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PEER REVIEWED

T HE CAUSTICIZING PROCESS MUST

effectively convert smelt
from the kraft recovery boil-
er into a high-quality, low-

variation white liquor—a caustic
mixture consisting of NaOH (4.2
lb/ft3), Na

2
S (2.1 lb/ft3), and Na

2
CO

3

(0.9 lb/ft3), all as Na
2
O—for use in the

mill’s digesters. Production of a low-
quality white liquor compromises the
entire mill operation by reducing the
efficiency of the digesters, the evapo-
rators, and the recovery boiler.

Recent efforts to achieve tighter
causticizer control have led to an in-
crease in the use of advanced sensor
equipment such as toroidal conductiv-
ity probes,nuclear density meters,and
automatic titrators.

The literature contains few reports
of dynamic models of the causticizing
process. Jacobi and Williams (1) de-
veloped a physical dynamic model,
but the model was not validated using
mill data. Moreover, the dynamic re-
sponse of the model to changes in key
process variables was not reported.
Uronen and Aurasmaa (2) developed
dynamic, linear, empirical models
(time-series models) for key process
variables,but they reported only limit-
ed details about model structure and
development.

This paper summarizes a study
that was carried out with the objec-
tive of developing a physical dynamic
model of a causticizing system. The
project objectives were achieved by:

• Performing two dynamic tests on a
commercial causticizing process

• Modeling the resulting process-re-
action curves using first-order plus

time-delay transfer functions to
quantify process gains and 
dynamics

• Collecting and analyzing slaking
and causticizing reaction-rate data

• Developing a physical dynamic
model of the causticizing reactor
line based on the process-reaction
curves from a dynamic test

• Validating the physically based
model using the data set from a
second dynamic test.

The results presented in this paper
address several fundamental issues
missing in the literature. The dynamic
model is described in full detail, and it
is validated using mill production data.
Moreover, the model includes physi-
cally based reaction kinetics. Finally,
the dynamic characteristics of a typical
causticizing process are reported.

PROCESS DESCRIPTION
The causticizing process produces
caustic white liquor from green liquor,
a solution mainly composed of sodium
carbonate (Na

2
CO

3
).Causticization is a

two-step process.The first step occurs
primarily in a slaker, where lime is re-
acted with water to form calcium hy-
droxide, Ca(OH)

2
. The second step

occurs in the slaker-classifier and the
three or four causticizers (continuous-
ly stirred tank reactors, or CSTRs),
where Na

2
CO

3
reacts with Ca(OH)

2
to

form sodium hydroxide (NaOH) (3).
The two reactions are summarized as
follows:

Slaking:

CaO
(s)

+ H
2
O = Ca(OH)

2(s)
(1)

Causticizing:

Ca(OH)
2(s)

+ Na
2
CO

3(aq)
= 

CaCO
3(s)

+ 2NaOH
(aq)

(2)

Definitions of important terms
Many terms are used to characterize
green liquor, white liquor, and the de-
gree of reaction. The most commonly
used terms are summarized in Table I
(4).

The chemical species are deter-
mined as follows:

[Na
2
CO

3
] = TTA – AA (3)

[Na
2
S] = 2(AA – EA) (4)

NaOH] = AA – [Na
2
S] (5)
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ABSTRACT
Production data from a kraft mill were
used to develop empirical input/output
models relating key process variables to
changes in production rate and lime
addition. Unusually large time delays of
40–60 min in slaker and causticizer
temperature measurements were at-
tributed to sensor scaling.The data
were also used to develop a physically
based dynamic model containing mass
and energy balances for a slaker/classi-
fier followed by three causticizers.
Parameters for the physically based dy-
namic model were tuned using open-
loop response data from a dynamic
experiment and validated using data
obtained from a second dynamic ex-
periment and during steady-state oper-
ation.The model was in excellent
agreement with all collected mill data.
It has been used on an industrial scale
to examine process dynamics and can
be used to improve causticizing process
control strategies.

Application:

A model for troubleshooting or optimiz-
ing the causticizing process. Results
highlight the need to clean tempera-
ture sensors frequently.
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Equilibrium and kinetics
The objective of the causticizing
process is to produce a white liquor
with high causticity and a target AA.To
do so, the causticizing reaction (Eq. 2)
must proceed far to the right.The slak-
ing and causticization reactions are re-
versible and heterogeneous,with CaO,
Ca(OH)

2
, and CaCO

3
being solids.

Studies performed by Holman et al.
(5) have shown the slaking reaction
(Eq. 1) to be very rapid. Kojo (6) has
determined the heat of reaction to be
–65.2 kJ/mole. Theliander (7) deter-
mined that the causticizing reaction
(Eq. 2) is slower, with an exothermic
heat of reaction of –4.4 kJ/mole under
normal operating conditions and –7.6
kJ/mole at infinite dilution.

Because of the exothermic nature
of slaking,the forward rate increases as
the temperature increases, but the
maximum conversion decreases. It is
also important to control the addition
of lime to prevent a rapid heat rise in
the slaker that would result in boil-over.

