infinite fluidum. However, this is not gener-
ally the case, and correction factors have been determined to
account for a higher concentration ¢ (Ring, 1996; Happel
and Brenner, 1965; Concha and Almendra, 1979). Concha and
Almendra (1979) present an overview of correction factors
and arrive at a system of equations that is able to describe
sedimentation satisfactorily for Reynolds numbers ranging
from 1072 to 10> and concentrations ¢ ranging from 0.01 to
0.59. In the Appendix the correction factor for hindered set-
tling in a batch sedimentation experiment A(¢) is derived for
the limiting situation of Re — 0. Implementation of this ex-
pression of 4(¢) in Eq. 14 results in

1.83

2a}(p,—p) (1- $)A—1.45¢)
b=

9 1+0.75¢4 w'r=s(@)o’r.

(16)

It must be remarked that Eq. 16 is valid for batch sedimenta-
tion in which the particle flow induces an equal but counter-
current liquid flow. For the limiting case of ¢ — 0, h(¢) ap-
proaches unity, which results in unhindered settling (see Eq.
14). For ¢ = 1, k() approaches zero and no transport will
occur. Ring (1996) presents correction factors for Eq. 14 to
incorporate particle asphericity. In this article a correction
for asphericity is not implemented, because in the experi-
mental work fairly spherical particles are used.

Equation of continuity for the suspension phase

The equation of continuity relates the solid-phase concen-
tration and the convective flux and is given for cylindrical
coordinates by (Lamm, 1929; Fujita, 1962; Bowen and Rowe,
1970):

dd 1 4
E=—7797(r1(‘). 173

Introduction of Egs. 9 and 16 into Eq. 17 results in the
following differential equation:

i/'f__ 5 o I(s(p) )
P 2ws(Pp)o wr—-——[?r .

(18)

Sambuichi et al. (1987) showed that when the initial con-
centration ¢, is uniform, ¢ remains independent of r for
the suspension phase. Thus the second term on the righthand
side of Eq. 18 will be zero and Eq. 18 simplifies to (Fujita,
1962; Bowen and Rowe, 1970; Sambuichi et al., 1987; Prob-
stein, 1989):

d¢——2 25() (19)
E— wsd)d).
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Boundary movement

The movement of boundaries in gravitational sedimenta-
tion has been described by Kynch (1952) and extended to
centrifugal separation by Baron and Wajc (1979) and Anestis
and Schneider (1983). Here, we will apply this theory exclu-
sively for the movement of the suspension—cast boundary. The
correct expression for the movement of the supernatant—sus-
pension boundary is implicitly used in Eq. 26.

From an evaluation of the “flux vs. concentration” curve it
can be foreseen whether primary discontinuities (kinematic
shocks) or secondary discontinuities (kinematic waves) de-
velop at the suspension—cast boundary (see also Russel (1989)
and Probstein (1989)). In the first case, a single, sharp discon-
tinuity develops between suspension and cast at which the
particle concentration jumps from ¢ to ¢.. In the second
case particles settle more slowly into the cast, while the sus-
pension concentration ¢ slowly increases to ¢,.

In our situation, as defined by Eq. 16 and the value of ¢,
from Table 1, only a kinematic shock develops as determined
theoretically using the aforementioned flux vs. concentration
curve. The change in the cast thickness & with time ¢ (cast
growth G,) can now be derived from a simple balance over
the moving suspension—cast boundary, including the velocity
of the particles in suspension at the suspension—cast bound-
ary v, and the velocity of particles within the cast u, (Kynch,
1952):

(v, +G)=¢u.+G.). (20)

The velocity of particles in the cast u, is set to zero be-
cause we can assume that the cast is incompressible, see the
Introduction section; thus Eq. 20 rewrites to

dé
G.=—=v, ¢ .
dt b, —

2n

In the following section, several distinct cases are elaborated
in which the preceding theory is applied. First of all, the situ-
ation of unhindered settling is described for filling fractions ¢
equal to unity and smaller than unity. In Cases III and IV
hindered settling is discussed.

Case I h(¢) =1, { = 1. For unhindered settling ({h(¢)=
1} = {s(¢) — s5}), integration of Eq. 19 with the initial condi-
tion ¢l,—o = @, results in

b= dge . (22)

Implementation of Eqs. 14, 22, and the relation [8 = r, —r.]
into Eq. 21 results, after integration with initial condition
0l,_o=0,in:

5=r, 1-1/ﬂ10—2 . (23)
qbc_d)oevawl

This result can also be derived from an equation obtained by
Ungarish (1993, p. 87) if the so-called (modified) particle
Taylor number B (=2/9a’wp;n~') is much smaller than
unity, which is indeed the case in our situation (8 =2.6-10"%;
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data from Table 1). For large processing times (¢ — =), Eq. 23
equals Eq. 6, which gives a check on the above derivation.

