ON-LINE SIMULATION OF CONTINUOUS PULP DIGESTER
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Abstract

Continuous cooking is the dominant process in the kraft pulping industry. Our general knowledge and understanding of process conditions inside the digester is limited. Process control systems comprise of groups of measurements, which give information about conditions at the outer shell of the digester. These measurements mostly tell about cooking liquor inflows and outflows, temperature and it is also possible to measure pressure or pressure difference at the screen section of the digester shell. Ultimately, however, process conditions inside the digester are based on measurements at the shell and intelligent approximations.
The aim of this paper is to describe more accurately the cooking conditions and phenomena inside the digester. A model of a continuous digester was developed as an extension of the well known Purdue model [Bhartiya, 2003]. The model was adapted to simulate an industrial Lo-Solids pulp digester as well as an ITC digester. The models were then used to do online predictions and these predictions were compared with the actual plant performance.
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Introduction

The pulping process has been modelled to various levels of complexity. A major effort in the modelling of continuous digesters was initiated by Smith and Williams [Smith and Williams, 1974]. The digester model later became known as the Purdue model. In their work, the digester was approximated by a series of CSTR’s with external flows entering and exiting those where the heaters and extraction screens were located.

Each CSTR was assumed to contain three phases;

· a solid phase which was the wood substance, 

· an entrapped liquor phase which was the liquor that resided in the pores of the wood chips, and 

· a free liquor phase which was the bulk liquor surrounding the wood chips.
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Figure 1: Digester approximation by a series of CSTR’s.
The major contribution of their work was the development of the framework in which the digester model would exist and continue to be improved.

The continuous digester model developed in this paper is an extension of the Purdue model, which is an already sound and industrially accepted digester model. The model was used to model a single vessel Lo-Solids pulp digester at Sappi Ngodwana and a single vessel ITC pulp digester at Sappi Usutu. The Purdue model was adapted to the physical characteristics of the digesters modelled. These characteristics differ in size, stream configurations operational conditions, wood species and compaction factors.  

This article shows some results from on-line simulations of two different kind of continuous digesters that were modelled.
Single Vessel Lo-Solids Pulping Process at Ngodwana
The following schematic represents the process used at Ngodwana Mill:
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Figure 2: Single Vessel Lo-Solids Digester at Sappi Ngodwana.
The digester at Ngodwana is a single vessel hydraulic digester. Strong white liquor (SWL) and wood chips are added to the top of the digester. The cooking temperature is controlled by the lower cooking screen, while the upper cooking screen is used for extraction of spent impregnation and/or cooking liquors. By extracting spent impregnation and/or cooking liquors from the upper cooking screen, the amount and concentration of dissolved wood solids present during delignification is reduced [Marcoccia B and Jiang J et al, 1996]. Alkali and filtrate are added at the lower cooking screen circulation to maintain sufficient alkali concentrations throughout the cook and to satisfy hydraulic requirements.
The extraction screens were moved to the bottom of the digester (replacing the wash screens) to extend the cook and increase the digester throughput. Here the spent liquor is extracted to the evaporators.

Pulp is extracted through the blow line and filtrate is added in the bottom of the digester to maintain the hydraulic loading and to assist in washing off the pulp exiting the digester.

Single Vessel ITC Pulping Process at Usutu

The following schematic represents the process used at Usutu Mill presented in Figure 3:
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Figure 3: Single Vessel ITC Digester at Sappi Usutu.
The digester at Usutu is a single vessel steam/liquor phase digester. Strong white liquor (SWL), wood chips and steam are added to the top of the digester. Uniform heating is achieved since the process does not rely on liquor circulation to reach full cooking temperature.  
SWL is added to the trim circulation and the wash circulation. The SWL added in the wash zone increases the cook/retention time and thus the same kappa can be achieved at lower cooking temperatures. The splitting of the SWL also optimises the alkali and dissolved organics profile throughout impregnation, cooking and bottom of the digester.
At the extraction screens, the spent liquor is extracted to the evaporators.

Pulp is extracted through the blow line and filtrate is added in the bottom of the digester to assist in washing off the pulp exiting the digester.