The causticizing reaction is an
equilibrium reaction that proceeds to
the right when lime is added to the
aqueous reaction mixture. However,
typical slaker aqueous solutions can-
not be treated ideally to calculate equi-
librium constants (8). In highly
concentrated kraft liquors, molar con-
centrations are not equal to activities,
so the equilibrium constant K

c
is de-

pendent not only on temperature but
also on the concentrations of the dis-
solved chemical species. Experiments
reported by Lindberg and Ulmgren
(9) showed that K

c
depended on

cation concentration and that inert
ions such as HS–, SO

4
2–, and Cl– had no

significant effect on K
c
.

The generally accepted reaction
mechanism for the conversion of cal-
cium oxide to calcium hydroxide and
then to calcium carbonate occurs at
the solid–liquid interface (8, 10).
When calcium oxide pellets are added
to the slaker, they react violently and
break up into smaller particles. It is 

believed that the hydration front on
the surface of a smaller CaO particle
moves inward while simultaneously
sodium carbonate reacts with the ex-
terior Ca(OH)

2
and then must diffuse

into the particle once the surface is
covered with calcium carbonate (8).
Indeed, studies by Calistru et al. (11)
showed that the internal diffusion of
Na

2
CO

3
was the rate-determining step

in the causticizing reaction.
Theliander (12) evaluated a reac-

tion-rate model assuming that the
overall rate is governed by the diffu-
sion of ions in the solid phase.The rate
model is based on radial diffusion in a
sphere where there is no sharp
boundary between the Ca(OH)

2
core

and CaCO
3

exterior (13). However,
the model requires knowledge of the
lime particle size distribution, which
limits the usefulness of the rate model,
since mills never (or infrequently)
measure lime particle size distribu-
tions.

The most practical kinetics 
studies have been reported by
Holman et al. (5). They developed an
empiri-cal, pseudohomogeneous,
kinetic  model—based on work by
Krishnagopalan and Dotson (14)—to
evaluate causticizing system perfor-
mance Their model, based on data
from several mills, contains rate ex-
pressions and includes the effects of
temperature, TTA, and lime charge.
The differential form of the rate ex-
pression for the causticizing reaction
is given in Eq. 6, where the subscript
zero implies initial conditions.

dy/dt = k
1
{[Na

2
CO

3
]
0
(1–y)} 3 – 

k
2
{[Na

2
CO

3
]
0
y + [EA]

0
} (6)

Equation 6 can be transformed
into an expression for the reaction
rate of Na

2
CO

3
by substituting y =

{[Na
2
CO

3
]

0
– [Na

2
CO

3
]} / [Na

2
CO

3
]

0
:

r
Na CO 

= [Na
2
CO

3
]
0
{k

1
[Na

2
CO

3
]3 – 

2 3

k
2
[EA]} (7)

II. Initial green liquor and lime process conditions for Tests I, II, and III

STEADY-STATE
“BUMP” TESTS TEST

Process variable Test I Test II Test III

TTA, lb/ft3 7.11 7.44 7.33
[Na2CO3], lb/ft3 4.05 4.10 4.39
Sulfidity, % 30.5 30.2 26.7
Liquor flow rate, gal/min 600 725 850
Temperature, °F 185 185 185
Green liquor, % of total
To slaker bowl 72 72 72
To classifier 28 28 28

Lime addition rate, lb/min 281 297 346
Lime availability, % …* …* 88

*Not measured

I.Terms characterizing green and white liquors and the extent of reaction

Total titratable alkali (TTA) [NaOH] + [Na2CO3] + [Na2S] + 1/2[Na2SO3]
Active alkali (AA) [NaOH] + [Na2S]
Effective alkali (EA) [NaOH] + 1/2[Na2S]
Sulfidity (S) 100[Na2S]/TTA
Causticizing efficiency (%CE) 100{[NaOH] – [NaOH]GL} / {[NaOH] – [NaOH]GL

+ [Na2CO3]}
Lime availability (%A) percentage of CaO

All concentrations are in terms of equivalent Na2O.
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Arrhenius expressions for the rate
constants (k

1
and k

2
) were determined

at TTA = 7.02 lb/ft3 (as Na
2
O). Note

that Holman et al. (5) found that TTA
significantly affects the reaction rate,
and they developed expressions link-
ing the rate constants and TTA.Our re-
sults show that lime charges higher
than what is stoichiometrically re-
quired for 100% conversion of Na

2
CO

3

increased the reaction rate. Lower
charges decreased the reaction rate.
These findings are in agreement with
the diffusion-limited reaction mecha-
nism.

MILL EXPERIMENTS
The first step in developing a process
model is to understand the static and
dynamic behavior of the process. One
of the best ways of gaining this insight
is to disturb the process via step forc-
ing (bump tests).Analysis of the result-
ing process-reaction curves (a)
provides a benchmark for process
gains and time constants and (b) re-
veals the relationship between
process inputs and outputs.

To this end, a commercial causti-
cizing process was “bumped” on June
30 and then bumped again a month
later. The objectives of the tests were
to:

• Analyze green-liquor variations
• Determine process gains
• Determine process time constants.

The first dynamic test was con-
ducted by introducing a step change
in green-liquor flow rate to the causti-
cizing system while holding the lime
addition rate constant.The second test
was conducted by making a step
change in lime addition rate while
holding green-liquor flow-rate con-
stant. These tests will be referred to as
Test I and II:

• Test I: step change in green-liquor
flow rate (+100 gal/min) at con-
stant lime addition rate

• Test II: step change in lime 

addition rate
(–29.0 lb/min) at
constant green-
liquor flow.

