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lack-liquor evaporation typically

accounts for 25% of the total

steam-heat requirements in a kraft
pulp mill, making it the mill’s largest
single user of process steam (1). Mul-
tiple-effect evaporators ean perform
this task economically if they are ad-
equately maintained and operated (2).
On-line expert systems, also known as
advisory systems, can provide more
information about the operation of
these energy-intensive processes than
is normally available from traditional
control equipment. A similar advisory
system was recently developed for re-
covery boilers (3), but there are no
published accounts describing an ex-
pert system for evaporators,

Process equations

Problems with liquor evaporation are
best explained in terms of the com-
bined convective/conductive heat-
transfer equation that governs the
process. The transfer of energyin each
effect of the evaporator is represented

by the following relationship:

q,=UA AT, 1)
where
q, = heat transferred
n = effect number
U, = heat-transfer coefficient
A = heat-transfer area
AT~ = apparenttemperaturedifference.

The apparent temperature differ-
ence in Eq. 1, AT , is the difference
between the heating-steam tempera-
ture at saturation and the vapor-dome
temperature in a given evaporator ef-
fect,

The overall temperature drop of the
complete evaporator set is the differ-
ence betweenthe saturated steamtem-
perature in the first effect and the
saturated vapor temperature in the
last effect, less the boiling point rise of
each effect.
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N
AT, =T, -T,-2BPR, (2

where
AT, = overall temperature drop
T,, = raw saturated steam tempera-

ture in first effect
N = number of effects

T,, = saturated vapor temperature to
condenser in last effect

BPR, = boiling point risein a given effect.

The total heat transferred, gq,, is
calculated from the sum of the heat
transferred in each effect. This is di-
rectly proportional to the evaporation
rate and steam use.
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Evaporator difficultyusually reveals
itself as a problem with one or more of
the termsin Egs. 1—3. For example, a
fouled condenser will not provide
enough vacuum tothefinal effect, caus-
ing the vapor-dome temperature to
increase. From Egs. 1 and 3, it can be
shown that the driving force of the last
effect must decrease and, all else being
equal, ¢, and g, will decrease. The
result will be a drop in evaporation
rate.

These relationships, used in con-
junction with an expert system and
evaporator model, are useful diagnos-
tic tools and can help in developing
strategies for operating evaporators
more efficiently.
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Overall system configuration

Figure 1shows therelationshipamong
the system components. The mill data-
base, the RTAC expert-system shell
(4),and the PCGEMS simulation model
(5) reside on a single computer. The
computer is a VAXstation 3100 with 16
megabytes RAM, and the operating
systemis VMS-DE Cwindows. The pro-
gram runs in a windows environment,
soitisrelatively simple to customize for
individual mills or reconfigure when
changes are made. The “mill” data-
base, for purposes of thisresearch, con-
sisted of a36-h history of actual process
information from a mill evaporator.
The expert system requests infor-
mation from both the database and the
simulator and executes predefined if-
then rules to determine the status of
the evaporator (e.g., low evaporation
rate). Theinformationrequests aresyn-
chronized according to (a) when they
are needed for rule execution, (b) when
they are available, and (c) how long the
information is considered to be accu-
rate. Ifthe systemidentifies a problem,
it sends a message to the operator’s
terminal and provides advice.

Prediction of heat-transfer
coefficient

Heat-transfer coefficients can be cal-
culated iteratively if the vapor-dome
temperatures for each effect are avail-
able on-line. When these temperatures
are not direectly accessible, the coeffi-
cients must be estimated by empirical
correlations. Some of the techniques
that are used to identify tube scale also
require a predicted coefficient.

Two studies of heat transfer during
black-liquor evaporationdesecribemod-
els for estimating these coefficients (6,
7). The Gudmundson model is
computationally modest and has been
successfully integrated into PCGEMS.
The foundation of the Gudmundson
model is a multivariable correlation of
heat flux, feed rate, feed subcooling or
superheating, liquid boiling point, and
liquor dissolved-solids content. Heat
flux is the most important of these be-
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1. Comparison of actual and predicted temperature drops for a six-effect evaporator set

Effect number
1 2 3 4 5 6
Actual temperature
drop, 'C 8 11 14 11 12 17
Predicted temperature
drop, 'C 9 11 11 12 12 17

cause of the nonlinear relationship be-
tween heat flux and the temperature
driving force in two-phase, buoyancy-
driven flow. An additional aspect of the
Gudmundson model is foaming and
nonfoaming heat transfer. Foam in an
evaporator effect results in a heat-
transfer coefficient as high as twice the
nonfoaming coefficient and can sub-
stantially change evaporator operation.

