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ABSTRACT

When applying solid-bowl centrifuging
procedures to slurries with very fine
particle size distribution, the conveying
of the settled solids inside the bowl
can cause specific problems. The sludge
can flow back down the cone, counter-
current to the movement of the scroll
conveyor, first through the clearance
between the top of the conveyor blades
and the inner surface of the bowl and
secondly along the helical canal formed
by the conveyor blades and the cone.

A mathematical model is developed descri-
bing the conveyance or the backflow of
the sludge by variation of the machine
geometry, the operating conditions, and
the rheological behavicur of the pasty
material. Using this model, data achiev-
ed by test runs with pilot machines can
be applied to an industrial scale decan-
ter, i.e. to set guidelines for the geo-
metric properties and the operating con-
ditions.

I. INTRODUCTION

When processing suspensions with very
fine particle size distributions

(x50 < 10 um) in centrifugal decanters,
problems arising from the limited sepa-
ration efficiency are accompanied by
special problems concerning the dischar-
ge of the solids.

Whereas granular solids which are easy

to filter and dewater can generally be
transported without difficulty by the
screw from the cylindrical section
through the conical section of the bowl
from where they are discharged (Fig. 1),
backflow occurs with fine-grained sludges
which impairs the clarifying efficiency
of the decanter.

This backflow also leads to higher torque

as well as increased wear on the screw
(or worm). There are two paths by wnich
He paste can achieve backflow. The

feed mel
clarified St a g > 7 solids
liquid *

clarified 4?;?—';7?:;11;_;_ 5
liquid

solids

Fig. 1. Functioning principles of a cen-
trifugal decanter
a) counter-current principle

b) co-current principlie

sediment can either trevel back down the
conical section by flowing in the clea-
rance between the blades ¢f the screw

and bowl (or drum), or it can spiral back
on the screw thus achieving helical back-
flow |1].

Each of these effects (actually, it
usually a combination of both efioc
means that the forward conveying mo
of the screw 1is opposed by a backflcw
which leads to a situation where the
height of the solid layer accumulating
in the cylinder rises significantly
despite the continuous conveyance of
the solid up the conical section.

Although the conveyance process of gra-
nular dewatered solids has been examined,
but, as of yet, remains largely unpubli-
shed, there exists today no method by
which to predict the "conveyance proper-
ties" of sludges through using the dif-
ferent rheological properties, different



geometries or operating parameters.

One must be content with an empirical
approach, whereby few specific conclu-
sions for different instances of appli-
cations regarding machine and product
can be drawn. Thus, it can happen, for
example, that the functioning of a de-
canter which is geometrically enlarged,
can come to a total halt, although the
centrifuge functioned perfectly on a
scale model.

II. MATHEMATICAL EVALUATION OF THE
CONVEYANCE PROCESS OF THE PASTY
MATERIAL IN A DECANTER

In the following, a mathematical model
will be introduced through which it is
pcssible to quantitatively evaluate the
conveyance process, oOr, more precisely,
the backflow in the decanter with respect
\) to the gecmetry of the machines, opera-
ting parameters and the rheological pro-
perties of the sediment to give reliable
conclusions in respect to the "scale up".

A. Mass Balance of the Solid

he total mass balance of the solid
material in a decanter is as follows:

= n + m (1)

Meoea DS DC

I

where DS discharge of solid from the
cone

DC = discharge of solid in centrate
The mass balance of parts for a single
continuous thread screw is:

m -m , 7 - =
sCrew,0 spiral,o "gap,o

.

m =

-, t
screw,l “spiral,l “gap,1

.
.

: (2)

hn -m_ . -1
screw,n spiral,n "gap,n

Assuming that at the point of discharge
from the cone and 1 are
- gap,o
exual to zero
and that m =m e can sin i f
d th ‘screw,o ‘pgs We can simplify
Eg. (2) to:

spiral,o

ih =m -, -m
sCcrew,n spiral,n gap,n

bs (3)

Substituting Eq. (3) (1)}, we

get:

into Eq.