During both
tests, green-liquor
flow rates to the
classifier and the
slaker bowl,
green-liquor tem-
perature, and lime
addition rate were
controlled to con-
stant setpoints.All
other control
loops were open. This procedure re-
duced the degree of undesired
process disturbances and allowed all
reactor temperatures and reaction
rates to relax to new steady-state con-
ditions.

Liquor samples were collected
from green and white-liquor sample
ports and from the top compartment
of the slaker, classifier, and all causti-
cizers.Each liquor sample sat for 5 min
to allow the fine lime particles to set-
tle. The sample was then decanted to
obtain a solids-free liquor. The chemi-
cal composition of the liquors was
promptly determined on-site using
TAPPI Test Method T 624 cm-85 (an
“ABC”test).

In addition to Tests I and II (bump
tests),a set of steady-state process data
was collected about six months later.
This data set is referred to as Test III.
Temperature was measured with a
hand-held Fluke thermometer. Green-
and white-liquor samples were titrat-
ed,and lime availability was measured.
The errors for temperature measure-
ments were less than ±1.0°F, and mea-
sures of [Na

2
CO

3
], [NaOH], and [Na

2
S]

were within ±0.05 lb/ft3 (as Na
2
O).

Table II shows the initial green
liquor and lime process conditions for
Tests I, II, and III.

Green-liquor TTA and Na2CO3

For the bump in green-liquor flow rate
(Test I) both green-liquor TTA and
Na

2
CO

3
concentration were found to

be constant over the 5-hour testing pe-
riod. TTA time independence was de-
termined by modeling the time
dependence as a linear function and
calculating a 95% confidence interval
for the resulting slope. The results
were that TTA = 7.13 + (0.012 ±
0.021)t, where t = time (hours). The
same procedure was repeated for
[Na

2
CO

3
] values, and the results were

[Na
2
CO

3
] = 4.07 + (0.0014 ± 0.052)t.

Because zero is included in each inter-
val, the hypothesis that TTA and
[Na

2
CO

3
] do not depend on time can-

not be rejected.
For the bump in lime addition rate

(Test II), green-liquor Na
2
CO

3
concen-

tration was again found to be constant
throughout the 7-hour test, but it had
a different absolute value than in Tests
I and III. Using a 95% confidence in-
terval again,Na

2
CO

3
concentration de-

pendence was 4.14 + (0.027 ±
0.074)t. However, green-liquor TTA
significantly varied during the test, as
shown in Fig. 1. TTA increased 0.2
lb/ft3 in 4 hours and decreased the
same amount in 1 hour.

Low-frequency disturbances are
expected in green-liquor composition
because of a large upstream clarifier.
Even though the flow pattern is plug
flow, the typical residence time is
8–12 hours, resulting in significant
mixing via diffusion. Ramped distur-
bances over a 4–8-hour period are ex-
pected.The large 0.2-lb/ft3 decrease in
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TTA at t = 6 hours is probably due to a 
measurement error. Also, the average
TTA value was significantly higher
than during Test I.

Test II illustrates the key result that
both AA and %CE cannot be con-
trolled by manipulating the lime addi-
tion rate. Although the control
objective is to meet the target AA
value,it is important to maintain a high
%CE. Since [Na

2
CO

3
] did not change

during Test II, the addition of lime
should remain constant to maintain a
constant %CE. However, white-liquor
AA would then increase and decrease
by approximately the same amount
that the green-liquor TTA increases
and decreases, 0.2 lb/ft3. To avoid this
situation,it is important to control TTA
to a target value. If TTA is controlled
and [Na

2
S] remains constant, then

both target AA and %CE values can be
met by the correct addition of lime.

Transfer-function models
The objective of the bump tests was
to see how the process responded to
changes in the input conditions of
green-liquor flow rate and lime addi-
tion rate. To this end, the process-reac-
tion curves of slaker temperature,
first-causticizer temperature, classifier
AA, and first-causticizer AA were mod-
eled as first-order plus time-delay trans-
fer functions for both Tests I and II.
The developed transfer functions are

simple dynamic characterizations of
the causticizing process that can be
used in the development of a control
system, e.g., selection of control vari-
ables based on dynamic considera-
tions and tuning of PID-type
(proportional, integral,derivative) con-
trollers. Additional information on the
development and the use of transfer-
function models can be found in stan-
dard textbooks (e.g., (15)).

Table III lists the time constants,
time delays, and deviations from the
initial steady state for each variable
during Tests II and III. The method
used to determine the values shown in
Table III is described by Swanda (16).
Figures 2–5 compare the plant re-
sponses and model responses for step
changes that were made at t = 0.

Time constants and time delays.
The figures indicate that there are sig-
nificant differences between the time
constants and time delays of the tem-
perature responses and the AA re-
sponses. The time constants for
temperature were larger than those for
AA, as seen in Table III, with time con-
stants of 50–60 min for the slaker and
about 60 min for the first causticizer.
The corresponding time delays are,on
average, 52 min and 60 min. The time
constants for the AA responses are
about two-thirds those of the tempera-
ture for Test I and about one-half for

Test II, and there are essentially no
time delays.