Model inputs and outputs

Input requirements for the simulation
model are divided into two classes:
equipment parameters and process
variables.

e Equipment parameters—heat-
transfer area of each evaporator
body, tube diameter, number of
tubes, tube thermal conductivity,
and estimated scale thickness, if any.

* Process variables—weak-black-li-
quorfeedrate, dissolved solids, tem-
perature, steam pressure, and
concentrated black-liquorsolids. All
of thesevariables are normally avail-
able on a mill distributed-control
system (DCS).

The outputs of the simulation are
heat-transfer coefficients, boiling-point
elevations, product dissolved solids, va-
por-dome temperature, and apparent
temperature difference in each effect.



2. Comparison of actual and predicted heat-transfer coefficients
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4. Steam flow to evaporator (mill data)

5. Evaporation rate of evaporator (mill data). UCL = upper control limit;
LCL = lower control limit; SD = standard deviation.
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The simplest test of model accuracy is
to observe the ratio of total heat trans-
ferred to the liquor and the overall
temperature driving foree and check
this against the ratio caleulated by the
model. Figure 2 shows these data for a
2.5-h run. This is referred to as a “to-
tal” overall heat-transfer coefficient to
empbhasize the fact that it represents
the conditions around the entire evapo-
rator set, not just around a single ef-
fect. Themodel tendstolag abit behind
the actual process because of the extra,
computer time required to recalculate
the model during transient periods.

As further model validation, actual
temperature drops are compared with
predicted valuesin Table 1. These data
represent a “snapshot” of the evapora-
tor at a specific point in time. The
average error in prediction is 0.8C,
with the maximum deviation oceur-
ring at Effect 3 with a prediction error
of 3C.

Measured and predicted

process trends

Trends of all process variables can be
viewed through the system’s graphical
interface, which arranges on-screen
data in an intuitive fashion. For ex-
ample, apparent temperature differ-
ences, both predicted and measured,
canbedisplayed at the same time. This
adds an extra dimension to the system
not found in a standard DCS, and it is
possible to make a quick visual com-
parison of the measured and predicted
temperature drops for a given effect.
When the measured apparent tem-
perature drop of one effect begins to
increaserelativetothe predicted value,
scalingislikelythe problem. Insuchan
instance, a message indicating the ap-
parent problem and its souree is sent
to the operator terminal. Depending
on the specific mill application, the
“measured” heat-transfer coefficients
canbe similarly displayed for compari-
son with predicted values.
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Expert-system decision tree for evaporator troubleshooting

Problem

Normal

Check B.L. meters

Steam pressure

Calibrate meters

Inadequate driving
force

Normal
Low

Condenser vacuum

Inadequate driving
force
Check condenser

L Steam flow Steam flow

ormal

Normal |

or high
Check all delta Gl A

temps and compare Check steam

with design/simulation

flow meter calib.

Abnormal

Calibrate meters

* Normal

Leaking tubes

Bad steam traps

Cause-and-effect relationship:
Uand evaporation rate

Toillustrate theimpact of various proc-
essvariables onthe heat-transfer coef-
ficient, a2.5-hrunwas performed, with
themodel estimating U (heat-transfer
coefficient) every 3 min, Figure 3is a
trend plot of the feed rate, which the
operator decreased by 13% after 90
min. Both the steam flow (F'ig. 4) and
the evaporation rate (Fig. 5) drop be-
cause of the decreased feed flow and
control of strong black-liquor solids.
Pressure in the first and final effects
remained steady, resulting in a con-
stant AT,. Figure 6 shows that the
steam economy also remained rela-
tively constant. Since the steam flow
rate was decreased with a nearly con-
stant AT, q.also decreased. Asseenin
Fig. 7, the predicted heat-transfer co-
efficient for Effect 3 drops because of
the decreased g, illustrating the de-
pendence of the heat-transfer coeffi-
cient on the evaporation rate. The
decreased flow rate and resulting de-
creased velocity also contribute to the
decrease of the heat-transfer coeffi-
cient. Heat-transfer coefficient for all
the other evaporator effects dropped
similarly. Thisis quantitative evidence
of the mill observation that evapora-
tors “run worse” at low evaporation
rates.