- . .

n =1l -m_ -m +m
feed “screw,n “spiral,n ‘gap,n 'DC

(4)

rhscre‘ﬂ,O ] mscrew,l
Mspiral 0~ unit 1 Mspieal )
Mgap,0 ——_ Mgap,1

mscyen‘i | Mscrew,2
m_sa:rul,l-‘-—; unit 2 Mspiral, 2
Mgap,1 Mgap 2

Fig. 2. Mass balance of parts (solids)
in decanter
In Eq. (4), m ’ m_. and
. + sC T,
0 appear rew,n spiral,n
gap,n
as unkowns,

B. Calculation of the helical backflow
(m

spiral)

The flow of high concentrated suspensions
as in sludge or, in this case, pastes,
can exhibit large differences in flow
profiles depending upon the roughness

of the walls of the drum.

v=v = constant
'~ ‘max

non - sheared zone -w,
[¢]

,z ‘rﬁ height of
P h,‘zo

| studge

3. Velocity profile
a) for the shear flow with yield
value Ts and
b) for the slip- and shear flow

Fig.

This means the helical backflow can not
simply be described by the shear stress



function of the medium

.1l
T =71+ K.Y (5)

o
where adhesion to the wall is assumed
(especially when there exists no compact
ground layer). Instead, one must also
take into account the slip function

T =C'.v ™oy T (6)

thus taking into respect the effect of
the roughness of the surface area of
the wall when calculating the helical
backflow (Fig. 3) |2].

The helical backflow along the worm
can be calculated as follows |3]:

[ "

=5.(1—RF)1(G—b).cosu.m_1

m_ .
spiral

-K—1/n

m__ .
spiral

-(4W2.5.R.n§.sina.coss)

h-z
/M (o(—29 =

dh 1
- (g7-tans) cos3d

Z
n+1 O .
. PEE:TJ+(H:EE)} (G-b) .cosa
.h.C'_1/m.[4n2.5.R.n§.sinu.cosB
1/m
dh h .
.(dl—tanﬁ).( 'é—(;*s-—s-) ‘1]
(7)
where
~ - To.cosd
s T 7 7 = an
47 .n .p.R.sina.cosB. (= -tanp)
H dl
(38)
and
§ = arc sin (sina.sing) (9)
C. Calculation of backflow between the

C
blagdes and drum lmgao)

In calculating the back flow between the

plade and drum, m , we must also take
; : gapl

sliear and slip stfESs into account. Just

as we did for the calculation of the

helical backflow, Mm_ . he derivation

- ; spira o

of m__ = is made und3r-s&veral assunp-

tion25Pone of which is that the screw

blades are in the form of annular disks

corresponding to a screw with a pitch

of nought.

The solid mass flow restricted by the
shear function is formulated as follows:

y 1

Mshear "+ (1-RF) .5
3 ,dp - * .
[ T.R.s .(dy p.gy) ]
ro.s miRi—waRa -1
{yn-
((m.R.—w .R !)+K(l s N
i"i *a'"a
(10)
Eg. (10) is applicable in the case that

the shear gradient in the direction of
the periphery is much larger than the

shear gradient in the direction of the
bowl wall (&x>>§y).

Eq. (11) is applicable in the case that
the shear gradient in the directicn of
the bowl wall is much larger than the
shear gradient in the direction of the
periphery (?X<<7y).

ap ® 1
. - n (Eﬁ‘ogy) * s ]n
mshear~p'(1_RF)'4”Rn+1 K (2573

n+l s

s #* 3* 3
'[(i"zo) [é’m"'p_‘ T 7 2&”

(11)
The zone in the clearance where the shear

stress is not large enough toc have an
. ‘ 3 .
effect is given by z, where

Z = s I (12)

The mass flow of solids caused by sli-
ding on the metal surface can be calcu-
lated as follows:

mslidez“'(1_RF)'2ﬁ'R's
: _ #*
—i.(%? - p.g ) =Ty 1/m
. : 4 ) (13)
Cl

By experimental analysis on the backflow
through the clearance using a centrifuge
built specifically for this purpcese, it
can be determined that the influence of
the different rates of rotation between
the worm and the drum have little effect
on the rate of backflow through the
clearance. Thus, for practical purposes,
Eq. (11) will be used to calculate the



