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ABSTRACT

A dynamic model of the slaker reactor was develagrel validated for Klabin Parana Papéis caustieigsystem,
responsable for white liquor generation used by ptent. The model considered water losses by eioor and
chemical reaction. The model showed a good agreemitim the industrial plant measures of active dilkeotal
titratable alkali and temperature, without the nesfdadjustment of any parameter. The simulatedltesthowed
that the water consumption by the slaking reactiod evaporation exerted significant influence lo@ Yolumetric
flow rate of limed liquor, which imposed a decrea$d.6% in the amount of water in reactor outlet.
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INTRODUCTION Ca(OH)s) In turn, green liquor is a liquid solution
with a large quantity of sodium carbonate that
The causticizing reactor system from Klabinreacts with calcium hydroxide producing sodium
Parand Papéis produce white liquor used ihydroxide and calcium carbonate, according to the
cellulose digesters. This system is composed byausticizing reaction: N&Osuq) + Ca(OH)s) —» 2
one slaker reactor followed by nine causticizingNaOH,q + CaCQ, This reaction is slightly
reactors in sequence. According to Fig. 1, greeexothermic.
liquor and lime are continuously introduced in theAt the outlet of the slaker reactor, there are two
stirred slaker reactor. The lime from lime kiln isdistinct streams: limed liquor and grits. The limed
mainly composed of a large quantity of calciumliquor is basically formed by a sodium hydroxide
oxide and a small amount of inert solids. solution with calcium carbonate, calcium
The calcium oxide instantaneously reacts witthydroxide, inert solids and eventually unreacted
water from green liquor producing calcium calcium oxide in suspension.
hydroxide, according to a highly exothermic
reaction, called slaking reaction: CgO® HO,
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Figure 1 - Scheme of slaker reactor

In the sequence, the flow is fed in causticizingdme m.q PM PM
reactors by gravity, while the grits are removed—— =Wy, ——— -V —n +V( Mejrz

from the reactor by a screw. dt v PM a0 PMy
The main objective of this article was evaluate the (5)
effect of water losses by evaporation and chemicajy, m, q PM
reaction in Klabin Parana Papéis slaking reactor. — = Wi o= v f r (6)
dt TV PM a0
dm, _ My 9
MATERIAL AND METHODS a Wy o~ Vv (7)

Mathematical Modeling
The mathematical model was developed b
Andreola (2001) from mass balances on eac

component, Equations (1) to (7), and from energ . .
balance, Equation (9), over the slaker reacto?f,-he model predicted the actual concentration of

considering perfect mixture and constant volumeSach soluble component;tCi= a, b, c); the mass
The hypothesis of perfect mixture was based off insoluble solids |’nS|de the reactorj{pF d, e, f,
the research developed by Hypponen and Luuk® and the reactor’'s temperature (T). Volumetric
(1984) that showed the same value of residendioW rate (q) and mass flow rates;fwmust be
time distribution for solids and liquid in a Known. For model purposes, Causticising énd
causticizing reactor system. The assumption op/@king (i) kinetics were corrected by molecular
constant volume (V) was based on the fact that th#€ights (PM) ratios. , _
volume of slaker reactor was constant. The salkefh€ actual concentration of a generic component i
reactor has an outlet for the liquor at the top ofCi) was determined from its apparent

reactor, according to Fig. 1, that keeps the level gfoncentration (€), using Equation (8). This

here: a = NgCO;, b =NaOH, c=N&, d=
a0, e = Ca(OH) f = CaCQ, g = inert solids.

liquid constant. procedure was necessary because the apparent
dc” 1 PM concentration represented the mass of a specific
a :_(qOCa’O—qCaD)—rl[ a J (1) component dissolved per unit volume of reactor.
da Vv Mya,0 However, part of this volume was occupied by
dc.” 1 PM insoluble solids: CaC§) CaO, Ca(OH)and inert
b =_(qOCbO —quD)+ 2rl[ b J (2) solids. Each volume of the solid compounds
dt Vv Na,0 (V,=m;/p;,j=d, e f, g must be subtracted
dCCD 1 ( D) from the total volume (V) to obtain the effective
a v GoCe0 ~AC, ) volume (Vr) and the real concentration of each
dm, _ _myq component, Equation 8.
dt ‘ Y, Vv
Ci =CiD-(_j (8)
Vr
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m m, m, m While the reactor temperature (T) was lower than
Where:Vr=V—[—+ L +—J the boiling temperature of the reacting mixture

