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1 ABSTRACT

Combination of models based on different paradigms and developed by different modellers is a challenging task. The paper describes the combination of external models to a readily configured recovery boiler plant model in the Apros simulation environment. The purpose of these external models was to simulate in more detail the burning of black liquor, and accordingly extend the set of available burning models for Apros./1/ The intention was to study in detail the plant dynamic response related to changes in the fuel input feed. The interaction between process model and the very detailed control system model was of special interest, too. The transients studied concerned changes in the input feed of black liquor, air input level, black liquor composition and size distribution of the droplets. The tests performed indicated that the response of the combined model was very realistic.

2 INTRODUCTION

The work was done with the support of the System Dynamics research group at the Technical Research Centre of Finland (VTT). StoraEnso Oyj provided the required information on the target plant in Kaukopää, Finland, as a basis for the modelling work. Also, the plant manufacturer Kvaerner Pulping Oy and the control system manufacturer Neles Automation Oy collaborated in the project. Further, our colleagues at Åbo Academy and Helsinki University of Technology contributed with valuable comments regarding the modelling principles. Tekes, the National Technology Agency in Finland participated in the financing of the project.

3 RECOVERY BOILER

Recovery boiler is a large natural circulated steam boiler. It is the most expensive unit in a pulp mill. Basically it is like any other steam boiler except features courtesy of black liquor burning and reduction. The recovery boiler has two different tasks: diverse sulphur and sodium compounds in black liquor are generated to useful forms and steam is generated from heat releasing.

4 APROS SIMULATION SOFTWARE

Apros (Advanced PROcess Simulation) is a simulation software product jointly developed by VTT and Fortum Engineering Ltd. It is designed for full-scale modelling and dynamic simulation of industrial processes./2/ Apros is available as distinct products configured for modelling and simulation of combustion power plants, nuclear power plants, paper mills and pulp mills. Apros for combustion power plants includes models for heat transfer in the air or flue gas ducts, heat conduction in the structures, thermal hydraulic models for steam generation and heating in the associated pipe networks, basic chemical reaction models for the burning, and models for simulation of the automation systems. The model is configured graphically through a CAD-like user interface by drawing diagrams and filling in dialogs of component properties. The model libraries cover a comprehensive set of plant components: pipes, valves, heat exchangers, adders, measurements and controllers. The model can be analysed time related or in steady state influenced by different connections and parameters. The configuration changes are passed to the simulation engine on-line, thus the simulation can continue straight after the change. At any time, the configuration can be saved into a snapshot file that contains the complete information about the model and its state. Similarly at any time, the user can revert to a snapshot saved previously. The complete model, or parts of a model, may be re-used easily in other projects.

5 PROCESS MODEL OF A RECOVERY BOILER

Most data needed for building the process model was readily available from vendors’ documents such as PI-diagrams. The model was configured graphically, whereas the spatial discretisation of the process was defined.

Liquor burns in the control volumes releasing heat. Flow and composition changes the liquor impact on node temperatures. The liquor properties are defined in the external model. The furnace is divided into 15 control volumes in vertical direction. The lowest part is primary air level and the highest part is bull-nose level. Liquor that doesn't burn in these 15 nodes is flows over the bull-nose and is treated as carry-over particles.

One-dimensional models are used for simulation off all the ducts and pipes. The air and flue-gas system consists of primary air, secondary air and tertiary air ducts. The air duct models to the furnace include fans and pre-heaters. The flue gas duct models include furnace wall heaters, super-heaters, steam generator and economisers. An exponential burning model is connected to the flue-gas system. It burns 99% of the volatile matter coming up to the bull-nose. The water and steam circulation model includes feed-water control valves, feed-water pre-heater, steam condenser (dolezal), drum, vaporiser, vaporising surfaces, furnace walls and steam super-heaters. The feed-water system has a feed-water tank, feed-water pre-heater, continuous exhaust tank, electrical feed-water pump, main condense water pipes and steam-feeds to the feed-water tank (3 and 5 bar). The gas and oil models contain pipes and valves to start and load burners. Heat conduction of the char bed is modelled with the heat transfer structure models of Apros. The char bed takes heat from primary air level and releases it to the feed-water. Char burning in char bed is defined in the external model. The air flows, air pressure, air distribution, drum level, oxygen concentration in flue gas and the steam temperature are controlled by the automation system models.