The temperature responses are
slower than expected, given that the
mean residence time is 25 min for the
slaker and 30 min for the top com-
partment of the first causticizer.
Because of the high scaling environ-
ment, large amounts of scale (over 4
in.) have been known to form on the
temperature probes in the slaker and
first causticizer. This amount of scale
would drastically affect the dynamic
response of temperature and, in turn,
degrade the performance of any caus-
ticizing control system relying on tem-
perature measurements.

The AA response-time constants of
both tests should be approximately
equal because there are essentially no
flow dynamics and the reactors are ap-
proximately well-mixed slurries.
However, the time constants of the AA
response in the classifier and first caus-
ticizer for Test II are 14 min and 18
min less than the corresponding con-
stants in Test I, respectively.

Process gains. Table III shows that
the deviations from the initial steady
states for each process variable were
about the same for Tests I and II. The
size of the deviation for first-causticiz-
er AA is at the upper limit of accept-
able. Typically, only ±0.2 lb/ft3

excursions in white-liquor AA are per-
mitted.Thus,step changes can be con-
sidered medium sized. The largest
operational change in flow rate for the
modeled process is 500 gal/min, and
the largest possible change in lime ad-
dition rate for the examined mill is 567
lb/min. However, a 58-lb/min change
would be considered large by an oper-
ator.

Unmodeled process variables.
Two key variables—third causticizer
AA and the white-liquor AA—could
not be modeled because they did not
settle to steady values in the 7-hour
testing period. Determining model
order and time constant(s) for white-
liquor AA is important to understand-
ing the process. The only explanation

III.Time constants and time delays for first-order models with time delay (“bump” tests)

Deviation from
Time constant, Time delay, initial

min min steady state

Test I
Temperature

Slaker 60 40 –3.6 °F
1st causticizer …* …* …*

Active alkali
Classifier 40 0 –0.26 lb/ft3

1st causticizer 51 0 –0.36 lb/ft3

Test II
Temperature

Slaker 52 64 –2.3 °F
1st causticizer 60 60 –2.0 °F

Active alkali
Classifier 26 3 –0.20 lb/ft3

1st causticizer 33 6 –0.27 lb/ft3

*1st causticizer temperature never settled to a constant value.
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offered for why the settling times (the time to reach a new
steady-state condition) were longer than expected in the
third causticizer and white-liquor AA values is that the
solids may have a slightly longer residence time than the liq-
uid phase.

It is of critical importance to know how large an 
effect a step change has on white-liquor AA and causticiz-
ing efficiency. A rough estimation of the changes in AA 
and %CE during Test II is from 6.35 lb/ft3 to 
6.05 lb/ft3 and from 77.5% to 71%, respectively.
A 6.5% change in causticizing efficiency is considered very
large. For Test I, the changes in AA and CE% were not esti-
mated because these variables did not reach steady state.

DEVELOPMENT OF UNSTEADY-STATE PHYSICAL MODEL
Unsteady-state physical models provide process insight and
greatly aid in the design of a control scheme. An unsteady-
state physical model of the causticizing process can be used
to:

• Gain a better understanding of the process
• Explore alternative operating strategies

• Evaluate slaker and causticizer performance.

The physical model also could be used to evaluate and op-
timize the performance of proposed causticizing control
systems.

The unsteady-state physical model is based on first prin-
ciples and contains only two empirical relationships. The
reaction-rate expressions for the slaking and causticizing re-
actions were empirically modeled as pseudohomogeneous.
However, both rate expressions are based on their respec-
tive physical mechanisms. Also, the model consists of ener-
gy and mass balances around the typical causticizing
reactor line.Each reactor has two compartments,except for
the classifier, which has only one compartment. Each com-
partment is defined as a control volume over which un-
steady-state energy and mass balances were made. The
model was tuned using Test I data and validated using data
from Tests II and III.

Model assumptions for unsteady-state mass and 
energy balances

The physical model is constructed from a set of unsteady-
state material and energy balances. Each balance is made
over a reactor compartment. Two simplifying assumptions
were made, namely, that both the liquid and solid particles
are well mixed (i.e.,they form a well-mixed slurry),and that
the operating volume is constant.The assumption of a well-
mixed slurry is made because work done by Holman (17)
and Hypponen and Luuko (18) shows that the solids’ resi-
dence-time distribution is the same as the liquor.Moreover,
most mill causticizing reactors have liquor exiting via an
overflow pipe, so that the liquid volume is constant.

Mass balances
Each compartmental mass balance consists of seven differ-
ential equations for seven compounds: Na

2
CO

3
, NaOH,

Na
2
S,CaO,Ca(OH)

2
,CaCO

3
,and solid inerts.Equations 8–10

are used to calculate the reactor exit concentrations of
Na

2
CO

3
,NaOH,and Na

2
S, respectively.
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dC
a
/dt = [(1/V)(q

0
C

a,0
– qC

a
)] – r

a

(8)

dC
b
/dt = [(1/V)(q

0
C

b,0
– qC

b
)] + r

a

(9)

dC
c
/dt = (1/V)(q

0
C

c,0
– qC

c
)

(10)

where
C

a
= concentration of Na

2
CO

3
in the 

compartment
C

a,0
= inlet concentration of Na

2
CO

3

C
b

= concentration of NaOH in the 
compartment

C
b,0

= inlet concentration of NaOH
C

c
= concentration of Na

2
S in the 

compartment
C

c,0
= inlet concentration of Na

2
S

q = volumetric flow rate, ft3/min
q

0
= inlet volumetric flow rate, ft3/min

r
a

= causticizing reaction rate, 
lb/ft3·min (as Na

2
O)

V = operating volume, ft3

[Note: All concentration units are lb/ft3

(as Na
2
O).]

