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Abstract

The authors presented at the Engineering Foundation Conference on Solid-Liquid Separation Systems 111-2001 in Davos, software for the
simulation of batch and continuous thickeners. The steady state of a continuous cylindrical thickener was simulated using the solid feed flux
density function, the critical concentration, the solid effective stress and the required underflow concentration as input, in addition to the solid
and fluid material densities. If the thickener area is known, the capacity and the concentration profile in the equipment are predicted. On the
other hand, if the capacity is known, the required settling area and the resulting concentration profiles are predicted.

In the present work, the software is extended to thickeners having conical bottoms. As model functions, two choices are possible, a solid
flux density function for the whole range of solid concentrations or a solid flux density function for concentrations less than the critical and
a sediment permeability and an effective solid stress for concentration above the critical. The following outputs can be chosen, the unit area,
the cross-sectional area for a given capacity and height of sediment, the plot of sediment height versus thickener area for a given capacity, the
plot of sediment height versus capacity for a given thickener area and the concentration profiles and mass balances for any of these cases.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the concentration in the settling zone is nearly constant for a
thickener at steady state, and that its concentration depends
1.1. Theory and practice on the rate at which the solid is fed to the thickener. It was

verified that in most cases the feisdlilutedto an unknown
All what is presently known on industrial thickeners was concentration on entering the thickener. The second finding
discovered during the twentieth century: from the concept was that, for the same feed rate, increasing or decreasing the
and construction of the first industrial thickener in 1905 to sediment depth could adjust the underflow concentration.
the present mathematical analysis of the modern thickening In 1952, KyncH8] presented in his papefA‘theory of sed-
theorieq1,2]. imentatiori, a kinematical theory based on the propagation
The invention of the Dorr thickengB,4] made the contin-  of concentration waves in the suspension. Experience by sev-
uous dewatering of dilute pulps possible. MisH®)6] was eral authors, among them Shannon e{@], demonstrated
the first to show by experiment that the rate of settling of that, Kynch’s theory is suitable for suspension of equally
slimes is different for dilute than for concentrated suspen- sized, rigid particles known ageal suspensiondJnfortu-
sions. While the settling speed of dilute slimes is usually nately, Kynch's theory cannot be regarded as appropriate
independent of the depth of the settling column, for thick for flocculent suspensions since it ignores the compressibil-
slimes sedimentation rate increases with the depth of the setity of the sediment formed at the bottom of the thickener
tling column. Two of the most important features in the oper- [10-16]
ation of a thickener were expressed for the first time in 1954  Based on the Theory of Mixtures, the phenomenological
by Comings et al[7]. In the first place, they established that theory of sedimentation extended Kynch'’s theory to com-
pressible pulpfl7—19] This theory shows that Kynch’s the-
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Fig. 1. Constitutive function for the solid flux densfiyx(p), [24].

small, less than the critical concentration, butatermrelatedto1.2. Thickener design

the compressibility of the sediment exists for higher concen-

trations. At the end of the seventies and during the eighties, Arguing that the solid handling capacity (today called
several paperfl] show that the phenomenological model, solid flux-density) has a maximum value at a certain con-
based on the mixture theory, was well accepted by the inter- centration between the feed and the discharge concentrations
national scientific community. in the thickener, Coe and Clevend2®], developed an equa-
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Fig. 2. Constitutive function for the effective solid stress$y), [24].
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Fig. 3. Constitutive function for a solid flux densfiy(¢) with severaim values for the permeability parameter.

tion to calculate the unit area: Since the volume fraction of solids is related to the dilution
throughD = pt(1 — @)/ ppe, Eq.(1) may be written in the form
Dk — Dy
UAp= max —— 1 1
0 De>Dy>Dy pfVs(Dk) @ UApg= max —— (wk - 1> . (2)
PF<9<¢p psPkVs(@k) \ ¥u

where U4 is the unit area (thickener area/daily capacify), = Coe and Clevenger’s design procedure was the only quanti-
the pulp dilution (mass of water/mass of soligy,the solid tative knowledge in sedimentation accomplished during the
mass densityps(Dy) the initial settling velocity of a sus-  first half of the 20th centurj20].