Troubleshooting exam‘ple

Low evaporation rate or low economy
of a set is determined by violation of
control limits. The limits are set at + 2

standard deviations (+ 26)from anomi-

nal operating point. The causes of low
economy or low evaporation rate can

be diagnosed from a combination of

available on-line sensors, simulation,
and logical rules (8). Figure 8 shows
the decision tree used by the expert
system for troubleshooting.

Low evaporation rate

From Egs. 1-3 it can be seen that low
evaporation rate is a result of either a
low AT, or low U, since evaporation

rate is directly proportional to g,. Of

course, it is also possible that reduced
feed or a major upset such as a tube
leak is causing the problem, but these

‘can be deduced as well.

Once it is determined that evapora-
tion rate is low and that reduced feed

‘or incorrect feed meters are not the

reasonforthe lowrate, the steam pres-
sure is checked. Low steam pressure
indicates a low overall temperature

driving force, AT, resulting in low g,

and poor evaporationrate. Ifthe steam
pressure is found to be normal, the

vacuum at the final effect is measured.

If this is low (i.e., high absolute pres-
sure), then ATT is low, resulting in the
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poor evaporation rate. Low vacuum is
usually traced to condenser fouling or
animproperlyfunctioning ejectionsys-
tem.

If steam use is low in proportion to
the low evaporation rate (normal
economy) and AT is normal, fouling of
one or more of the effects is the cause.
This can also be determined from a
high apparent temperature difference,
AT, in the offending effect.

Low economy

Ifthe steam flow, which is also directly
related to g,, is abnormally high (cor-
responding to low economy), then ei-
ther the flow meteris out of calibration
or all the steam is not being used for
evaporation, This can mean that steam
is escaping directly into the black lig-
uor through a leaking tube. It is also
possible that the steam is passing di-
rectly into the condensate system
through an open or faulty steam trap
or orifice plate.

Real-time advice

Theheuristicapproach toproblemsolv-
ing is well adapted for computer appli-
cations. The decision tree in Fig. 8 has
been programmed into the system as a
series of if-then rules. Process condi-
tions are continually checked against
therules, and text messagessenttothe
terminal identify any possible prob-

lems and the likely reasons. A graphi-
cal picture of the evaporator set is also
displayed and contains a color-coded
schematic that shows where the prob-
lem is located.

An effective expert system must be
able to discriminate between real and
apparent problems. For example, the
evaporation rate of Fig. 5 appears to
breach the lower control limit. In this
case, however, the decreased feed is
the cause, and thereisnoproblem. If-
then rules can easily filter out such
occurrences.

Steam economy is, by definition, in-
dependent of evaporation rate. The
normal steam economy for the evapo-
rator whose data was used in this re-
portis about 5.5 tons of water removed
per ton of steam, Therefore, the steam
economy of 4.0 tons/ton in Fig. 6 indi-
cates a problem. Since the model has
been validated against mill data and
incorporates a rigorous material and
energy balance, estimates of the
amount of steam that should actually
be used are credible. Figure 9 shows
this on-line prediction of steam use
compared with the value measured at
the mill. This abnormally high steam
use, along with a low economy, sug-
geststhree possible causes: incorrectly
calibrated steam flow meter, a faulty
steam trap allowing steam to leak into
the condensate system, or a leaking
tube.

Conclusion and
recommendations

Expert systems are useful tools for
analyzing the operation of multi-effect
evaporators. If the expert system s to
operate in real time, it must have ac-
cess to on-line sensor information such
as steam pressure, steam flow, feed
flow, feed temperature, and vapor-
dome pressures. Simulation is an im-
portant aspect of the expert system
and provides insightinto the operation
not normally available from standard
control systems. The expert system
also can help minimize evaporator
downtime by identifying long-term
trends and using these to schedule
wash-outs and boil-outs.
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