BACKFLOAW PROFILE
{the start 1s at the point of 52l discharge

.._.4
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Machire type - A Proauct : CAQLINE

Oia=zeter af cylinder 8, = 250 =a Rotational speed  n, = 3000 1/ain
0.f salid discharge Dy = 165 em Differential speed n,, = 30 t/ain
Oiameter of nivesy O, = 190 =a Input rate af solid ®, = 300 x3/h
Le~gtn of cylinger {,, <« 340 ma Aesidual maisture  RFY = 33 0 weignt-g
Core angle g = 10° ' RF2 = 33 2 weagnt-Y
Pitch 6 = 55 ma . RF3 = 45 Q0 weygnt-%
Bldie thickness 4 - 6 na Ceg of effectivity NG = 175X

Niveau voiume Vo, = 7.8 a0’ Deg of fullness 5 = 4.7

Fig. 4. Calculated backflow profile

volume of solid and fluid as measu-
red from the drum to the surface) and
V51 stands for the volume of the
sludge, which displaces the fluid.

This is a
to judge the
decanter in

b) Degree of Fullness, FG:
factor which allows one
volume of sludge in the
comparison to the ideal situation
where there is no backflow. This is
a measurement standard for the actual
duration of the sediment in the
machine and is defined as the relation
of the total volume of sludge with
backflow (VS) to the total volume of
sludge without backflow (VK):

(20)

y
O
]

VS/VK

Fig.4, RF1 is the residual moisture
the discharge, RF2 is at the point
I transition from cone to cylinder,and
RF3 is the residual moisture at the end
ot the cylinder, where the suspension is
ed in the case of a co-current flow

anter, In the previous example for
iculaticn of the backflow profile

4, it can be seen that only 17,53
toral Niveau volume is composed
liquid. In this example, the
rial would stay in the centri-
times longer than if the
e functions without any backflow.

drun revolutlons are slowed
0 min-1 to 2750 min™' (Fig.
can be observed that the "degree
ectivity" increases from 17.5% to
3
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On the other hand, (Fig. 6) one can
also improve the degree of effectivity
by holding the rate of rotation of the
drum constant and raising the diffe-
rential speed (the difference of the
rates of rotation between the worm and
drum) .

from the pilot plant to the

) VKTLOA PROFILE
{Lhe start is at the gawt at salid discharge

3l —ﬂ-l
Machine type @ A Product : CAOLINE
Oiazeter of cylinder D, = 250 ma Rotaticnal speed  n, = 2750 t/min
0 f solid discrarge Dg = 1635 ea Oifferential speed Ogre = 30 1/min
Gigseter of nivesy  0,, = 130 s Ingut rate of solid 8, « 300 kg/h

Lengtn of cylinger L, = 320 mm Besidual saisture A1 » 33.0 =eaght-T

Ccre angle 8 = 0 . RF2 = 33 2 weygnt-1
Paiten G = flea ’ RF3 = 45 0 weight-%
Blaze thickness b - 6 =2 Ceg of effectivity N6 = 700 §
Niveau valuee Voo = 73 a2’ Deg of fullness  FG « {8

Fig. 5. Backflow profile after slowing
the rotation of the drum

BACKFLOW PROFILE
(the start 1s at the peint of salid discharge

R e

Machine type A Proguct - CAOLIMNE

Ouazeter of cylirger G, = 250 ra Aotaticnal speed  a, = 3000 t/min

0 f.solid discna~ge Oy = 165 m Differential speed ny,, = 35 t/min
Oiazeter of niveay 0,, = 190 ra [nput rate of solic m, = 300 kg/n
Length of cylinger Loy = 340 ma Residual moisture RFi = 33.0 weight-%
Cone angle g = w0° ' RFZ = 33.2 weight-X
Pitch 5 = 55 sx . RF3 = 43 0 weignt-3
8l3de thickness ] - 6 g3 Oeg of effectivity NG = 489 %
Niveau voluse Ve ® 78 0a" Deg.of fullness 6 = 35

Fig.6. Backflow profile with higher

differential speed

When considering these possibilities,
one should naturally take into consi-
deration other undesirable effects which
could occur: for example, disrupting of
the clarificaticn through turbulence
cau53” by th incraasiﬁg of the diffe-
renti or making sedimentaticn
nore diffic and/o increasing the

esidual bw slowing thne speed
ot rotation drum.