Finally, cast growth G, is given by differentiation of Eq.
23:

(d)r-tbo)l/c
((b(' - ¢')e‘2Squl)3ﬂ

ds o
- 24 - lsw
G, = =r Swye

- (24)

Cast formation time ¢, is defined as the time to reach final
cast thickness 8,. However, for { =1, 7, is infinite (see Eq.
23), thus 7. is defined as the time to reach 99% cast thickness
(see also Ungarish, 1993, p. 84). Cast formation time is now
derived by equating the ratio §/6, with the value 0.99. After
implementation of Egs. 23 and 6, the following expression for
{. is obtained:

fa

2
-1 :
t,==—lIn b il 1. @9
2500 | & o \
0.99\/1—;— +0.01)

Cast formation time ¢, is inversely proportional to the sedi-
mentation coefficient s and has a dependence of the power
—2 of the angular velocity w. The radius of the tube r, has
no influence on cast formation time ¢, because an increase of
ro influences the final cast thickness 8, and the cast growth
rate G, in like manner. These two effects cancel out when
the cast formation time is calculated. For realistic values of
the suspension concentration (0.1 < ¢,/¢, < 0.6), the entire
In part varies from 2.2 to 3.3. A change in ¢, or ¢, thus has
a less significant influence on cast formation time than a
change in s or w.

Case II: h{($) =1, { # 1. If the tube is only partially filled,
a clear supernatant phase will develop. The supernatant—sus-
pension interface r, moves toward higher r-values until the
cast surface is reached at ¢,. For r <, cast growth is equal to
Case I. At 1, cast growth is suddenly reduced to zero. This
behavior is in sharp contrast to Case I, where cast growth
continues to decay exponentially. The movement of r, is de-
scribed by

dr

z=s(d))w“rs. (26)

Integration of Eq. 26 for unhindered settling with initial con-
dition r|,_¢ = r, results in (Fujita, 1962; Probstein, 1989)

ro= rLe'“"l'. Q7

Cast formation time ¢, is given by the moment that the cast
is reached by the supernatant phase, which is given by [r, = r,,
— 8,). After implementation of Eq. 4, the following result is
obtained:

(28)
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From Eq. 28 it follows that for filling fractions approaching
unity, the cast formation time increases to infinity (¢ = 1, ¢,
— ). Implementation of Eq. 28 in Eq. 23 results in Eq. 6.
Both results give a check on the validity of preceding deriva-
tions.

In Figure 2 some of the differences between Case I and
Case 1I are summarized. As mentioned earlier, a gas phase, a
supernatant, a suspension phase, and a cast layer develop for
Case 1I (see also Probstein, 1989). For Case I only the latter
two phases are present. Similar remarks on the difference
between Cases I and I were made by Greenspan (1983) and
Ungarish (1993, pp. 82-84).

In Figure 3 the effect of filling fraction { on cast growth
G. and final thickness 8, is shown. Data used for this simu-
lation are summarized in Table 1. For t <t_, cast growth G,
and cast thickness 6 are not influenced by {. Cast formation
time 7, and final thickness 8., however, are influenced by the
filling fraction {. As in Case I, ¢, is not influenced by r,.

Case III: h{(#)# 1, { =1. To describe higher concentra-
tions of particles, Eq. 16 is used instead of Eq. 14, and the
simplification {s(¢)— s} cannot be made. For this situation,
no analytical solution could be found for Eq. 19, and a nu-
merical procedure was followed in which ¢ was determined
explicitly, based on Eq. 19:

&=, +Ar*(=25(d,_ DX ) 29

Analogous to Eq. 21, cast growth G, is given by

Gy = o sy P — b ) ! (30
y, == ——— = . w — O ——
[N At i~1 0 i—1 ¢C_¢i_1
Cast thickness 8 follows from
8= 86,_,+AG_ ;. 3D

This set of equations can be solved with initial conditions:

IC: t=0  &,=¢, 8 =0. (32)
<
23

’E\Z EQ.W 1.0

o » ¥ 0.6

< J 0.4

Q

s

O S, R
0 200 400 600
time (s)

Figure 3. Cast thickness for Case | vs. Case Il for differ-
ent filling fractions ¢{.
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Figure 4. Suspension concentration ¢: hindered vs.
unhindered settling.

