Lime Kiln Control

Control of an industrial lime kiln operating

close to maximum capacity

David R. Osmond, Patrick J. C. Tessier, and Martin Savoie

ABSTRACT: Two control strategies have been compared for an
industrial lime kiln operating close to maximum capacity. Transfer
functions between process inputs (fuel flow rate, air flow rate, and
lime mud flow rate) and process outputs (oxygen excess, cold-end gas
temperature, and hot-end solids temperature) have been used to
present the dynamics of the industrial kiln.

Control Strategy 1 manipulates the fuel flow rate to control the
cold-end gas temperature and the combustion airflow rate to control
the hot-end bed temperature. Control Strategy 2 uses the combustion
airflow rate to control the cold-end gas temperarure and the fuel flow
rate to control the hot-end bed temperature.

Both strategies use feedback proportional integral (PL) controllers,
decouplers, and feedforward loops. Simulations show that Strategy 1
would maintain better product quality than Strategy 2 in the event
of periodic fuel actuator saturation resulting from increased

production requirements.
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he lime kiln is an essential com-

ponent of the kraft recovery and
recausticizing system. The recausti-
cizing plant uses lime, Ca0, to gener-
ate sodium hydroxide, NaOH, from
the sodium carbonate, Na,CO,, in the
green liquor according to the follow-
ing reaction.

Na,CO, + CaO + H,0 =2NaOH + CaCO,
(1)

The Na,CO, is retrieved from the black
liquor in the recovery furnace, and the
NaOH makes up part of the white
liquor that is sent to the digester for
pulping the wood chips. It is the fune-
tion of the rotary lime kiln to recover
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Ca0 from the CaCO, produced in the
recausticizing plant. This is done by
caleining CaCO, to form Ca0 and CO,
according to the following chemical
reaction.

CaCO, = Ca0 +CO, %))

Ideally, the kiln should be able to pro-
duce sufficient, high-quality lime to
meet the needs of the recausticizing
operation while minimizing its energy
consumption and total reduced sulfur
(TRS) emissions.

As shown in Fig. 1, a lime kiln is
essentially a very large direct-contact
heat exchanger. Its purpose is to dry
the incoming CaCO, mud, which is
typically at about 30% moisture, and
heat it to a high enough temperature
for calcination to take place. High-qual-
ity lime is very reactive. The reactivity
depends upon its CaO content, its par-
ticle size distribution, and its porosity.
The relationship between lime qual-
ity, lime mud characteristics, and kiln
operating conditions is not completely
understood, although we know that
the temperature profile of the kiln
plays a significant role.

Heat energy is provided to the kiln
through fuel combustion at the hot-
end of the kiln. Combustion air also
enters the kiln at the hot-end and dis-
tributes the resulting heat energy
down the length of the kiln. This en-
ergy is subsequently transferred to
the CaCO, bed, which flows down the
kiln countercurrently to the flow of
the combustion air.

Clearly, lime kilns are multivari-
able and distributed systems. For any
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given feed or production rate, there is
an optimal set of operating conditions
that provides the best quality lime. It
is the purpose of lime kiln control sys-
tems to ensure consistent, high-qual-
ity lime production by maintaining
these operating conditions despite fluc-
tuations in the process inputs. Control
systems that accomplish this minimize
the extent of process variation, which
results in smoother operation of the
kiln, lower fuel consumption, lower op-
erating costs, as well as less wear and
tear and lower maintenance costs for
the kiln.

Current control strategies featur-
ing various feedback, feedforward, and
dead time compensation techniques
have been suggested and/or imple-
mented (1-5). The work presented here
uses computer simulations to develop
and compare two lime kiln control strat-
egies for the multiple input/multiple
output (MIMO) system. Sinee many
industrial kilns are operating close to
or beyond their maximum production
capacity, emphasis is placed on the abil-
ity of the controller to maintain good
lime quality under higher-than-produc-
tion-capacity conditions. The case stud-
ied is that of a kiln which is limited in
production by its fuel flow actuator.

Lime kiln model

Heat and mass transfer relationships
for lime kiln processes are fairly well
understood; they are, however, ex-
tremely complex (6-8). The develop-
ment and implementation of a
mechanistic model for the purpose of
lime kiln control and optimization
would, therefore, be extremely diffi-
cult and time consuming as partial dif-
ferential equations are needed to
represent the transport phenomena.
Instead, transfer functions relating the
kiln’s inputs and outputs have been
used to model the system’s dynamic
response behavior.