Fhot T~

re
the

The above menticned examples are simple
operational conditions. Fig. 7 shows the
dependance of NG on mass flow mfeed(ms)
and on variations of centrifuging

factor C(g-factor).

CONSIDERATIONS FOR THE
"SCALE-UP"

III.

The transfering and applying of results

large machi-
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NGI %
100 Praduct CAQUINE
90 iz 1
Nge = 30mn?
RF 1= 1P}
RF 2= t{P)
RF 3= L8 Wt %

Fig.7. Operational field to judge the
functioning capabilities of the
decanter

nes (scale-up) are, as is well known in
the industry, full of large uncertain-
ties. For example, it could occur that
the large industrial-size machines pro-
duce absolutely no solid, although the
small model machine functioned relatively
free of disturbance. This industrially
known fact can be theoretically confir-
med and can be illustrated through the
following example:

Take the results from Fig. 5 as an examp-
le for the small machine: the degree of
effectivity, NG, is 70.0%. This means
that the decanter functions well with
regard to clarification and discharge
of solid materials. One can also see
that the degree of fullness, FG, is 1.8.
This means that the sediment remains in
the centrifuge 1.8 times longer as it
would if the centrifuge would function
completely free of backflow. By "scale-

up", the individual particles will be
changed as follows:
Teble 1
Model performance Large size perfor-
(1) mance (G)
i = e
faifr,n - faifs,q
i = i .13
feed,M feed ,M
GM = Gbl.l
by = by -1
By = 8s
Dcyl,M - .Dcyl,M'l
DS, M = Dpg,m-t
= .1
niv,M niv,M

When the pilot machine (Fig.5) is enlar-
ged by 31 factor of four (i=4), the NG

- degree of effectivity - of the enlar-
ged machine is 0% (Fig.8).

BACKILOW PROFILE
{the start 1s at the point of solid discharge)

W - - . T -

Aal T T
CAOLINE

Machine type - Froduct *

Ois=eter gf cylinder 0., = 10CC ea Ratational speed  n, = 1375 f/ein

D f solio sischarge 0y = €63 o2 Differential speeg ny,, ~ 30 t/min
Qrazeter af nivesy 0, = 7EJ & Input rate of solid o,  =19200 kg/h
Leagth of cylinder L., + 1360 ma Residual moisture ®F{ = 33 § weight-%
Ccne angie B = 10 0 RF2 = 33.2 weight-3
Pitch 5 - 220" 1 FF3 = 43.0 weight-2
Blace thickness b = 2den Deg of effectivaty N6 = 00 %
Niveau valume Yy, *433.5 dn’ Deg.of fullness 6 = 1.5

Fig. 8. Backflow profile of the "scale-
upll

In Fig.8 it can also be seen that the
height of the backflow is higher than
the £luid level, or niveau. This means
that the solid is also being carried out
in the clarified-liquid discharge before
the sediment can reach the solid dis-
charge level. This means that the decan-
ter cannot produce the desired solid
material, the clarification process is
fully disrupted, and the unseparated
suspension flow through the fluid outlet.

Fig. 9 shows that it would be thorcughly
worthless to install a large machine when
the centrifuging factor (g-value) is held
constant by the "scale-up". The large
machine would only function without
backflow within a very small margin.