Pt Pe Pa Py (Te), Water evaporation did not occur, therefore,

Oevap = 0. However, when the reactor temperature

The operational reactor temperature was very clogeached J, water evaporation occured at constant
to the boiling temperature of the reacting mixturetemperature and the rate of evaporation could be
Both reactions were exothermic and the reactinghstantaneously evaluated from the solution of the
mixture temperature increased until it reached thfnsllowing equation:
boiling point. Consequently, there was energy |0S€; - GeyafC> = 0
by evaporation. To take this energy loss inteAs mentioned previously, the limed liquor was
account, this loss was included in Equation (9)composed of an aqueous solution of sodium
admitting that the enthalpy and boiling hydroxide, calcium carbonate, calcium hydroxide,
temperature (&) of the solution were identical to inert solids and, eventually, calcium oxide
that of pure waterHe,sp) at the same pressure, unreacted. Consequently, the volumetric flow rate
because the reacting mixture was composed ofa limed liquor (q) was composed of five distinct
diluted solution. Insoluble solids were dispersed i terms: water (go); calcium carbonate {gco3;
solution and jointly form a slurry that had distinc calcium hydroxide (gxomn)9; inert solids (§ers
density psur) and heat capacity (Gp,). The and calcium oxide (o), according to Equation
reactor’'s liquid phase was called liquor. Liquid(10).
(AHiiguor) and solid QHseia9d enthalpy changes

were evaluated from heat capacities of solidg)(Cpd=4d,,, *d_. *d_.., *d., *d,.. (10)
and dissolved compounds (Ep
dT Where:
dt =C1 74,2 ®) q _C{ i ] q _CI( mej'
CaCO ~ M\, | Mcaonye !
Where: Vp; (or) Vp,
(AH Ilquor AH solids + Ql + QZ - QS) m m
Cl q =q _d 7 q =q _9 .
VIO slurry C pslurry e Vp d ners Vp g
Ql = (_AHrl)Vr1; Qz = (_AHrz)Vrz; Q3 =UA(T _Tamb)
AHor =Cp_[(CLo +Cro+Cho)a b, . The volumetric water flow rate (g) could be
e e e obtained from water mass balance, admitting
~(Ca+ G, +C)aA, unsteady-state behavior, where the consumption of
m, od m,q water was given by the slaking reactiom)(@nd
AH 4 =C V = 1A - (TjAz + by evaporation (gap, according to Equation (11).
[( ] j i| Ou20 =90 Q2 _Qevap (11)
v [ PM
Where;qr2 :rz_ __HO
Px PM a0
f OqO
The volumetric flow rate of limed liquor, g, could
m Oqo m q be obtained from Equations (10) and (11),
Cpg 2 \j according to Equation (12).
A = (T A ; \%
1 (rm ref) (T ref) q= [V_](qo _qrz _qevap) (12)
_ szoAH evap r

2 -—— .

V| C . . . .
Ptury Py The reaction rate equations for the slaking reactio

(r2), CaQs) + HO( — Ca(OH)s), and causticizing

reaction (1), NaCGO;snq + Ca(OH)is)2NaOHgq +
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CaCQ, employed in this work were those 1 1 e, 1
employed by Swanda (1994), given by Equation% ~h A+ " + hA (15)
(13) and (14). Both reactions were exotheric and i ext AnKi int

took account in the model by heats of slaking{N o
(AH,,) and causticizing{H,.) reactions. all thermal conductivity (k) was taken from the

literature, wall thickness (& and logarithmic

m averaged area (A from design specifications.
r, =k2[—dJ (13) The internal heat-transfer coefficient by
v convection (k) was obtained from Equation (16),

m, presented by Lydersen (1979), using physical
n=M:_C,, (Vj{klcalvll - kr[EA]Z} (14) properties of pure water because the reacting
mixture was composed of a diluted solution.
K, =K., exp[-0.09%A, — 27190/ RT];

2/3
k. =K, €xp[-0.0604, — 2300414/ RT]; h.D _ o PNDZ aior (Pr) 16)
TTA=C,M, +C,M, +C M, ; k 1
EA=C,M, + 05C .M, ; where Pr is the fluid Prandtl numbdD; is the

reactor inner diameterDgier IS the stirrer

diameter; p, u, k are density, viscosity and

PMNaZO ‘M. = PMNaZO ‘M. = PM Na,O conductivity of the fluid andn is the stirrer
PM, = ? - PM, = ° a PM, rotation in rps.. _