Modelling Process
The reaction rates Ri for dissolution of fast lignin, slow lignin and hemicelluloses are calculated by an Arrhenius equation: 
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where:
Ri 
=
reaction rate for i (i represents either fast lignin,

slow lignin or hemicelluloses) 

Ai 
=
Arrhenius constant for the component

Ei 
=
specific energy

R 
=
gas constant

T 
=
temperature

Z 
=
represents the concentration of the component i of or hydroxide (OH) or hydrogen sulfide (HS) in the chip moving out of a volume element compared to the concentration in the white liquor



ε
=
void volume between the chips

ρ 
=
density of the liquid 

V
=
volume element 

c
=
chips

The Arrhenius constants are the constants that are manipulated for different wood species.

The following simplified equation is used to calculate concentrations, mass transfer of liquid into chips and extraction of lignin from the chips into the liquid in the volume elements.
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In the above equation, dL/dt is the dissolution rate of lignin per time unit [Lindström M, 1977]. This rate is dependent on the concentration of hydroxide (OH), hydrogen sulphide (HS) and temperature (T) given by the Arrhenius expression [Lindgren C T, 1997]. The constants a, b, c, d and f are specific for each wood type and are related to the geometric dimensions, reactivity of the lignin and the diffusion rate into and out of the liquid, which is dependent on the density of the wood chip. Values for these constants for particular wood types may be obtained from the literature or calculated from process data, [Jansson J et al, (2004)].

Equation 1 and 2 are relatively easy to tune for real data because the power function of 
[image: image6.wmf]e

 is a linear expression. These two equations are commonly used in the literature.

The chemical consumption of hydroxide and hydrogen sulphide is calculated from the reaction rates (R) and the stoichiometric coefficients (α) for the liquid with respect to wood chips for fast and slow reacting lignin and hemicelluloses:
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(3)

The temperature (Tc) controls not only the reaction rate but also the diffusion rate RD where λm is the diffusion constant. This is expressed in the following equation:
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The diffusion rate is used to calculate the exchange of matter between the chips, the liquor trapped in the chips (Eq. 5), and the free liquor (Eq. 6). 
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where:

Fc 
=
flow of chips in or out of the volume element

Fl 
=
corresponding liquid flow rate in or out of the

volume element

When calculating the temperature we assume that it is the same for flows in and out. The following equation is used for it:
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where:

ρ 
=
density

Cp 
=
heat capacity

T
=
temperature

for either the liquid (l) or the chip (c), for matter entering (in) or exiting (out) a volume element.

For the models produced the following assumptions were made and constants were used:
	 
	Ngodwana Hardwood
	Ngodwana Softwood
	Usutu Softwood

	HSL
	0.012
	0.012
	0

	OHL
	0.085
	0.085
	0

	Arrhenius A
	2.01e-6
	2.01e-6
	6.0e-5

	Arrhenius B
	5.91e-5
	5.91e-5
	6.0e-6

	Wood Density (kg/m3)
	1200
	900
	950

	Fast Reacting Lignin (kg/m3)
	100
	56
	56

	Slow Reacting Lignin (kg/m3)
	71
	43
	43

	Cellulose (kg/m3)
	300
	160
	160

	Hemi-cellulose (kg/m3)
	285
	119
	119

	Impregnation OHL
	1.95
	3.59
	0.16

	Impregnation HSL
	0.5
	0.92
	0.03

	Impregnation Fast Reacting Lignin rate
	1.55e-3
	1.65e-5
	4.0e-6

	Impregnation Slow Reacting Lignin rate
	1.189e-4
	1.65e-6
	4.0e-7

	Impregnation Reaction Energy
	700
	1291
	800

	Cooking OHL
	2.83
	0.14
	0.60

	Cooking HSL
	0.022
	0.04
	0.035

	Cooking Fast Reacting Lignin rate
	3.295e-3
	1.65e-6
	5.5e-5

	Cooking Slow Reacting Lignin rate
	3.365e-5
	6.50e-7
	5.5e-6

	Cooking Reaction Energy
	0
	0
	0


Table 1: Constants Used in Modeling.

On-line Simulation
Two different models were developed. The same basis was used with different configurations to simulate the different flows inside and around the digesters.