NG /%
100 Preduct CACUINE
90 [ A

3
Meg = Moy |

oy = 30 mnt
RF1=z1{P}

RF 2= ¢{P}

RF 3= 48 Wt %%

o n s don o apt A T e

m 110° kg K

e

L6
Ex 52
~
(1\ s’ S s S S S
//a? P e ¢
Fig. 9. Operational field %ue to "scale-

up" (m =

.i
s,G 's,M )



backflow in t
To calculate
dp _ ~ #*
(Ey O-gy) )
cases:

a) The backfl
enough to

between tw

tact with
blade. In

he clearance.

the driving potential

one must consider two

ow of mass is not large
fully cover the total width
o blades to ccme into con-
the reverse side of the
this case, calculations of

the driving potential yield:

do - 0.
(z=-p.g ) *=

ay gy 2

b) The backfl
that the b

2
Y (h2-2R..h.-2b.R..sinB)
b 3TN 3

(14)

ow of mass is high enough
lockage extends all the way

to the reverse side of the preceeding

lade. One
potential
knows the
blockage o

dp_s #o 0
(CTY J.gy) 3

-

The total mas
clearance can

can calculate the driving
in this case only when one
height of the backflow

n the neighboring blade.

2

=2:%  (h%-2R. .h.+b%.sin%B8+2R.
b ] i3 J

i 2
hj_l—G.51nB)-(hj_l—G.SLnB} )

(15)

s backflow through the
be described by combining

Eg.(11) and Eg. (13)

i = m_,
gap shear

D. Formulatio

*t Mglide (16)

n of the mass flow due to

the screw

1
(n SCI‘O'.-J)

The mass flow which is advanced by the

screw, m_
- screw
ference OF

and the drum,

E. Overall tr

F).2.7.R.h. (G-k)

, yields, through the dif-
rotation rates of the screw
the following:

2
N . --..COs 1
Diff

(17)

ansfer equation

One can now i
and Eg. (17)
Eq. (4). The
equation is:

nsert Eq. (7}, Eg. (16)

into the Balance Equation,
resulting mass transfer

mfeed=s.(1—RF).-{ZN.R.h.(G—b).n

_ n
(G—b).cos;.n+

2
bifg-COs @
b

2 - 2
(4w .o.R.nH

-1/n
1.K .

AL L/n

. dh ‘
.sina.cosg a1 tang)

h-z 2n+1 z
0,, % ‘[(m—w 0 )}_

<=

coss’ ! 2n+1)+(ﬁ:§“

(G*b).COSl.h.C'*1/m.[}WZ.S.R.né

. dh h /m
.51na.cosB.(aT —tanB).(—Esgg)—r1I

dp -
(_ _.O-g )41»
n day v + S, |1/n
- A LY Ty -2
4K'R'n+1'[ K '(Zo 2)]

s n+1 S_ *
. l(—z——z;) . [(2—5;—1—) (5 z;)+zo] ]

¥

dp - -

Cl

+ M (18

Eq. (18) deals with an ordinary diffe-
rential equation of a higher order: an
equation which can not be analytically
solved. The total height of the back
flow at any given point, or, more speci-
fically, the varying of the height h with
the changing of the measuring coordinate,
appears in the equation as an unkown
variable. Thus, tc solve Eq.(18), one
must employ "numerical methods". For

tlie case where the centrifuge has a firm

‘ground layer between the blades and the

drum {(m =0), then Eq.(18) can be solved
C ap. N

with reiaglve ease. One uses the point

of solid discharge as a starting place

and calculates the height of the back -

flow aleng the channel of the worm

through iteraticn methods.

Fig. 4 shows a caliculated backflow pro-
file for a machine of specific geometry
and operating parameters.

Two concepts must now be introduced in
order to be able to judge the functio-
ning capability of the decanter better.

a) Degree of Effectivity, NG: this is a
measurement or standard which measu-
res the volume of the clear liguid in
the overall volume of liquid and
solid. NG is defined so:

Vs

NG = (1~ NIV

).100 in % (19)

in which VNIV stands for the Niveau
Volume (or the level of the total



Comparing Fig. (9} to Fig. (7), it can
be recognized that the large machines,
in respect to the backflow, would exhi-
bit the same behaviocur as when the para-
meter velocity of the drum, not the cen-
trifuging factor, is held constant. This
can also be shown using Table 1 with

Eg. 18. For this reason, the centrifu-
gal factor for the large machine is:
C;=Cy/1. Now, when the solid mass flow
is not enlarged by i3 as in
the drag force law |4]|, but instead

is enlarged by i4 using the theory of
equivalent clear areas|5|, then it be-
comes obvious that by constant perimeter
velocity, the large machines can func-

g (hreeg)

tion even more favorably than the pilot
1o}.

machine (Fig.