These three equations have the
form of a standard unsteady-state mass
balance for a constant-volume CSTR,
except the volumetric flow rates in
and out are not assumed to be equal.
The outlet flow rates are less than the
inlet flow rates because of water con-
sumption by the slaking reaction.

Equation 11 is used to determine
the mass of CaO present and the 
outlet mass flow rate of CaO for each
reactor compartment. Similar calcula-
tions for Ca(OH)

2
, CaCO

3
, and solid 

inerts are determined using Eqs.
12–14, respectively. The well-mixed
slurry assumption allows the exit mass
flow rate of solid material to be ap-

proximated by m
i
q/V.

dm
d
/dt = w

d,0
– (m

d
q/V) – Vr

b

(11)

dm
e
/dt = w

e,0
– (m

e
q/V) – V(MW

e
/ 

MW
Na O

)r
a
+ V(MW

e
/MW

d
)r

b
2

(12)

dm
f
/dt = w

f,0
– (m

f
q/V) + 

V(MW
f
/MW

Na O
)r

a
(13)

2

dm
g
/dt = w

g,0
– (m

g
q/V) (14)

where

m
d
= mass of CaO in compartment, lb

m
e
= mass of Ca(OH)

2
in 

compartment, lb
m

f
= mass of CaCO

3
in compartment, lb
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m
g

= mass of solid inerts in 
compartment, lb

w = mass flow rate, lb/min
MW = molecular weight

r
b
= slaking reaction rate, lb/ft3·min.

Equation 15 is used to calculate
the decrease in volumetric flow rate of
green liquor,q

GL
.

q
GL

= q
GL,0

–

{(V/ρ
H O

)(MW
H O

/MW
Na O

)r
a
}

2                               2                             2 (15)

Equation 15 was derived from Eq. 16
by dividing both sides by the density
of water and assuming that the accu-
mulation term is set equal to zero.

dm
H O

/dt = w
H O,0

– w
H O

–
2                                 2                          2

V (MW
H O

/MW
Na O

)r
a

2                            2                          (16)

There are essentially no flow dy-
namics because the liquor slurry exits
via an overflow pipe.Also,the increase
in liquor density resulting from the in-
crease in the concentration of dis-
solved ions is ignored.During nominal
operations, the maximum decrease in
volumetric flow rate is 2%, so that the
error introduced by this approxima-
tion is insignificant.

Causticizing and slaking kinetics.
The causticizing reaction rate,r

a
, is cal-

culated using Eq.17,where [Ca(OH)
2
]

s

= m
e
/V is the “effective concentration.”

r
Na CO 

= [Na
2
CO

3
]
0
[Ca(OH)

2
]
(s)

2       3

{k
1
[Na

2
CO

3
] – k

2
[EA]2} (17)

Equations 18 and 19 are used to de-
termine k

1
and k

2
at a given tempera-

ture, respectively.

k
1,TTA = 7.02

= k
1,0

exp(–11,700/RT)
(18)

k
2,TTA = 7.02

= k
2,0

exp(–9890/RT)
(19)

where

R = 1.987 Btu/lb·mole·°R
T = °R
E = activation energy, Btu/lb·mole
TTA = lb/ft3 (as Na

2
O)

k
1,0

= (ft3/lb as Na
2
O)(ft3/lbCa(OH)

2
)/min

k
2,0

= (ft3/lb as Na
2
O)2(ft3/lbCa(OH)

2
)/min.

The values of k
1,0

and k
2,0

used in
process simulations are given later in
this report in Table V. The final k

1
and

k
2

values are determined by Eqs. 20
and 21, respectively.

k
1,TTA1

/k
1,TTA=7.02

= exp[–1.52
(TTA

1
– 7.02)] (20)

k
2,TTA1

/k
2,TTA=7.02

= exp[–0.967
(TTA

1
– 7.02)] (21)

The developed reaction model
was empirically determined using frac-
tional conversion data from experi-
ments done by Holman et al. (5).They
reported the reaction-rate expression
given by Eq. 7. However, their model
does not account for the known de-
pendence on the type and amount of
lime added (“lime charge”). To ac-
count for “lime charge,” their reaction-
rate model was modified in this study
by multiplying Eq. 7 by [Ca(OH)

2
]

(s)
a.