Dynamic process testing of indus-
trial-scale lime kilns must be able to
generate useful dynamic response data
despite considerable noise levels in the
measured parameters and despite the
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1. Schematic representation of a lime kiln
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systems’ large time constants and de-
lays. These tests must be done while
the kiln is on-line and so should have a
minimal impact on its overall produc-
tion and quality. This process identifi-
cation was accomplished using bump,
or step response, testing. Dynamic re-
sponse data were collected. First-or-
der transfer functions, with delays
where applicable, were generated and
provide a good approximation of the

kiln’s response curves. The lime kiln
model is given in Fig. 2.

The manipulated input variables to
the kiln are the combustion air and the
fuel. The combustion air is expressed
here in perecent of its maximum capac-
ity. In the mill, it could be expressed in
m%min and be adjusted using a vari-
able-speed induced-draft fan or damp-
ers in the exhaust gas flue. The fuel is
also expressed in percent of its maxi-



3. Lime kiln control system

n«»z'(g- Ge, )

Ry(s 3

Gcz(s)

GP1 1(8) c‘l(s)
+ i
GP12(S)

GP21(S) ]

GPzz(s)

Gyls) L

mum capacity. In this case, there is
only one fuel source, measurable in L/
min. Industrial kilns, however, can be
equipped to burn several fuels such as
natural gas and oil. They can also be
used to incinerate waste process by-
products. The dynamic model of a kiln
with multiple fuel inputs, therefore,
would be somewhat more complex
since the different fuels would have
different heating values. Transfer func-
tion relationships are required for each
fuel source.

The measured variables are the hot-
end bed temperature, cold-end gas
temperature, and percent excess oxy-
gen in the flue gas. The lime mud feed
rate for the kiln is, in this case, mea-
sured as it enters the mud filter. The
mud feed rate is expressed in kg/min
of equivalent dry solids. This measured
value is treated as a disturbance to the
system.

With the exception of the impact of
lime mud feed variations on the sys-
tem, all delays were found to be negli-
gible. In other kilns, this may not be
the case. The delay found between the
measured mud feed variations and
cold-end gas temperature changes was
20 min. The residence time of the mud
in the kiln (between entering the mud
filter and exiting the hot-end of the
kiln) was 165 min.

The normal operating condition of

this particular lime kiln converts 285
kg dry solids per minute of lime mud
to cooked lime. The hot-end bed tem-
perature is typically 1300°C, and the
cold-end gas temperature is typically
220°C. The fuel flow is typically 95% of
its capacity while the airflow is 50%.
These values are used during the simu-
lation work as the process initial condi-
tions from which the controllers
operate in deviation variables.

Note that, with this dynamics iden-
tification technique, a lime kiln exhib-
its highly nonlinear characteristics, and
its operating conditions may vary. The
model presented here is a linear ap-
proximation of the system’s dynamic
behavior around the kiln’s standard
operating range. The accuracy of the
kiln transfer function responses, and
therefore the quality of the control,
may decrease as the operating condi-
tions of the kiln vary from these typi-
cal operating conditions.

Simulation of lime kiln control
strategies

Proper control of a lime kiln requires
maintenance of the optimal kiln tem-
perature profile. Since this system is
coupled with the fuel and combustion
air inputs, and the hot- and cold-end
temperatures, it becomes possible to

control either temperature with either
input variable. The following simula-
tion work focuses primarily on Control
Strategy 1, in which the hot-end bed
temperature is controlled by manipu-
lating the combustion airflow rate,
while the cold-end gas temperature is
controlled using the fuel flow rate (1).
An alternative control strategy, Strat-
egy 2, using fuel flow rate to control
the hot-end temperature and combus-
tion airflow rate to control the cold-
end temperature, also has been
simulated for comparison purposes.

Computer simulation is an impor-
tant tool in eontrol work. It allows test-
ing and evaluating many different
control strategies in a relatively short
period of time. The simulation’s speed
and accuracy saves the control engi-
neer and company time, effort, and
money in determining which strategy
would function best for a given process.
Keep in mind, however, that computer-
simulated control systems will not usu-
ally function as well in practice as they
do in simulation. Modeling errors and
other differences exist between areal-
life system and a computer-simulated
one. A computer simulation, however,
can reveal trends in the control sys-
tem, illustrate the relative differences
between configurations, and provide
initial values for the real-life controller
parameters.