pension of dilutiorD; and the subscript F and U denote feed Based on Kynch's theory of sedimentation several authors
and underflow, respectively. The method requires performing [10,11,13,21,22fevised methods of thickener design. They
several laboratory experiments to calculate the initial settling affirmed that one settling plot had all the information needed
velocities of the solid from suspensions with dilutions from to design a thickener and therefore only one laboratory sed-
the feed to the underflow. imentation experiment was necessary. Since in this settling
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Fig. 4. Settling experiments with copper tailings from the feed to the underflow concentrations, according to Coe and Clevengef20h&inatie left, a
sedimentation rack permits to perform the settling experiments, for suspensions at five different concentrations, in the same conditioagititinitiaht
the right, a plot shows the calculated unit areas from the experiments at different concentrations.
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Fig. 5. Settling experiment with copper tailings from the conjugate to the underflow concentrations, according to the phenomenological theenytafised

plot, the slope of the water—suspension interface gave the setthe field equatiorf3), and constitutive equations such(d$
tling velocity of the suspension, the slope at different times and(5).
should represent the settling velocity at different concentra-

/
tions. For more details, s¢23]. % i(q(t)(p 4 fole) = 9 (fbk(tp) oe¢) a‘/’> ’
A suspension is said to be hindered settlingvhen the 9 92 dz Apgg 9z
particles (flocs) fall independently one from anotheranditis 0 <z < L,t > 0, (3)

in consolidationwhen the patrticles (flocs) touch each other
permanently during sedimentation. We assume that the pro-

cess changes from settling to consolidation (or compression) o \°¢
" . fok(p) =u 1- (=<0 (4)
at a critical concentration denoted by. The phenomeno- bk{® oo A q\1) =
logical theory[18,19]characterizes the sedimentation by the
volume fraction of solidy(z, t), the Kynch solid flux density oe(0)
functionfpk(e), the volume average velocity(t) and by the €
solid effective stresse(p). These four variables must obey 0 for ¢ < ¢,
J— n
o exp(By) or oo { (‘p) - 1} for ¢ > g,
(%
5)

The special characteristics of each material is described by
the constitutive functionfk(¢) andoe(p), wherefpk(¢) < 0,
fok(0) =fpk(1) =0 for 0< ¢ < 1. Herex, B, oo, N, gmax andc

are positive numbers, whilg,, < 0. Typical constitutive func-
tions are shown ifrigs. 1 and 2Eq.(3) s of first-order hyper-
bolic type forgp < ¢c or ¢ > 1 and of second-order parabolic
type forpc<p<1.

Coe and Clevenger's methd@0] and those based on
Kynch'’s theory, characterize the pulp with only one param-
eter, the initial sedimentation velocity determined with lab-
oratory experiments. The design methods based on the phe-
nomenological theory use three properties to characterize the
Simulador de Espesamiento pulp, the initial settling velocity, the critical concentration and
the compressibility of the sediment.

Industrial Thickener Simulator

Continuo Industrial

Version 2.1 1.3. Thickeners with varying cross-section
Allindustrial thickeners have three sections with different
areas. In the first place, the feedwell diminishes the area for
Fig. 6. SimEsp Software. the flow of recovered water and the bottom of the tank is
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usually of conical shape to aid in the underflow discharge. The whereQr andQy are the feed and underflow pulp volume
ideal continuous thickener (ICT[R5-27]used for modeling  flowrate. With asimilar analysis than in Garrido e{a, 30},

a real thickener ignores these facts and assumes a constarthe basic unit area U#f) defined in this case as the maximum
cross-section forthe equipmentiger etal[28] showedthat  of the cylindrical section of the thickener, is given by:

a thickener with varying cross-section could be represented

by the following field balance equation instead 8}. UAg= max {1 (‘p _ 1> } ,
. ou=e=gu | psfok(e)
2t 55 QU0+ SC (o) TR ©
10 ( 0 fok(©)a4(e) dp ) And the concentration profile 428]:
BKGL: Appg 02) dy __ Aows (_ )
for 0<c<L.1>0 © & ) s e T e,
0<z<z (10)

whereg is the pulp concentratior(z) the variable cross-
sectional area of the thicken€ly the volume underflow rate,
fok the batch solid flux density functiose the solid effective
stressAp = ps — p the solid-liquid density difference agd ~ Que(z) + S(2) fok(e(z)) = Qrer, for z > z¢ (11)
is the acceleration of gravity constant. _ for » — 0 (12)

Equation(6) is a degenerate parabolic partial differential g=¢p <
equation, which transforms to a hyperbolic equation, repre- Equation(10)can be solved with the boundary conditidr2)
senting the sedimentation of an ideal suspension, when theto obtain the concentration profile in the thickener.
concentration is less or equal to the criticak: ¢c:

3<p % Desing E
Pt a0+ SQle) = el
[tansh)
0 AU F— m 2/ ton/day
forOssz,z>0 ) I [r—
¢L | ¢ (AL
.ﬁg ]__Kgﬂm:‘l S m?
P kaim? )
1.4. Steady state sep
a
. . Pl | "]
At steady state a macroscopic balance yields Jo P
(2l
Or¢r = Qugu (8) - |t 0 0
L9 2 /L@ 90s0 s Py f (9),0.(9)] <
¢ i
a
Determine AU (¢,¢,)= [i—lj (@)
Pt P\ 0y £ Desing AEE
Find maximum AU, (¢, <p <g¢,).
) Fl178 (ton/h)
Calculate S=UAxF. T o AU |0.843 m2/ tan/day
ul 97 ]
Calculate D. o [o01 ¢ [0z dpufoot
Integrate the concentration profile from ,; N ko3 5 W =
d_ 0@ fu(9) 1100 kg/m3
——— ns |
d?’ Appg S(z )(¢7 Q)D) Tut@) step| 1000 o
with ¢(0)=g,. e ]
( )=o . . e | Pmae 1 =0 \ —
Determine z... If z_ # 0.20L, iterate changing D 'W 02 e
to meet z /L~ 0.20. —"_J + ‘ . -
. u__[-0000e0s 01 02 0@
Increase D to the next integer. e 2 lJ "
(Determine D as a function of z/L.) J |Fof B.6655E12 m?
Make a new calculation. 2™ 4
Find the result: UA,S,D, 9, .q, f; w0000 g
(Determine F as a function of z/L). (b)

Fig. 7. Algorithm used by SimEsp. Fig. 8. (a and b) Design modules.
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Fig. 9. Simulation module.
1.5. Thickening parameters 0, for ¢ < g,
. . . . o expBy), for ¢ > ¢c, or
The batch solid flux density function may be obtained from oe(p) = P n (14)
settling experiments alone or from settling experiments for 00 { ((Z’) — 1} , for ¢ > ¢
(o

concentrations less than the critical and from sediment per-
meability tests for values of concentration greater than the where the permeability of the sediment may be modeled inthe

critical. The parameterf(¢) and the solid effective stress ~ form[31]: k(p) = (A p/)p?gko(gc/e)™. Fig. 3shows the solid

oe(p) may be expressed alternatively with the following con- flux density function using the permeability with different

stitutive equations:

values of the parameten.
In conclusion, the basic unit area derived from the phe-

c
4
uoo¢(1 - §0max> , forgL < <om,or nomenological theory, equatiq®), has the same form as
¢ that proposed by Coe and Clevenger in 1fA®, equation
Sok(p) = uoo(P(l ¢ ) , forg > ¢, and (13) (2), except for the fact that the range of validity of the equa-
Pmax tion is from the conjugate concentratign, instead of the
M(ngk((p), forg > ¢c feed concentratior, to the underflow concentratiapy.
M This small detail is of the greatest importance in most cases.
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EI EI | I Delete sarie:l Case] Case2 |CaseE]
F[i78  fon/h) F-0 m !
Qy B2 (k) ; Fow, % Jor H i
Wy [573 % | ClawE Xg])| o T L [500|m
M ll Y o [ 0.000805
We 35 % -
W._[42750525368 % Kk ko[GeemE12 m2 hy [ 1.00]m
& 2500 Ka/m® Vom[E
£, [1000 Ka/m? j E I o [T
step [0.01 o | Mol -
Al o 041 535 Pa Egncentration Profile
W 46071676361 [ 12| |op17s
’L 1.007457E-02 @1 _?J
i EER i
5-" ‘A-\
\
step 30,00

Fig. 10. Optimi

zationchoice in the Simulator Module.
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Fig. 11. Calculatechoice of the Simulation Module.

Example 1. Take, for example, experiments made to de- of 57.3% of solid by weight of a copper tailing with the

sign a continuous thickener for a feed rate of 178 t/h with
the following concentrations of a copper tailing: 35.0, 42.0,
48.0, 52.9 and 57.3% solid by weight, where the first and

following properties:

Solid density

the last concentrations correspond to the feed and the desirediquid density

underflow.

Fig. 4shows the unit area obtained for each of the concen-
trationsg. According to Coe and Clevenger, and the maxi-
mum of them is, U =0.34 n¥/(td).

But a flat bottom thickener treating a copper tailing at
a feed rate oF =178t/h, has a conjugate concentration of
oL =0.018[29] and, therefore, the range of concentrations

Feed concentration
Critical concentration
Settling parameters
Permeability parameters
Fluid viscosity
Compression parameters
Thickener height
Sediment height

ps=2500 kg/n3

pf = 1000 kg/n?