The effect of hindered settling on suspension concentra-
tion ¢, cast growth G, and cast thickness & is examined for
complete mold filling (¢ =1) by comparison of Case I and
Case IIL. If hindered settling (Case III) is compared with un-
hindered settling (Case 1), it can be seen easily that suspen-
sion concentration decreases more slowly (Figure 4), while
cast growth is lower (Figure 5). For Cases I and III, final cast
thickness 8, is reached for + — =, in accordance with Eq. 6.

For different angular velocities, the cast formation time ¢,
is depicted in Figure 6 for complete filling (£ = 1). Irrespec-
tive of the occurrence of particle hindrance, a higher angular
velocity will result in a lower t.. For hindered settling, 7, val-
ues are higher. The influence of the initial suspension con-
centration ¢, on ¢, is different for hindered and unhindered
settling (see Figure 7). On increasing ¢, ¢, decreases for
unhindered settling due to the fact that the actual distance
for a particle to travel decreases with increasing ¢, because
of the higher final cast thickness. For hindered settling this
cannot counterbalance the effect of the decrease in the value
of the correction factor h(¢).

As in Cases I and 1II, tube radius r, does not influence ..
This result cannot be obtained easily from the equations pre-
sented but appeared from our simulations.

Case IV: h{d) + 1, £ # 1. For hindered settling and a par-
tial mold filling, suspension concentration ¢ and cast growth
G, are described by Egs. 29 and 30, respectively, for t <¢,.

—
@0 2 &
£ &
g 2
o 1 2
g
> s

0

0 200 400 600 800 1000

time (s)

Figure 5. Cast growth and thickness: hindered vs. un-
hindered settling for complete filling (Cases |
and IN).
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Figure 6. Cast formation time: hindered vs. unhindered
settling for different angular velocities for
complete filling (Cases | and 1li).

At t =1, supernatant reaches the cast and cast growth is re-
duced to zero. Cast formation time f, can be calculated by
implementation of Eq. 6 or Eq. 26 into the numerical scheme.

Experimental Studies

Nijmeijer et al. (1998) describe in detail the synthesis route
to porous a-alumina membrane supports by centrifugal cast-
ing. The recipe used results in a value for the initial suspen-
sion concentration ¢, of 0.2012. The viscosity n of the matrix
liquid was determined in a rheometer (Contraves L840, Met-
tler-Toledo AG, Greifensee, Switzerland) using a Couette ge-
ometry with radii of 5.5 and 6.0 mm. For shear rates from
1071 57T to 107 571, viscosity was found to be (1.8 +0.1) X
1073 Pa-s. Liquid density p, was obtained from a calcula-
tion based on the recipe and following the product data sheet
of Darvan C (R.T. Vanderbilt Company, Inc., Norwalk, CT).
Solid density p, and the modal particle radius a, were ob-
tained directly from the a-alumina data sheet (AKP30, Sum-
itomo Chemical Company, Ltd., Japan) (see Table 1). A mean
deviation in radius of 70 nm could be calculated from the
presented size distribution. This deviation accounts for a ra-
tio in radius of about 2 between the smaller and the larger
particle fraction, and hence a ratio in the Stokes velocity of

1200 -
o i
N :
1000 -
£ Eq.
= : (31
: 800
S
5 600 —_—
g
400 - —- — e e
0 0.1 0.2 0.3 0.4

Initial concentration ¢,

Figure 7. Cast formation time: hindered vs. unhindered
settling for different initial suspension con-
centrations ¢, for complete filling (Cases |
and Il1).

1920
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about 4. Differential settling, however, does not occur in all
cases because at a higher concentration particles tend to sed-
iment as a whole (see, e.g., Probstein, 1989). In addition,
electron microscopy pictures showed no sign of size distribu-
tion in the final cast. Electron microscopy furthermore
showed that particles were fairly spherical.