The assumed form of the causticizing
reaction-rate model is given by Eq.22.

r
Na CO 

= [Na
2
CO

3
]
0
[Ca(OH)

2
]

(s)
a

2       3

{k
1
[Na

2
CO

3
]b – k

2
[EA] c}

(22)

The numerical methods used to deter-
mine all reaction model parameters (a,
b, c, k

1,0
, k

2,0
, and E) are discussed in

Swanda (16).
Based on a study by Swanda (16),

the slaking reaction rate was approxi-
mated by a first-order reaction-rate ex-
pression given by Eq.23.

r
b
= r

CaO
= k

slaking
C

CaO
(23)

A rate constant k
slaking

= 0.333 min–1

was used. The activation energy of
CaO is not known, so k

slaking
was kept

constant. Discrepancies between the
actual reaction rate and Eq. 23 have a
limited effect on the physical dynamic
model because the reaction rate is es-
sentially instantaneous compared with
the residence times of the reactors.

Energy balances. The dynamic
model contains an unsteady-state ener-
gy balance that accounts for enthalpy
changes of all species,for both heats of
reaction, and for ambient heat loss.
The control volumes, for which the
mass balances were made, were also
used for the energy balances. Thus
there are nine unsteady-state energy
balances, one for each reactor com-
partment. Each reactor compartment
is again assumed to be well mixed and
to have a constant volume. Each un-
steady-state energy balance consists of
one differential equation,given by

V ρ
slurry

C
p,slurry

(d/dt)T = ∆H
liquor

+ ∆H
solids

+ (–∆H
ra
)Vr

a
+ (–∆H

rb
)Vr

b
+ UA(T

c
–T

r
) 

(24)

where

∆H
liquor

=C
p,GL

[w
in
(T

in
–T

ref
)   – w

out
(T–T

ref
)]

∆H
solids

= C
p,CaO

[w
CaO,in

(T
in
–T

ref
)– w

CaO,out

(T–T
ref

)] + C
p,Ca(OH) 

[w
Ca(OH)  ,in

(T
in
–T

ref
) – 

2       2

w
Ca(OH) ,out

(T–T
ref

)] + C
p,CaCO 

[w
CaCO ,in 

2                                                                          3                       3 

(T
in
–T

ref
)–w

CaCO ,out
(T–T

ref
)]+ C

p,inerts
3

[w
inerts,in

(T
in
–T

ref
) – w

inerts,out
(T–T

ref
)]

and where

T = reactor temperature, °F
T

ref
= reference temperature, °F

∆H = enthalpy change, Btu/min
(–∆H) = heat of reaction, Btu/lb
U = overall heat-transfer 

coefficient, Btu/°F·min·ft2

A = reactor surface area, ft2

C
p

= heat capacity, Btu/lb·°F
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ρ
slurry

= slurry density, lb/ft3

w
in

= inlet mass flow rate, lb/min
w

out
= outlet mass flow rate, lb/min.

For simplification,all heat capacities and slurry densities are
assumed constant throughout the entire reactor sequence.

The overall heat-transfer coefficient,U,was included to
model the temperature decrease in the liquor as it flows
through the reactor line. Its value was determined to be
2.15 Btu/°F·h·ft2 using Test I data.

Temperature sensor scaling. To determine if scale
could solely account for the large time delays determined
earlier in this study, the dynamic effect of scaling was in-
cluded in the model. The temperature probe was modeled
as an infinitely long cylinder with a diameter of 1.0-in. The
thermal diffusivity of the scale was assumed to be that of
CaCO

3
,α= k/ρC

p
= 0.027 ft2/h,where k is the thermal con-

ductivity. During the normal operation of the causticizing
process,scale as thick as 4.0 in.had been measured on tem-
perature sensors in the slaker and first causticizer.Figure 6
shows the dimensionless temperature response of infinite-
ly long cylinders with radii, r, of 2.5 in., 3.5 in., and 4.0 in.
and α = 0.027 ft2/h at r = 0.5 in. (19). A second-order plus
time-delay transfer-function model in Eq.25 was fit to each
response.

G(s) = exp(–θs)/[(τ
1
s+1)(τ

2
s+1)] (25)

where

G = T
m
(s)/T(s)

s = Laplace transfom variable, which is a complex 
variable

T
m
(s) = measured temperature

T(s) = compartment temperature

The transfer-function model parameters (θ,τ
1
,τ

2
) used to fit

the three cylinders are shown in Fig. 6 next to the corre-
sponding response curves.

Table IV shows the transfer-function parameters used
to model the slaker and first-causticizer temperature sensor
dynamics. The model parameters chosen closely represent
the degree of sensor scaling observed and accurately model
the plant temperature responses during Tests I and II, thus
showing that scale is solely responsible for the large time
delays in temperature measurements.

Model parameters. The model parameters used in sim-
ulations of Tests I, II, and III are shown in Tables V and VI.
Four parameters were modeled as varying with the reactor
compartments: volume, heat-transfer term UA, and the two
preexponential factors for the rate expressions. The rate
constants k

1,0
and k

2,0
were set one order of magnitude

lower in the top slaker compartment than in all the other
compartments, resulting in a better fit of the model to the
plant data.There is also a physical justification for this mod-
ification. The lime mud particles have an average diameter
between 30 µm and 45 µm within 1–2 min after being
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7.Predicted and actual temperatures for slaker and first causticizer,
Test I
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added to the slaker. As the slaking and
causticizing reactions proceed, the av-
erage diameter of the lime mud parti-
cles decreases to approximately 10–15
µm within 6–13 min later (20).During
this transition period,which occurs in
the slaker, the reaction rate of causti-
cizing is expected to be lower.
Another possible physical justification
is that some lime mud particles are
short-circuiting the top slaker com-
partment.However,earlier tracer stud-
ies did not indicate the occurrence of
any short-circuiting (17, 18).