Heat dissipation to ambient occured by free
convection from reactor walls to the surrounding
: ir. Hence, the external heat transfer coefficient
The dynamic model had one thermal parameter . .

i ] . hex) Was obtained from Equation (17), presented
and three kinetic parameters; ki o € ko In this ; : )

0= 0 by Kreith (1973), which took into account

work, the overall heat transfer coefficient U WaSE o choff number (Gr) and Prandtl number
obtained from equations (15) to (17) and the '
kinetic parameters used were similar to thoseh D
given by Swanda (1994). e = 013Grpr)L/3 (17)
As the slaker reactor was not insulated and the k
temperature of the reacting mixture was greateé

than the ambient temperature, heat flux occure quations (15). (16) and (17). External heat

from the reacting mixture to the environment. Th'%ransfer coefficient is 4 = 6.28 J/(1% °C s) and,
heat loss was governed by an overall heat transtr

A, =TTA-11233;

M, =

Parameters Evaluation

eat transfer coefficients were calculated from

oy . in=1.95 10 J/(nf °C s). Then, the three thermal
fr?:rfrlilenrte’,\si;én?:t @g;e—pri/SSR;edco?:poes?éNEfn esistances related to the process were calculated:

= [¢ . — [
association of three distinct thermal resistancas Rt = 4.89 10 °C s/J; Ry = 2.31 10 °C s/J and

. . o . ' Rex=2.53 10° °C s/J, indicating that the heat
iZZcrt?) ?Ct('g)] Zrll)gu:a?(t(leﬁ;n_al};/hn(lg)’ f)nlt/rllbevxv)allaosf transfer between the reactor walls and the ambient
t — X ]

. air was the limiting step (98.9% of.i8 Thus, R,
Equation (15). = Rex and UA = 394.38 JIC s). The values of the
thermal and kinetics parameters used in
simulations are shown in Table 1.

Table 1 -Parameters of the model

UA 394.38 JAC s)

ko 5.5510°s*

K0 6.18 10 (M*KQnazo) (MKQJcaoryd S*
k2,0 2.41 10° (M*/KQnazd)” (M*KGcaoryd S*
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RESULTS AND DISCUSSION state conditions, without the need of further
parameter adjustment.
The mathematical model was composed of sevefhe concentrations of NaOH, pMzO;, NaS and
ordinary differential equations, Equations (1) tomass of CaO and CaGQ@eached steady-state in
(7), and Equation (9), two kinetic equations forapproximately 15 minutes, except mass of
Slaking and Causticizing reactions, Equations (13¢a(OH) that took about 40 minutes, according to
and (14) and, additionally, Equation (12) toFig 3, 4 and 5. The concentration of ,R&; and
calculate the volumetric flow rate of limed liquor the mass of CaO showed a significant decrease
in the exit of reactor. This model was numericallyinitially, tending to constant values of 50.62
solved by SDRIV2 subroutine available inkguacodm® and 379.84 kg of CaO. While the
Kahaner et al (1989), with initial conditions concentration of N&£O; and mass of CaO
presented in Table 2. The reactor simulation, odecreased in the system, the concentration of
the first instants of simulation, was not realvds NaOH and mass of CaG®aturally increased in
a hypothetical situation that resulted in a reathe same proportion, because they were products
condition of operation in steady-state conditionsof the causticizing reaction, tending to values of
The operational conditions and reactor dimension85.54 kg/mMi and 3772.1 kg, respectively, in
used in model simulations, are shown in Table 3steady-state conditions (Figs. 3 and 4). Contrary to
According to Figs. 2, 6 and 7, the dynamic modethe behaviour mentioned above, the,8laid not
satisfactorily described the steady-state behaviouweact, and its concentration was practically
of the industrial slaker reactor, with respecthe t constant at 31.40 kgAn during the entire
temperature, active alkali (AA) and total titratbl simulation.
alkali (TTA), measured at exit of reactor in steady

Table 2 -Model initial conditions

Ca 145.30 kg/m
Co 7.69 kg/mi
C. 29.79 kg/m
My 2639.5 kg
Me 0.0 kg

M 0.0 kg
my 342.3 kg
T 88.0°C

Table 3 -Dimensions of Slaker reactor and operation cooriti

Total volume 41.60 ni
Internal diameter of reactor 4.80m
Height of reactor 3.19m
Agitator diameter 1.75m
Agitation speed 0.93 rps
Heat transfer area 62.83 nf
Green liquor flow rate 3.89 Hon’/s
Green liquor temperature 88.0°C
Lime addition rate 2.79 kgls
Lime temperature 300.0 °C
Lime availability 88.52 %
Ambient temperature 20.0°C
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Figure 3 - Concentration as a function of time.