Control work included designing
and simulating two Lambda, or inter-
nal model control (IMC), tuned P1 feed-
back control loops. Reset feedback
integral windup protection was used
to prevent windup during actuator
saturation. Decouplers were installed
to eliminate interactions between the
two control loops. Finally, one
feedforward controller was used to
compensate for the effects of mud feed
variations on the cold-end gas tem-
perature.

Figure 3 represents the control sys-
tem for the kiln that includes feedback
and feedforward loops as well as
decouplers. The block diagram is the
same for both control strategies, but
the I/O (input/output) transfer func-
tions differ.
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The most important component in
this control strategy is the feedback
controller. The Lambda tuning method
permits the design of simple PI con-
trollers with significantly smaller
closed-loop response times than those
of the open-loop time constants of the
process. As the closed-loop time con-
stant is reduced, the kiln’s response to
system changes becomes faster. The
system, therefore, will be better main-
tained at its setpoint values, and the
overall production will be more uni-
form. However, as the closed-loop time
constant decreases, the stress placed
on the actuators increases.

The modeled kiln operates very
close to, and quite often beyond, its
fuel flow actuator capacity. As a re-
sult, the controller quite often requires
an actuator setting beyond its range
of operation. When this happens, the
actuator saturates, and a sustained
error exists between the controller’s
setpoint and the output of the system.
The integral term of the PI controller
will continue to increase (integrating
the error) in an attempt to eliminate
this error even though the actuator is
incapable of producing a larger out-
put. This windup of the integral term
will cause the system to overshoot its
setpoint and could introduce some os-
cillations into the system. Several
strategies exist for protecting the con-
trollers from integral windup. Using
the velocity form of the PI controller
is a good solution. The technique that
has been used here is known as the
reset feedback implementation (9) and
isillustrated in Fig. 4. Integral windup,
in an industrial setting, is less of a
problem, since anti-windup protection
is supplied as a standard feature with
most control systems within the
configurable control loop.

The design of the Lambda feed-
back controllers does not take into ac-
count the coupled nature of the system.
Any action taken by either of the con-
trollers affects the other control loop,
resulting in disturbances in the output
variables. Decouplers reduce the sys-
tem fluctuations by eliminating the in-
teractions between the lime kiln’s

Control
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4. Reset feedback implementation
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6. Setpoint change of 15°C in cold-end temperature (Strategy 2)
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as feedforward controllers from the
output of one controller to that of the
other.

The final aspect of kiln operations
examined is the effect of disturbances
in the mud flow rate on the system.
Variations in mud feed rate oceur regu-
larly in industrial lime kilns and can
have a substantial impact on the kiln’s
performance. A feedforward control-
ler was used to compensate for the
effects of mud feed rate variations on
the cold-end temperature of the kiln.

Referring to Fig. 3, the closed-loop
transfer function between L and C, is
given by
G,+G, G, +G,G,G,

+G, G, +G. DG, (D

21

S
el

To keep the output constant despite
changes in the mud flow rate L, the

GL + GFGPZZ + GFDZZGPZ =0 (8)

1

therefore

GL
K sz +b 12Gp2] ©)
No feedforward control has been
implemented to compensate for varia-
tions in the hot-end temperature re-
sulting from disturbances in the mud
feed rate. The step response tests con-
ducted to identify this interaction were
not conclusive due to time and produc-
tion limitations. As a result, no
feedforward control could be reliably
and accurately simulated. A transfer
function, however, was developed in
order to complete the model. This fune-
tion was based on the inconclusive step
response results as well as on previ-
ously conducted residence time test-

ing performed by the mill. We believe
that the dynamic response of the feed-
back-controlled system would be faster
than the dynamies of mud feed distur-
bances on the hot-end temperature.
Any resulting disturbance to the hot-
end temperature would be small and
short-lived.