To simulate the models different pieces of software were used;  
· Dymola

The models were created by making use of Dymola software. The reason for the use of Dymola was the authors’ familiarity with the software and the ease with which changes in the digester configurations could be made due to its use of standard blocks. 
· Matlab/Simulink

Due to the ability of Dymola to import real-time data, use was made of Simulink.  The facility exists to import Dymola as a block into Simulink. Simulink has various options of importing real-time data. OPC is one of the most common methods of importing data but due to limitations on the historians, use was made of the DDE block in Simulink.

The method that was used to import data was not as straight forward as was anticipated. Each plant had its own way of gathering and storing data. Two different historians needed to be accommodated. The easiest way to overcome this was to make use of Microsoft Excel. The real-time data was pulled into Excel and from there relayed to Simulink.

Results from on-line simulation
In the results that are shown, the simulation has been running two times faster than the real-time, that gives half the retention for the results .The yellow lines in the result graphs are the value from the DCS and the pink lines are the results from the model.

· Swing from hard wood to soft wood at Ngodwana.
Due to fiber requirements, Ngodwana swings between hardwood (Eucalyptus grandis) and softwood (Pinus patula, Pinus eliotia, Pinus tadea) on a regular basis. Because of the difference in the wood properties, density, moisture and reaction rate between the two types, different cooking conditions are required.
The input into the model was real-time. The following graphs indicate the comparison of the measured outputs from the DCS and the predicted outputs from the model:

The chemical balance across the digester is indicated by the kappa and the residual alkali. The following figure indicates the relation between the measure and predicted values.
[image: image12.emf]
Figure 4: Digester Kappa (Softwood to Hardwood Swing).

[image: image13.emf]
Figure 5: C15 Extraction Residual EA (Softwood to Hardwood Swing).
The kappa target for the softwood and for hardwood cooks are 50 and 20 respectively. As can be seen from the result, the model is a useful tool to understand what happens during a swing and there is a predominantly good correlation between measured value and the predicted value of the model. The offset between the model and the actual indicates that the model is not yet optimally tuned. 
The three most important tuning parameters for the kappa profile and alkali profile are the reaction rate constants and chemical consumption constants and the filling degree in the chips screw. The problem with these parameters is that they are very dependent on chips component and size.
The residual alkali shows how much cooking chemicals are left in the digester after the cook is completed. It is important to control the alkali profile in the digester to always have an excess available, to prevent high kappa’s and lignin re-precipitation. It can also be seen that there is a good correlation between the measured value and predicted values.   
The energy balance is indicative of the measure temperature input. Figures 6, 7 and 8 show the relation between the modelled and actual values as measured at the top and bottom extractions in the digester. 
[image: image14.emf]
Figure 6: C5 Extraction Temperature (Softwood to Hardwood Swing).

[image: image15.emf]
Figure 7: C6 Extraction Temperature (Softwood to Hardwood Swing).

[image: image16.emf]
Figure 8: C15/C16  Extraction Temperature (Softwood to Hardwood Swing).

These graphs show that there is a very good correlation between the C6 measured and modeled temperatures as well as on the C15/C16 measured and modeled temperatures.  Although there is a big offset in the C5 results, they still show a correlation. The offset is most likely due to an imbalance in the mass balance across the digester figure 9 (evident) or certain assumptions that were made with regards to the tuning values used in the impregnation zone. The fact that the temperature from the model does not cross with that of the plant indicates that no internal liquid channeling is present.
[image: image17.png]



Figure 9:  imbalance in  the mass balance across the digester (DCS Values).

The following figure 9 and 10 is indicative of the mass balance across the digester.
[image: image18.emf]
Figure 10: Bottom Extraction Flow (Softwood to Hardwood Swing).
[image: image19.emf]
Figure 11: Blow Flow (Softwood to Hardwood Swing).