While the mass of inert solids in the reactor stayein 91.15 kg/mi in the first 15 minutes (Fig. 6),
practically unchanged along the time, and wasvhile the total titratable alkali (TTA) stayed
equal to 337 kg, the mass of Ca(@Hyrew practically constant (120.78 kg/nin steady-state
quickly initially, reaching a maximum of 300 kg condition) for the simulated period (Fig. 7). This
and decreasing slowly soon after reaching thbehaviour was expected since for each molecule of
value of 149.69 kg at steady-state (Fig. 5). Thisonsumed N#&LGO;, two molecules of NaOH were
behaviour revealed that initially the rate offormed, consequently there was a compensation
generation of Ca(OH)Yy the Slaking reaction was between the mass of p& that was generated and
higher than the rate of consumption of thisthe one that was consumed in the forms of NaOH
component by the Causticizing reaction; howevemr NgCO:s.

this was reversed over time. At the first instant of simulation, the temperature
The active alkali (AA) presented a fast growth inof the reactor quickly increased because of the
the first minutes, due to the increaseddevelopment of the strongly exothermic slaking
concentration of NaOH in the reactor, and itreaction, taking around 3.5 minutes to reach the
reached the concentration of steady-state conditidmoiling temperature of the reacting mixture, 100
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°C, and stayed constant until the end of thearbonate (gicod quickly increased and reached
simulated period (Fig. 2). the maximum value of 2.12 £an¥s, in the first
Although the volumetric flow rate of limed liquor twelve minutes (Fig. 8). Simultaneously, the
in the exit of the reactor (g) was composed of fiverolumetric flow rate of water (go) also reached
different terms: @ucos Ghzo, OcaH)z Gcao @and  the maximum value of 3.71 Tam?/s, being 4.6%
Gners ONly the terms corresponding to the watesmaller than the feed (3.89 40n%s). However,
and to the calcium carbonate, exerted significariy,o suffered great oscillation in the first instants
influence on this flow, corresponding to 94.2 anddue to the high consumption of water by the
5.4% of the total, respectively. Because of that thslaking reaction (g) and by the evaporation
behaviour of g was determined by the term(Qe.), and it reached steady-state after 210
corresponding to the water volumetric flow rateseconds (Fig. 9). Both, g, and ¢ showed
(Q20). On the other hand, when the exitmaximum values of 2.78xf0and 3.45 18 m?s,
volumetric flow rate, g, was compared to therespectively in the first 210 seconds, and decrtkase
feeding volumetric flow rate,qgga small difference slowly until they reached constant values of
between them was observed at steadystate: 1.3%1rl5x10° and 6.42x1d m%s, respectively after
relation to g (Fig. 8). 900 seconds.

Owing to the development of the causticizing

reaction, the volumetric flow rate of calcium
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Figure 4 -Mass of CaO (rg) and CaC@(n) as a function of time.
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Figure 5- Mass of Ca(OH)(me) e inert solids (i) as a function of time.
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Figure 6 - Active alkali (AA) as a function of time.
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Figure 8 - Volumetric flow rates as a function of time.
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RESUMO

Foi desenvolvido e testado um modelo dindmico
do reator de apagamento do sistema de
caustificagdo da Klabin Parand Papéis,
responsavel pela geracdo do licor branco
utilizado na planta. O modelo contempla perdas
de &gua por evaporagdo e por reacdo quimica e
apresentou boa concordancia com dados
industriais de &lcali ativo, alcali total titulavel
temperatura, sem a necessidade de ajuste de
nenhum paradmetro. Os resultados obtidos a
partir de simulacdes revelam que o consumo de
agua pela reacédo de apagamento, bem como pela
evaporacgao, exercem uma influéncia
significativa sobre a vazdo volumétrica na saida
do reator, impondo uma diminuicdo de 4,6%
sobre o teor de Agua na corrente de saida do
reator em relacdo a alimentacéo.
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