Results of simulation and
comparison between the control
strategies

Because of the physical constraints of
the kiln, the performances of the two
control strategies differ. Figure 5 il-
lustrates one impact of kiln constraints
on the overall performance of the sys-
tem using Control Strategy 1. An in-
crease in the cold-end temperature
setpoint of 15°C requires a larger out-
put from the kiln’s fuel actuator than
is possible. The speed of the kiln’s re-
sponse in this case is therefore limited
by the fuel actuator’s ability to pro-
vide the flow requested by the eon-
troller. The result is a system response
time of about 30 min rather than the
2.5 min closed-loop response time of
the PI controllers. Note that there are
no overshoot or system oscillation
problems present that could be asso-
ciated with integral windup.

Control Strategy 2, however, be-
haves differently when subjected to
the same setpoint changes, as shown
on Fig. 6. Here the airflow increases
in order to achieve the desired cold-
end setpoint. The fuel flow rate, how-
ever, is limited by its constraints and
cannot increase sufficiently to com-
pensate for the changes in the system.
The result is a temporary but sub-
stantial drop in the hot-end tempera-
ture of the kiln.

The mud feed disturbance simula-
tions reveal that an increase in the
solids feed rate of 33 kg/min requires
a steady-state fuel flow rate of almost
its maximum value. Any feed rate in-
crease larger than 33 kg/min (or total
dry solids feed rate larger than 318
kg/min) requires a fuel flow rate be-
yond the value of its constraints. Large
increases in mud flow rate from steady
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state, therefore, will result in satura-
tion of the fuel actuator. As a result,
the effect on the quality of control for
each strategy is significantly differ-
ent.

With Control Strategy 1, large in-
creases in the mud flow rate from
steady state will result in saturation of
the fuel actuator and thus a drop in
the kiln’s cold-end temperature from
its setpoint value, as shown on Fig. 7.

These simulation results suggest
that with Strategy 1 the real kiln will
be limited by its fuel flow constraints
before it has reached its combustion
airflow constraints. In the event of a
large increase in the mud feed rate,
the hot-end temperature setpoint will
be maintained through manipulation
of the combustion airflow rate. Lime
quality is more dependent on the hot-
end bed temperature of the kiln than
the cold-end gas temperature, and thus
product quality will not deteriorate sig-
nificantly (10). The cold-end tempera-
ture setpoint of the kiln will be
unattainable due to the limitations of
the fuel actuator. For a kiln such as
the one modeled—operating close to
its maximum capacity—this will be a
common occurrence and is a draw-
back worth serious consideration. The
cold-end setpoint could only be reached
under these conditions by decreasing
the hot-end setpoint. If the cold-end
temperature remains low for an ex-
tended period, however, kiln opera-
tions will eventually suffer, as these
conditions can result in ring and ball
formation.

With Strategy 2 (Fig. 8), if the fuel
actuator saturates, the control
system’s ability to maintain the hot-
end setpoint is lost; the hot-end tem-
perature drops from its setpoint target.
The control system, however, is able
to maintain the cold-end setpoint. The
impact on the system in this case is
more significant than the equivalent
scenario with Strategy 1.

For a kiln operating near maximum
capacity, Strategy 2 would be inap-
propriate. These kilns often must op-
erate with mud feed rates beyond their
production capacity. When this occurs,
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7. Response 1o an increase in mud flow rate (Strategy 1)
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it is much more important to maintain
the kiln’s hot-end bed temperature
than it is to maintain the cold-end gas
temperature.

Strategy 1 would maintain better
product quality than Strategy 2 in the
event of periodic fuel actuator satura-
tion resulting from increased produc-
tion requirements. Consequently,
Strategy 1, which uses the combus-
tion airflow rate to control the hot-end
temperature, and the fuel flow rate to
control the cold-end temperature in
conjunction with feedback control, in-
tegral windup protection, decouplers,
and feedforward controllers in place,
is the better strategy for use on a lime
kiln that is limited by its fuel flow.

The dynamic responses of the ex-
cess oxygen in the system to input
parameter changes have been included
in the system model and the response
of the excess oxygen generated for all

of the simulation trials. The intent was
to observe the oxygen response in or-
der to determine whether some type
of oxygen controller, possibly in cas-
cade with the combustion airflow eon-
troller, should be considered. The
suggested excess oxygen minimum
and maximum limits are 1.5% and
5.0%, respectively. Below 1.5% excess
oxygen, the kiln generates unaccept-
ably high total reduced sulfur (TRS)
emissions levels in its flue gas. Above
5.0%, there is too much airflow through
the kiln, and considerable energy is
lost from the system in the flue gas.
None of the simulations carried out
for the system with reset feedback,
decouplers, and feedforward control-
lers generated fluctuations in the ex-
cess oxygen beyond the suggested
oxygen limits. Therefore, no excess
oxygen control was attempted on the
system, as it would have had no ob-



8. Response to an increase in mud flow rate (Strategy 2)
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servable effect on the simulation re-
sults. However, this will probably not
be the case for other kilns, and excess
oxygen control may be needed (1).