As was mentioned in the previous paragraph, there is an imbalance in the mass balance. Current indications show that on softwood the model is predicting about 1000 l/min less than the actual value and for hardwood the model is predicting about 200 l/min less the actual value.  This is still under investigation but can possibly be due to assumptions made with regards to the wood feed (moisture), inaccurate measurements in the plant or flows not taken into account. 
For control purposes, the following can be noted from the results obtained:

· Simulation results of the kappa and alkali during a swing from softwood to hardwood show that it is possible to reduce the alkali charge earlier in the cook to avoid the peak in the residual alkali and the big drop in kappa number. 

· The simulation results show that it is possible to decrease the temperature earlier to avoid the peak in kappa number before the kappa starts to decrease. The simulations also show that it is necessary to ramp the temperature decrease faster to avoid the dip in the kappa that is caused by the difference in velocity and reaction rate between hardwood and softwood e.g. difference in density.
· Channeling in the digester at Usutu
At Usutu one of the most important parameters in pulp quality is brightness. Kappa variations have a big influence on the brightness of the pulp. A high kappa produces a darker pulp relative to a low kappa. It was found that one of the contributors to kappa variations is channeling in the digester.  
It is relatively easy to detect channeling in this digester. If the cold circulation liquor wash temperature increases above 125ºC and the extraction temperature simultaneously decreases to below 150ºC, it is indicative of channeling taking place. In figures 11 and 12 it can clearly be seen that the temperatures from the model and DCS follow each other and then suddenly the DCS value for the cold wash circulation starts to increase while the DCS value for the extraction flow temperature simultaneously starts to decrease (see the red rings). This is an indication of channeling.
[image: image1][image: image20.emf]
Figure 12: Extraction Cold Temperature (channeling start).

[image: image21.emf]
Figure 13: Wash Extraction Cold Temperature (channeling start).

The influence of the channeling can also be seen on the kappa and wash residual EA.

[image: image22.emf]
Figure 14: Kappa (channeling start).

[image: image23.emf]
Figure 15: Wash Extraction Residual EA (channeling start).

As channeling started, the kappa and the residual EA increased. 

In the figures 15 and 16 it can clearly be seen when the channeling stops (see the red rings). The DCS temperature for the extraction starts to increase and the wash circulation temperature starts to decrease resulting in the DCS value and the model values starting to run closer to each other again. As soon as the channeling has stopped the kappa and the residual decreases again.

[image: image24.emf]
Figure 16: Extraction Cold Temperature (channeling stop).

[image: image25.emf]
Figure 17: Wash Extraction Cold Temperature (channeling stop).

 [image: image26.emf]
Figure 18: Kappa (channeling stop).

[image: image27.emf]
Figure 19: Wash Extraction Residual EA (channeling start).

Utilization of the model
The model can be used to increase the knowledge level of the operating personnel in a pulp mill and to also develop new and old processes. Different possibilities for utilizing the model data are listed below:
· Teaching and training of mill personnel in the digester reaction to operator parameter changes
· Preparation of operating manuals and searching for realistic operating conditions

· Trouble-shooting and mill research

· Planning new equipment configurations in an old mill

· Examining new investments, comparing different digester configurations

· Planning of automation and process control loops for optimisation purposes
· On-line and off-line monitoring and alarm systems for process operation

· Development of pulp quality, optimizing fibre quality and minimizing fibre damage

Teaching and training is one possibility for wider use of the model. The model can be used to examine how different process parameters will affect the quality of the pulp produced. This increases the awareness of how different phenomena and situations affect digester runnability.

On the other hand, the model can be used as part of a mill’s operating manual, illustrating realistic options to solving particular operating conditions, thus making the users more familiar with process conditions in the mill. The model can be used to determine the critical limits for different operating parameters to smooth and stabilise digester operation.

The model can further be used as a planning tool for retrofits, especially where cooking protocols are to be changed. Critical process loops (heat exchange loops, wash flows etc) can be simulated on line with the model to predict and optimise current parameter settings.  Measurement data (both mill data and model data) can be compared to produce information to better predict digester outcomes to control product quality data.  
Conclusions

The result from the simulations of the two different plants shows that it is possible to use this digester model to simulate the two different continues digesters (Lo-Solids hydraulic digesters at Ngodwana and ITC vapor face digester at Usutu). The results also shows that the general model can be used as both control like optimizing a swing and diagnostics task like identifying channeling or faulty instrumentation.
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