Product CAOQLINE
1z 4

21
m‘c’ = mi." 1

Aoy = 30 min’
RF 1=z f{P})
RF 2= t(P}

RF 3= 4B Wt *4

A

10. Operational field due to
"scale-up" (mg,;=ig,q-1°)

IV. INFLUENCE OF THE GAP WIDTH
HE B F

ON T ACKFLOW

The former examples have been calculated
under the assumption that there is a
firm ground layer. For the case where
the sediment can flow back through the
Ggap between wall and blade as well as
flow in a spiral back along the blades,
the backflow profile becomes even more
unfavorable. This means that the back-
flow mass 1is greater than when the gap
width s is zero. At this point it should
be mentioned, that the addition of the
backflow through the gap to the calcu-
lation seriously complicates the entire
calculating process.

Fig. 11 demonstrates the influence of
the gap width on the degree of effecti-
vity.

Fer s = U nm, the degree of effectivity
is identical to that in the example in
Fig. 6. It can also be seen in Fig. 11

50
NG/‘I’. } nH = 3000 min‘l
40 Noye = 35 mirr!
[ m, = 300 kgh'
30
20
10

0
00 01 02 03 04 05 06 07 08
s/mm

Fig. 1ll. Dependence of degree of effecti-
vity NG on the gap width s

that enlarging the gap width from O mm
to 0.35 mm is more than enough to
decrease the degree of effectivity from
48.9 % to O %.

At first the influence of the gap width
upon the solid backflow appears great.
In practice, it can be seen that the

gap closes itself after a certain amount
of time in operation by building up a
firm ground layer. This means that, for
most cases, the influence of the gap
width can be ignored.

Certain assumptions are made for the
derivation of the mathematical models,
or, in this case, for the calculation

of the backflcw profile, where quanti-
tative statements can be made with
caution. With this mathematical model,
one is much better equipped to make
precise relative statements, especially
when one wishes to apply the experimen-
tal results frocm a pilot machine to an
industrial-size machine. One must also
look critically at the fact that an
extremely large number of experiments
are necessary for the determination of
the <vheological data (r., K, n,7,,C',m)
since they are continucusly coupléd with
theresidual meisture of the sediment.
Since the change in the residual moisture
of the sludge during the conveying by
the screw is not known, it will be esti-
mated as being linear. One can also
assume that the residual moisture in the
conical section of the decanter is
hardly, if at all, changed by the lesse-
ning of the centrifugal acceleration.
Thus, the value for RF1l und RF2 can be
considered to be constant.

The described mathematical model can be
checked through experimental data from
an industrial test. For this test, .the



behaviour of a starch suspension in
two gemetrically different decanters
are employed. Thereby it was determined
that the larger machine did not dis-
charge any solid. After investigating
the rheological data of the product,
these experimental findings could be
mathematically proven.
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SYMBOLS

blade thickness

C-Value, g-factor

slip-factor

degree of fullness

acceleration due to gravity

pitch

height of cake, level of accu-
mulated sludge

enlarging factor, scale-up
factor

shear-factor

slip-expounent

solid-mass flow

shear-exponent

differential speed

rotational speed of drum

cegree of effectivivcy

pressure

radius

residual moisture

gap width, clearance

perimeter velocity of the drum

slide velocity

volume flow

50 mean radius of particles

lelalle iy NoNoN
(9]

HeH o
b
th
rh

Gilo g,

AL CMWT VD DD
te] m

O < o 2

~ D DI

T1
Tw

screw pitch angle

cone angle

shear gradient

channel angle (formed by inter-
section of o and 8)

density

mean sediment density

fluid density

shear stress

yield value, initial shear stress

slide limit

wall shear stress