Tubes were made as follows: 120 g of a-alumina powder
was mixed with 20 mL of APMA (Ammonium PolyMethAcry-
late aqueous solution, Darvan C) and 100 mL of distilled wa-
ter. The mixture of water and APMA was brought on pH = 9.5
by adding NH ,OH (E. Merck, Darmstadt, Germany). The re-
sulting mixtures were ultrasonically (Model 250 Sonifier,
Branson Ultrasonics Corp., Danbury, CT) treated for 15 min
with a frequency of 20 kHz and a transducer output power of
100 W. Before pouring part of the suspension into the molds,
the molds were coated at the inside with Vaseline (Elida
Fabergé, Bodegraven, The Netherlands) solution in
petroleum ether (E. Merck, Darmstadt, Germany) (boiling
range 40-60°C) as release agent. Two mold types were used
with a length of 6 and 10 cm. Because the mold is rotated
around its center axis, the length does not influence cast
growth rates.

The tubes were centrifuged for several processing times at
several angular velocities, after which the remaining liquid
was poured out of the molds. The green tubes inside the
molds were dried in a climate chamber (Heraus Votch,
Ballingen, Germany) for two days at 30°C and 60% relative
humidity.

The cast thickness and the cast concentration (particie

packing) were determined after a temperature treatment at

500°C to remove any water and dispersing agent, while the
cast concentration remains the same because sintering does

not occur at this temperature. The cast thickness was mea-
sured using a sliding gauge and the cast concentration was
obtained using the Archimedes method by immersion of the
sample in mercury.

The measured cast concentration ¢,, changes with angular
velocity @ and processing time ¢, see Table 2. The presented
theory, however, is based on a constant cast concentration ¢,
to simplify calculations. The measured cast thickness is there-
fore multiplied by the ratio of ¢,, over ¢. to obtain a cor-
rected cast thickness & that can be compared with values ob-
tained from simulation.

Resuits and Discussion

Measurements of cast thickness and cast concentration
were performed for angular velocities ranging from 3,280 to

Table 2. Overview of Measurements

Meas. Meas. Corrected
Angular Process. Cast Cast Cast
Velocity Time Conc. Thick. Thick.
No. (rpm) (min) Drr (mm) 8 (mm)

1 3,278 7.5 0.5509 1.17 1.17

2 3,960 7.5 0.5329 1.32 1.28

3 4,973 7.5 0.5492 1.90 1.90

4 5,836 7.5 0.5605 2.14 2.18

5 2,522 15 0.4650 1.20 1.01

6 3,277 135 0.5536 1.64 1.65

7 3,960 15 0.5493 2.12 2.12

8 4,746 15 0.5598 212 2.16

9 5,836 15 0.5658 2.17 223
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Figure 8. Cast thickness as function of angular velocity
and processing time for complete filling and

hindered settling (Case IiI).

[riangular points are measured after 7.5 min of centrifuga-
tion, circular points after 15 min. Lines are described by Eq.
31.

5,840 rpm. Casting times were either 7.5 min or 15 min. Tubes
were filled completely, thus the filling fraction { equaled
unity. Measured cast thickness ranged from 1 to 2.2 mm and
cast concentration from 0.46 to 0.57. Measurement data are
summarized in Table 2.

The error in cast thickness § was =~ (0.1 mm. In measure-
ment No. 5 cast thickness could only be obtained by the mea-
surement of internal and external diameter because sagging
was severe. The cast was removed from the mold using a
spoon and dried separately to determine the cast concentra-
tion. The error in the cast thickness was = 0.3 mm.

The initial suspension is milky white and opaque. For mea-
surements 4 and 7-9, the remaining suspension is clear. Few
small particles remain. For the other measurements, the sus-
pension remains white and opaque.

Measurements are compared with predictions for hindered
settling (Case I1I) (see Figure 8). For the region of cast thick-
ness increase at lower angular velocities as well as for the
plateau region at higher velocities, the agreement between
measurements and simulation is satisfactory. If a correction
for hindered settling is not implemented, predictions for the
cast thickness are higher up to a factor of 3, and thus overes-
timate the cast thickness significantly.

The model predicts a zero gradient for the suspension con-
centration. Visual observations of the suspensions when the
centrifuge has ceased to rotate always agreed with this pre-
diction: a gradient in ¢ could never be observed. Other ex-

planations for the absence of a concentration gradient could
be diffusion that equilibrates suspension concentration, or the
work of turbulent eddies introduced into the suspension when
the angular velocity is reduced after a certain time. From Eq.
7, however, a diffusion coefficient of 6 X 107 !'* m?/s is calcu-
lated, which cannot account for achieving equilibrium within
minutes. After centrifugation, velocities were reduced to zero
gradually to inhibit the introduction of turbulent eddies.