Sensitivity of Control Strategy 1
to model mismatch

The rotary kiln model used in the pre-
vious dynamic simulation and control
work is not necessarily an accurate
representation of the kiln’s dynamic
behavior; the dynamic model used may
contain some error. The transfer func-
tion parameters are the average val-
ues determined over several process
identification trials. The sensitivity to
model mismatch, or robustness, of the
control system is tested by changing
the parameters of the model’s trans-
fer functions while keeping the con-
trol system tuning and design the
same. A robust controller will be able
to maintain good control of the system
despite deviations in the system model.

Each of the model gains and time
constants was changed according to
the corresponding standard deviation
of the trial results. The performance
of the control system is evaluated for
errors in each model parameter. The
largest impact on the control system
will oceur when the transfer function
gains are increased and the transfer
function time constants are decreased.

The first-order dynamic response
of the cold-end gas temperature to
changes in the fuel flow rate had a
gain of 5.5°C-min/L and a time con-
stant of 27 min. A new model gain and
time constant were calculated accord-
ing to the standard deviation of the
bump test trial results. These are
shown in Table 1. Each change in the
model was then simulated to deter-
mine the sensitivity of Strategy 1 to
errors in these model parameters. The
simulation results are shown in Fig. 9.

Similar calculations and simulations
were carried out on the rest of the
kiln’s model transfer function param-
eters, and the system’s performance
was observed. As expected, introduc-
ing these modeling errors changed the
performance of the system. However,
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none of the errors resulted in any sig-
nificant change in the overall quality
of control. The desired steady-state
values of the system are reached, and
the changed dynamics introduce only
small disturbances to the system. The
oscillations introduced to the system
are only a few degrees in amplitude
and short-lived. Also, the system re-
sponse times are not adversely af-
fected. Changes of this magnitude are
negligible when considering the scale
and range of industrial rotary lime
kiln operations.

Conclusion

The smooth and efficient operation of
the kraft mill recovery and recausti-
cizing system is dependent on the
smooth operation of each of its compo-
nents. The rotary lime kiln is an im-
portant part of this system and one
which benefits greatly from the im-
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I. Transfer function between fuel flow and cold-end temperature

Average Standard New value with
value deviation modeling error

Process
gain (K), 5.5 2.0 7.5
°Cemin/L
Time
constant (1), 27 13 : 14
min

provement in product quality achieved
through the installation of a control
system.

This report has investigated the
modeling, simulation, and control of a
rotary lime kiln. The particular kiln
that was modeled operates very close
to its maximum fuel flow rate, and
thus its maximum capacity. With this
kiln, a control system configuration
was developed using reset feedback
PI controllers, process decouplers, and
feedforward controllers. This control
configuration, under various simula-
tion conditions, works very well in pro-
viding fast system responses while
eliminating the oscillation and over-
shoot problems inherent in a con-
strained, multivariable system.

The coupled nature of the lime kiln
process makes it possible to control
the hot-end or the cold-end tempera-
ture by manipulating either of the
system’s two main inputs, the fuel flow
rate or the combustion airflow rate
into the kiln. The close relationship
between product quality and the hot-
end temperature makes it imperative
that the lime kiln control strategy gives
priority to maintaining the hot-end bed
temperature within the setpoint range.
Control Strategy 1 gives priority to
maintaining the hot-end temperature,
despite periodic fuel actuator satura-
tion, by manipulating the combustion
airflow to control the hot-end tempera-
ture and the fuel flow to control the
cold-end temperature. This control
strategy, in conjunction with reset
feedback controllers, decouplers, and
feedforward control, is recommended

as a means of providing good control
to this rotary lime kiln. The control
quality remains good despite the most
extreme cases of model mismatch.

Similarly, one can expect that a kiln
limited by its combustion airflow ca-
pacity would benefit most from the
implementation of Control Strategy 2.
The higher fuel flow capacity could
then be best used in maintaining the
hot-end bed temperature. il
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