Model fitting and validation
The model was fit to the data obtained
during Test I (first bump test) and then
validated using data from Test II (sec-
ond bump test) and Test III (steady-
state operation).

Fitting of model parameters. The
model was fit to data by comparing
the model response to Test I response
curves for slaker temperature, first-
causticizer temperature, classifier AA,
and first-causticizer AA. Good agree-
ment between the model and Test I
process-reaction curves was obtained
by:

• Adjusting thermodynamic proper-
ties by ±10% of the initial “best
guess”values

• Modeling the green-liquor split
ratio between the slaker and classi-
fier as 60%/40% instead of the
72%/28% setpoint for Tests I and II

• Modeling the green-liquor temper-
ature as 186.5°F instead of the
185°F setpoint.

The adjustments made in thermo-
dynamic properties and green-liquor
temperature are smaller than the mea-
surement errors.The green-liquor split
ratio was lowered to raise the slaker
temperature by approximately 5°F.
The lower the green-liquor split ratio,

the more green liquor bypasses the
slaker bowl. However, the lime addi-
tion rate to the slaker bowl remains
the same, so the temperature increas-
es. Several months after Tests I and II,
the measured slaker temperature
dropped about 5°F when a new flow
sensor for measuring green-liquor
flow rate to the slaker bowl was in-
stalled. Given the previously noted ad-
justment in the model, it appears that
the old flow element was reading
higher than the actual flow rate.

Figures 7 and 8 compare mod-
eled results with the process-reaction
curves derived from plant data during
Test I. (Figure 7 shows temperature in
the slaker and first causticizer; Fig. 8
shows AA in the classifier and first
causticizer.) Each set of reaction
curves shows excellent agreement

with regard to steady-state conditions,
response shape, and response time.
The model and process-reaction
curves for first-causticizer temperature
and classifier AA overlap. When the
modeled first-causticizer AA process-
reaction curve is shifted down by 0.04
lb/ft3, it nearly overlaps with the plant
data. The only significant deviations
were for the slaker temperature.

Table VII shows modeled results
and Test I data for initial and final slak-
er AA and for initial third causticizer
AA.The modeled initial and final AA in
the slaker agree with the plant data.
The initial AA in the third causticizer is
modeled to within –0.18 lb/ft3 (as
Na

2
O). The maximum acceptable de-

gree of deviation is ±0.2 lb/ft3 (as
Na

2
O). [The maximum acceptable de-

viation reflects the mill’s ability to con-
trol white-liquor AA to within ±0.2
lb/ft3 (as Na

2
O).]

Model validation. The dynamic
model was validated by comparing
modeled results with data obtained
during Test II. None of the model pa-
rameters were adjusted. The only
change was to set the green-liquor
composition, green-liquor flow rate,
and lime addition rate to match the
conditions in place during Test II.

IV.Transfer-function parameters used to
model temperature sensor dynamics

θ, τ1, τ2,Location min min min

Slaker 7 16 42
1st causticizer 6 13 35

V.Variable parameters of the model (parameters vary with compartments)

SLAKER CLASSIFIER CAUSTICIZER
COMPARTMENT SECTION COMPARTMENT

Parameter Top Bottom Top Bottom

Operating volume, ft3 770 1411 477 2556 2800
UA*, Btu/°F·min 23.5 23.5 15.1 33.7 33.7
k1,0 56.3 750 950 950 950
k2,0 0.353 4.70 5.95 5.95 5.95

*Heat-transfer term

VI.Constant parameters of the model

Parameter Value

Activation energy, Btu/lb·mole
Ek,1 11,700
Ek,2 9,890

Heat of reaction, Btu/lb
∆Hr,a, Btu/lb Na2O –28.6
∆Hr,b, Btu/lb CaO –450

Lime availability, % 87.8
Lime temp., °F 225
kslaking, min–1 0.333
Tref, °F 77
Tatm, °F 60

ρslurry, lb/ft3 75
Heat capacity, Btu/lb·°F
Cp,GL 0.925
Cp,slurry 0.870
Cp,CaO 0.197
Cp,Ca(OH) 0.312

2            

Cp,CaCO 0.225
3 

VII.Comparison of Test I (“bump test”) ac-
tive alkali steady-state characteristics for
the dynamic model and the plant data 

ACTIVE ALKALI,
lb/ft3 (as Na2O)

Location Model Plant

Slaker
AAinitial 5.26 5.29
AAfinal 4.93 4.75

3rd causticizer AAinitial 6.42 6.60
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Figures 9 and 10 show comparisons
for the four process-reaction curves.
(Figure 9 shows temperature in the
slaker and first causticizer; Fig. 10
shows AA in the classifier and first

causticizer.) Again, the model accu-
rately predicts the first-causticizer tem-
perature curve for the process
reaction and has a 30% larger gain for
slaker temperature. The process-reac-
tion curves for classifier AA have the
same time-response characteristics.
However, the model gain is only 65%
of the plant gain. The first-causticizer
AA process-reaction curve appears to
lag the plant data by over 50 min.
However, if the model response is
rescaled using the plant gain, then the
model lags by only 30 min.