6 PLANT AUTOMATION

The control system in target plant, Damatic XD, is a product of Neles Automation Oy. Totally 19 of the control circuits and were modelled using ready-made components of Apros automation library. It was not needed to model such control circuits that had a minor effect to the studied transients. The flow, liquor composition, air- and steam flows can be adjusted like in real recovery boiler plant and control system keeps the plant functional during and after transients.

7 EXTERNAL MODELS

The main principle of the external model connection is that the Apros simulation server calculates transition of liquor flow and related concentrations between the control volumes and the external burning model calculates the changes within each volume related to burning. Apros has an interface module enabling inclusion of own external models on line as dynamically linked libraries (DLL). For each external model Apros provides memory regions for input and output variables as well as internal state variables of the external model. Principles for connection of external models are shown in figure 1.

The external model gets access to the current calculation step as well as the services for reading and writing snapshots. External_model instances of the external_model_type of Apros were successfully used. The use of the DLL-file is very flexible, the file may even be changed between the simulation time steps without stopping and re-starting Apros. The liquor burning calculation is facilitated with three external models. Variables such as liquor droplet classes, liquor concentrations, and char burning in char bed, all determine the burning of liquor at different furnace levels. Liquor consists of char, volatile matter, water and ash. One of the external models divides incoming liquor flow into three droplet classes. The droplets remain in the same droplet class during burning. The liquor flow comes into the furnace at the liquor gun level. Second external model defines to which extent the liquor droplets are released and burned at each level. All non-burned liquor flows to the lower node, except for the liquor gun level where the volatile matter is introduced into the tertiary level node and the rest of burning liquor is introduced into the liquor gun node. Non-burning material from primary level falls to the char bed. Inorganic materials flow out from the char bed via spouts. The third external model defines how much char is burned in the char bed. The burning bed material flow depends on primary flow, liquor flow to char bed, smelt flow from char bed and the height of char bed. Burning bed material is inserted to the primary node where it burns immediately if oxygen is present. Burning of black liquor and the behaviour of char bed were defined with external models.
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Figure 1. Functions of external models in recovery boiler model.

8 RESULTS

The combined model was tested introducing changes of liquor flow, air level, black liquor composition and size distribution of liquor droplets. The tests indicated how the combined model and automation systems respond in transients. The results were observed by plotting values of temperature at the furnace levels, steam flow, steam temperature, oxygen in the flue gas and the height of the char bed. The behaviour was considered very realistic.

8.1 Transient 1: liquor flow decrease

Total black liquor flow is reduced 2 %. See results in appendix 1. Decreasing liquor flow decreases heat power. First temperatures go down rapidly at all levels (figure 2). At the same time liquor-air ratio control starts to reduce total airflow. Airflow controllers are given new set points and they start to decrease burning air at the levels. Char bed expands (figure 5) and achieves new balance in 10 minutes. Temperatures are around 15°C lower than before the transient.

Steam production reduces (figure 3) and the steam temperature controller does a couple of smooth reactions to equalise temperature at the set point value.

Influence of air controllers can be noticed from fast changes in the flue gas oxygen concentration (figure 4). Rest of the oxygen level correction is made by slower oxygen control.

8.2 Transient 2: increase in primary air

In this transient primary airflow is increased 2 % which boosts primary level burning. Plotted results are shown in appendix 2. It is the main reason for char bed burning. Total airflow remains constant and control system reduces airflow from lower secondary air level. In beginning of transient the temperatures rise quickly at all levels (figure 6). Char bed burns until burning achieves the balance between new primary airflow and bed height (figure 9). New level temperatures are hotter at the bottom of the furnace. 

Accelerated burning in char bed increases flue gas power and steam production increases (figure 7). Steam production is almost the same since char bed has reached the new height. Oscillation in steam temperature is consequence of steam temperature controller parameters and model calculation. However, oscillation evens out and it is harmless.

Figure 8 shows decreasing oxygen concentration in flue gas. Oxygen controller rises total airflow. The correction can be seen as falling temperatures at upper secondary air and tertiary air levels.

8.3 Transients 3 and 4: changes in droplet sizes

Two transients were done to test droplet size changes. E.g. dirty liquor guns may cause this kind of change in size distribution. Typically nozzles get fouled slowly. However, changes in transients are instantaneous to discover all changes in the process. In transient 3 amount of small droplets is 7 % higher and amount of large droplets is 7 % lower. Results of this transient can be seen in appendix 3. Transient 4 is a droplet size change in which amount of small droplets are reduced 7 % and are increased 7 %. See results in appendix 4.