W =35% by weight

we =42.7 % by weight

Uoo =—0.000605 m/s¢=12.59,pmax=1
ko=6.67x 10712, m=4

n=0.001Pas

a1 =5.35Pap,=17.9

L =6 m, height of conical bottorh; =1 m
z.=0.20

from the conjugate concentration to the feed concentration Open SimEsp and choose thesign ModulgFig. 8).
¢rF =0.177 should also be considered. One more experimental

testat concentration. =0.01 yields the following new result
UAg = 0.52 nf/(td) (seeFig. 5). Figs. 4 and Show that Coe
and Clevenger's methd@0] gives, in this case, an error of
32% in basic the unit area.

The problem to calculate the maximum of b, ¢p)
with ¢ < ¢ < ¢p, is that the conjugate concentratign is
unknown until the value of the thickener ari®& calculated,
which is the result we are seeking for. Therefore, the problem
is undetermined and, to solve it, a valuegf must be as-
sumed, for example, ~ 0.01. This problem may be solved
with the softwareSimEsp(Fig. 6).

In designing a thickener witlsimEsp the desired feed
flow rateF (tph) and underflow concentratiasny, together
with the thickening parameteidis(¢) (M/s),¢c andoe(e) (Pa)
and the solid and liquid densitigg and pf, (kg/m?) must be
known. With these values, the function Y&y, ¢p) can be
calculated for any value af.

The algorithm used can be seen in the followitig. 7.

Example 2. Consider the design of an industrial thickener
for a feed rate of 178 tph, with an underflow concentration

{""’ Balance case 2

DF 01.771428571429 m:j'h
Flima o

&=

o 3
0_[197 9257043131 g

=

<= L{8.00 m WL 1.8679771 o4

h 1 1.00 m
Y L EE
& Prnt
u|178 ton/h
3
0, [203 84572425823 i
Wy 573 %

Fig. 12. Mass balance in the thickener.
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Fig. 13. Concentration profile in the thickener.

Fill the input data on th®esign Module(Fig. 8a). By then calculated. The maximum unit area, for=0.01, is
saving this information, future calculations may be made. UAg=0.843 (nf/tpd) aty =0.01.

Click the “Calculate” button to obtain the U] curve. With this result, run theSimulation ModulgFig. 9) to
The curve representing the unit area functiorgldfpears obtain the next figure.
and the values of UA= max, <y<4, UAo(e, ¢u) and the Choose “Case 2" for a conical bottom thickener. Add

concentration atwhichitoccurkig. 8). The cross-sectional  the compression parameter informatiomi, a2, or og
area needed by the thickener to treat the required tonnage isand n and the desired thickener height=6 m and coni-

D wis Zc

T Y T T T Y T
4500 50.00 55.00 60.00 65.00 70.00 ¥5.00
D

Fig. 14. Sediment height vs. diameter of thickener.
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Fig. 15. Capacity of the designed thickener. The double curvature in the profiles is due to the conical bottom.

cal section heighh; =1.0m; the desired sediment height version of the thickener with the mass balance and the con-
20% of L, and run the “Optimization” button. The sim- centration profile is shown iRigs. 12 and 13

ulator iterates until the desired height of sediment is ob-  The thickener diametd =77 m, obtained in the previous
tained. The result is a thickener with diameles 76.60 m example, is valid if the sediment is allowed to grow to 20%
(Fig. 10. of the thickener height. The button ‘26— D" allows to ob-

Set the thickener diameter to the next integBr=77 m”, tain designs with thickener diameters for any other value of
or to any other desired size, and choose the “Calcu- the sediment height from 10 to 9Q%with 10% increments.
late” button of the Simulator and find the final result Fig. 14shows this relationship.

(Fig. 1. Another possibility is to design the thickener for 2D%nd

The final results of the design procedure are a unit areato calculate the thickener capacity allowing other heights for
of UA=1.09 nt/tpd, a thickener diameter @ =77 m and the sediment fronz. = 20 to 100%. For this calculation, use
a conjugate concentration gf =7.56x 103. A schematic the button “%&; — F” (Figs. 15 and 1
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Ie(%)vis F
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I
a0

0 -

40
a0
20

AR S SO RSN SNSRI USROS NORUUON SURUON SHUSOS
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Fig. 16. Sediment height Vs. capacity for the designed thickener.
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