Table VIII shows modeled results
and Test II data for initial and final slak-
er AA and for initial third causticizer
AA. There is excellent agreement be-
cause the model deviates from the
plant data by less than 0.1 lb/ft3 (as
Na

2
O).
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8.Predicted and actual AA for classifier and first causticizer,Test I 9.Predicted and actual temperatures for slaker and first causticizer,
Test II

VIII.Comparison of Test II (“bump test”) ac-
tive alkali steady-state characteristics for
the dynamic model and the plant data

ACTIVE ALKALI,
lb/ft3 (as Na2O)

Location Model Plant

Slaker
AAinitial 4.88 4.86
AAfinal 4.76 4.69

3rd causticizer AAinitial 6.30 6.22

IX.Comparison of Test III (steady state) and
the dynamic model

Location Model Plant

Slaker
AA, lb/ft3 4.21 5.40
Temp., ˚F 212 214

Classifier
AA, lb/ft3 5.58 5.63

1st causticizer
AA, lb/ft3 5.88 6.02
Temp., ˚F 205 205

3rd causticizer
AA, lb/ft3 5.99 6.07

KEYWORDS 
Causticizers, causticizing, classifiers, dy-
namics, equations, models, performance
evaluation, physical properties, process
control, process variables, slakers, tem-
perature, white liquors.
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The dynamic model was also vali-
dated by comparing its output with
data obtained during Test III.Table IX
shows modeled results and Test III
data for six key parameters. With the
exception of slaker AA, there is excel-
lent agreement between the modeled
results and plant data.

MILL APPLICATIONS
The physically based dynamic model
has been used regularly at various mills
to examine process dynamics and
identify equipment malfunctions. For
example, after a step change in the
green-liquor production rate, compari-
son of the process response with mod-
eled results can help in identifying
equipment malfunctions. (If an agita-
tor malfunctions,the well-mixed CSTR
approximation will not hold.) Sensor
malfunctions (e.g., an extreme degree
of sensor scaling) also can be identi-
fied. Besides being used to identify
equipment malfunctions, the model
has been used to compare the perfor-
mance of different control strategies.
For example, strategies to control the
temperature increase between slaker
input and output have been compared
with strategies that control an inferred
measurement of AA in one of the caus-
ticizers. Finally, the model also has
been used at various mills to improve
control and operation of the causticiz-
ing process.

CONCLUSIONS
The dynamic behavior of a mill causti-
cizing system was characterized by
collecting data during two “bump
tests” and during steady-state opera-
tion. The resulting open-loop respons-
es were modeled using first-order plus
time-delay transfer functions.From the
open-loop responses, the dynamic re-
sponse of AA in the first causticizer
was determined to be faster than the
temperature response in the first caus-
ticizer and slaker. In addition, these
temperature responses had unusually
large time delays of 40–60 min, which
were attributed to sensor scaling.

A physical 
dynamic model
was developed
for the continu-
ously stirred tank
reactors (CSTR)
used in the caus-
ticizing process.
The model para-
meters were fit-
ted by using the
open-loop re-
sponse data of
the first experi-
ment. The model
was then validat-
ed using data ob-
tained during the
second experi
ment and during
steady-state oper-
ation.

The model
was in excel
lent agreement
with the data 
for both experi-
ments. It accu-
rately captured
the steady-state
characteristics of
AA in the slaker, the classifier, the first
causticizer, and the white liquor. The
model also was in good agreement
with the dynamic characteristics of AA
and temperature in the classifier and
first causticizer for white-liquor pro-
duction rates ranging from 70% to
100% of maximum.

In an effort to obtain good agree-
ment between the model and both ex-
periments,substantial dynamic lag was
included to account for scaling of the
temperature sensors. To model this
phenomenon, the scale was assumed
to be 4 in. thick and to have the ther-
mal properties of calcium carbonate.
The excessive degree of scaling causes
up to 60-min time delays and settling
times twice as large as expected in
slaker temperature measurements.
Many mills with causticizing control
systems use a temperature sensor in

the slaker. Frequent cleaning of these
sensors will minimize the dynamic lag
and improve the performance of the
control system.TJ
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10.Predicted and actual AA for classifier and first causticizer,Test II
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to Filing Date— 30,903. D. Free Distribution by Mail: a) Average No.Copies Each Issue During Preceding 12 Months—9,762; b) Actual No.
Copies of Single Issue Published Nearest to Filing Date—9,915. E. Free Distribution Outside the Mail: None; F.Total Free Distribution: a)
Average No. Copies Each Issue During Preceding 12 months—9,762; b) Actual No. Copies of Single Issue Published Nearest Filing Date—
9,915; G.Total Distribution: a) Average No. Copies Each Issue During Preceding 12 Months—40,629; b) Actual No. Copies of Single Issue
Published Nearest to Filing Date—40,818. H. Copies Not Distributed: 1) Office use: a) Average No. Copies Each Issue During Preceding
12 Months—501; b) Actual No. Copies of Single Issue Published Nearest to Filing Date—855. 2) Return from New Agents: None. I.Total:
a) Average No. Copies Each Issue During Preceding 12 Months— 41,130; b) Actual No. Copies of Single Issue Published Nearest Filing
Date—41,673.
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