8.3.1 Less small droplets and more large droplets

Amount of small droplets is reduced in transient 3. Large droplets release less water, char and volatile matter. In the transient more droplets are introduced to the bottom nodes of the furnace and less volatile matter is introduced to the top nodes of the furnace. This leads to reducing carry-over flow due to more large droplets. Temperatures rise at all levels except primary level (figure 10). Burning at the primary level doesn’t rise because primary airflow is constant. 

Black liquor burns more properly and steam production increases (figure 11). Steam temperature control settles rising temperature back to set point value.

Oxygen level falls because of increasing need of burning air (figure 12). Oxygen controlling adjusts the airflow to the set point value. Droplet size change doesn’t affect on height of char bed (figure 13).

8.3.2 More small droplets and less large droplets

Transient 4 is contrary to the transient 3. Hence, effects on process variables are inverses to transient 3. Temperatures rise at the levels because more volatile matter is introduced to the top of the furnace (figure 14). Temperature at the primary level remains constant. Steam flow increases (figure 15). Oxygen level controlling is similar but contrary to transient 3 (figure 16). Droplet size change doesn’t affect on height of char bed (figure 17).

8.4 Transient 5: change in dry-solids of liquor

Dry solids of liquor are reduced in this transient. Water is incremented to liquor and char and ash amounts are decreased. Effects of this instantaneous liquor composition change are shown in appendix 5.

Decreasing dry-solids in black liquor lowers heating value. Burning diminish and temperatures at all levels go rapidly down around 20°C (figure 18). Temperatures rise slightly due to recipe and oxygen controlling.

Transient causes reduction in heat power and less steam can be produced (figure 19). Steam controlling acts on changing steam flow and reduces water injection into steam. After some time the steam temperature settles back to the set point value. 

New liquor composition contains less burning char and thus less burning air is needed. Rising oxygen level is corrected first with recipe controlling that reduces airflow (figure 20). Recipe isn’t equivalent to current dry solids and oxygen controlling makes the rest of the correction. Oxygen controlling operates slower and adjusts the oxygen level back to the set point.

Char bed grows because liquor composition changes and current recipe controlling (figure 21). Wetter black liquor doesn’t float as easily as drier black liquor. Moisture cools the char bed, burning in the bed abates and bed grows.

9 CONCLUSIONS

External models are connected to Apros process model using DLL-files. This system provides flexible connection for dynamical simulation. New features including liquor burning and height calculation of the bed are illustrated. The simulation results were quite realistic. After some additional verification runs and comparisons to measurements the combination model can readily be used for operator training and automation system pre-tuning. Because Apros functions as an OPC server, it is easy to connect the process models in Apros to real digital control systems and authentic user interfaces. With such a simulator training will become fully realistic. Accordingly, tedious modelling of the controllers as well as operator station software can be avoided.
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appendix 1: liquor flow decrease
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Figure 2.  Flow decrease effect on furnace temperatures.
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Figure 3.  Flow decrease effect on steam flow and steam temperature.
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Figure 4.  Flow decrease effect on oxygen level. 
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Figure 5.  Flow decrease effect on height of the char bed.
appendix 2: increase in primary air
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Figure 6.  Primary air change effect on furnace temperatures.
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Figure 7.  Primary air change effect on steam flow and steam temperature.
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Figure 8.  Primary air change effect on oxygen level in flue gas.
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Figure 9.  Primary air change effect on height of the char bed.

appendix 3: decrease in Small droplet size
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Figure 10.  Decrease of small droplets effect on furnace temperatures.
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Figure 11.  Decrease of small droplets effect on steam flow and steam temperature.
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Figure 12.  Decrease of small droplets effect on oxygen level in flue gas.
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Figure 13.  Decrease of small droplets effect on height of the char bed.

appendix 4: increase in small droplet size
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Figure 14.  Increase of small droplets effect on furnace temperatures.
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Figure 15.  Increase of small droplets effect on steam flow and steam temperature.
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Figure 16.  Increase of small droplets effect on oxygen level in flue gas.
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Figure 17.  Increase of small droplets effect on height of the char bed.

appendix 5: change in liquor dry solids
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Figure 18.  Dry solid change effect on furnace temperatures.
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Figure 19.  Dry solid change effect to steam mass flow and steam temperature.
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Figure 20.  Dry solid change effect to oxygen level in flue gas.
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Figure 21.  Dry solid change effect on the height of the char bed.
























































