Experimental conditions in the current work can be com-
pared with previous work, as shown in Table 3. In the current
work a distinctly higher density difference, filling fraction, and
angular velocity are used. The latter complicates the use of a
single-sided drive that would enable the use of an open-ended
tube and observation of cast growth during centrifugation.
Submicron-sized particles were used only once before, namely
by Sambuichi et al. (1991), who used a Hara Gairome Clay.
In all studies, good agreement was obtained between experi-
ment and simulation. It must be realized, however, that Sam-
buichi et al. (1987, 1991) used gravitational settling data to
obtain an expression for the sedimentation coefficient s and
did not base their model on Stokes’ law.

Conclusion

In centrifugal casting distinct phases develop in time de-
pending on the value of the filling fraction /. For a filling
fraction { smaller than unity, these are a clear supernatant, a
suspension phase, and the cast layer. For { equal to unity, a
supernatant phase will not develop. Concentration gradients
will not develop in any phase if diffusion can be neglected,
which is the case in most practical situations.

Cast growth in centrifugal casting can be described satis-
factorily from a condensed model combining Kynch-theory
for the movement of the suspension—cast boundary with the
appropriate expressions for the particle velocity and the
equation of continuity for the suspension phase.

For unhindered settling, analytical solutions were found for
all important process parameters. For hindered settling a
straightforward numerical procedure proved useful. The
agreement between the results from our condensed model
and experiments in which submicron-sized particles were
compacted into a cast proved satisfactory. Because particles
were on the order of 10°-10° (by volume) smaller than in the
earlier experiments of Baron and Wajc (1979) and Schaflinger
and Stibi (1987), this result is a useful extension of the valid-
ity of the current models and supports the important assump-
tion that a hard-sphere approach can be used for particles of
submicron size.

Table 3. Comparison of Measurement Conditions for Relative Density Difference € e = ( p, — p,)/p, ], Initial
Suspension Concentration ¢,, Particle Radius a,, Angular Velocity w, and Filling Fraction { *

a

P w
Researchers € b (pm) (rad/5) ¢ Det. §
Baron and Wajc (1979) 0.866 0.50 35 105 0.81 p
Schaflinger and Stibi (1987) 0.011-1.32 0.10 62-225 50-65 0.42-0.98 P
Sambuichi et al. (1987) 1.43-1.71 0.11-0.20 =2-10 162-324 0.37 c
Sambuichi et al. (1991) 0.133-1.71 0.09-0.30 0.2-4.2 84~-231 0.37-0.53 P
Present work 2.97 0.20 0.2 344-612 1 s

*Cast thickness 6 was either determined photographically during centrifugation (p), calculated from suspension concentration (c), or measured with a

sliding gauge ().
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Appendix: Derivation of the Correction Factor for
Hindered Settling

Concha and Almendra (1979) describe settling velocities of
suspensions of spherical particles. From their expressions the
correction factor for hindered settling is derived for {Re =
2p,‘uap17“}——> 0. Here, particle velocity v is based on Eq. 14
in the main text. The equations used by Concha and Almen-
dra are indicated by square brackets in this Appendix. For
batch settling, the settling velocity of solid particles v, is given
as a function of the volumetric particle concentration ¢ and
the relative particle-fluid velocity u (Eq. 34):

v, = (1= u. (A1)

Implementation of Eqs. 14, 15, and 32 into Eq. Al results in

PL ap

. 3,12 Ve
v, =10.26(1 - ¢>)1f—l((1+0.0921-4-(5) Rewfz) —1).
(A2)

Here we have replaced the acceleration due to gravity g by
the acceleration in a centrifugal field w?r. From the data of
Table 1 with r = r;, a value of Re=1" 103 follows, and thus
the transformation {x — 0} = {(1+ x)"* > (1+1/2 x)} can be
made with an error of 0.03% in v, after which Eq. 2 simpli-
fies to

8
v, = 10.26(0.0921)2-3—( 1— d)alf, fiw’rdpn™". (A3)

Parameters f, and f, are given by Eqgs. 39, 40:

~ (1- ¢)*(1+0.756")
L (- +12¢7)7(1-1.45¢)

1.83

(1— ¢ +126¥) 7 (1-1.45¢)
2 (1— $)(1+0.75677)

(Ad)

The correction factor A($) equals the ratio of v, (Eq. A3)
over v (Eq. 14). After implementation of Eq. A4 into Eq. A3
and allowing for an error of 4%, h(¢) can be calculated to be

(1— ¢)1—1.454)"
(1+0.75¢?)

h($) = (A3)
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