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Abstract

This paper examines the various advantages of a complete dynamic simulation of a new chemical unit, illustrated by the example of an N2O destruction unit. First, on the hardware side, the obvious interest of a dynamic simulation is that it enables to make sure that the design of all specific equipment is suitable for all identified operation scenarios by truly describing the whole required operating range. Additionally, the dynamic simulation can be considered as a mean to design the most appropriate control strategy from its faculty to reproduce all possible process deviations with a representative time response characteristic. The aim of the second step is to validate and tune the future control strategy in order to obtain permanently the required outlet conditions: once the dynamic model responds correctly, the control loop parameters can be applied on the real plant. To go further, the functional analysis and the safety thresholds can be implemented and tested on the simulation, in order to be programmed on the distributed control system and safety system (DCS / SIS). Thus, full operation sequences that were once supposed to be handled manually by operators can be automated in a reliable way.  Last but not least, with an interface as close as possible to centralized control system displays, the simulator now integrating all automated sequences and safety interlocks can become a very powerful tool for operator training. Quite obviously, by bringing far ahead in the process many key tasks that were traditionally carried out during commissioning phase of projects, a great deal of precious start-up time can be saved.  Further down the plant life, the dynamic model will also be used to train new operators as well as a support for continuous process improvement. 
Keywords: Chemical unit start-up, dynamic simulation, process control, operator training.

1. Introduction
1.1. Interest of a complete dynamic simulation
It is common for design purposes to simulate a new chemical unit under steady state conditions. This kind of simulation allows calculating main flows, components, process conditions and from there on the required design for the main equipment for the nominal flow rate. However, it doesn’t help finding out how to start the plant nor what will be the behavior of the equipment during the various stages of start up. Most of all, the static simulation, executed on specific software, will be used only by aware chemical engineers, and only during the design steps. It generally becomes useless when it comes to start up, shutdown or any transient phase in general.  

On the other hand, in order to avoid above mentioned problems, it actually becomes possible to build so-called dynamic models in which time is also treated like a variable. But to capture their full advantage, elaborating the functional analysis, checking the safety interlocks, tuning the PID controllers and finally training of production teams from them has also to be considered. Under this logic, this paper examines the interest of a complete dynamic simulation of a new chemical unit, applied to the example of the N2O destruction unit which RHODIA started up in 2006 in line with the new Kyoto environmental process.
1.2. N2O  unit example
The principle of the N2O destruction: 

4 N2O + CH4 -> CO2 + 2 H2O + 4 N2
(Eqn.1)
Of course there are some parasite equations:

N2 + O2 -> 2NO & CHx + N2 -> HCN + CN (not equilibried)
(Eqn. 2 & 3)
And CN + HCN + O2 -> NO+ CO + H (and so H2)
(Eqn. 4)

The overall principle resides in thermal decomposition of N2O where energy is brought up to the system by combustion of natural gas. To limit NOx formation, this reaction takes place in the high temperature burner under O2 depleted atmosphere. Further reduction of NOx species is achieved through a reduction chamber. After one stage of cooling, the rest of the combustion is allowed to take place thanks to an additional injection of fresh air under control of slight excess of oxygen in the exhaust gases at the stack. The model is build as a Gibbs model. At this stage, one can introduce the lambda factor () which somehow describes actual burning conditions oxygen wise versus stoechiometric ones
=
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(Eqn. 5)
The stoechiometric ratio depends upon the natural gas composition and describes the amount of O2 required to convert all carbon molecules in the natural gas feed into CO2. In order to achieve theoretical full combustion of natural gas, lambda should be equal to 1. If lambda is greater than 1, the system is in oxidation mode (O2 in excess), if lambda is lower than 1, the system is in reduction mode (lack of O2). As we saw on the paragraph above, we have to be in reduction mode to burn correctly the N2O. The difficulty in this operation then lies in finding a way to control steadily the lambda so that NOx formation remains limited while combustion quality is kept at a sufficient level not to produce too much soot (incompletely burnt natural gas). 
2. Preliminary studies
2.1. Simulation creation
2.1.1. Thermodynamics
First of all, it is indeed necessary to establish reliable thermodynamic data that can be fed to the dynamic model in order to make it fully trustable. Of course, some simplification can be done.

In the case of the N2O unit example, all known equations and equilibrium were not taken into account as some secondary ones would bring more complexity and computation problems than real benefit to the simulation results and expectations. For this particular application, it was deliberately chosen not to attempt in predicting reliably NOx concentrations. The model would only be capable of giving tendencies and relative figures on this specific matter. But sharp focus was given into getting reliable estimation of heat releases and representatives figures for main components concentrations (CH4, C2H6, C3H8, CO, H2, O2, CO2, N2, and H2O)
2.1.2. Steady state 
Once thermodynamic data are established, the simulation is gradually put together in order to obtain an adequate representation of the nominal operating point. At this step, there is no question about what specific phases to get through to bring the process from scratch to that point. The focus at this stage is mostly to select the appropriate thermodynamic and/or fluid handling model of each identified piece of equipment to get a good picture of the nominal point: reactor, heat exchanger, separators, pressure changers (pipe, orifice, pump, fan, and valves)…

2.1.3. Validation

The simulation then has to be validated, especially on the thermodynamics/ reactions aspects before moving to the dynamic stage. Unfortunately, there is no real straight forward methodology on this matter but one has to take advantage of any valuable and trustful information available.

The easy way: when another similar plant exists, with a limited number of changes on the simulation (flow rates, stages numbers, pump modifications…), it is possible to validate the simulation by comparing the real data and the simulation results. 
Alternatively, one could compare the results of commonly used and trustful design softwares to the ones given by the new simulator model. 
In the case of N2O unit example, both approaches were used to access to the required level of confidence into the model capability.

At this stage, it is necessary to insist upon how important it is for the rest of the approach to really achieve a high level of confidence in model ability to describe the unit behavior. In return, it will bring a higher level of process understanding which in turn will be a great support for fruitful exchanges between engineers of all disciplines (advanced control, process engineer, safety engineer, production) and also of course with the operators to be trained. 
2.1.4. N2O unit example of learning from model
The exercise of building up the simulation model itself happened to be very helpful in understanding better what was really going on inside the different furnace chambers of the unit. Of course, we knew grossly the process in our 4 chambers (see Fig. 1 below), and that we wanted to be in reduction mode in the 2 first chambers, then that we needed to quench, and then re-oxidize in the last chamber. The process of controlling temperature in the various chambers by adding O2 impoverished recycled fumes was quite straight forward too. 
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Fig. 1: Scheme of the N2O unit installation
But, was there reaction in each chamber? Of course, in the burner chamber and reduction, we used a “furnace” model, but an approach somehow too macroscopic would have simply considered the quench chamber as a gas mixing chamber with only sensible heat being exchanged between incoming gas streams. The detection of the discrepancy between initial model results and actual operating data from a similar existing plant was key to establish that a significant amount of combustion was taking place in the quench chamber obviously highly affected by the excess of O2 remaining in the exhaust fumes. Later on, this information happened to be critical for an appropriate sizing of equipment (recycling fans, control valves, etc..) as well as for understanding dynamic behavior of the unit that would have otherwise remained very confusing.
2.2. Dynamic simulation
2.2.1. Dynamic et functional analysis building
Once the simulation is working well in steady state mode, we can consider going to dynamic mode. This part is built at the same time as the principal basis of the functional analysis: during the start up of one unit, the functional analysis will often ask to pass through some mandatory steps before ending at the nominal point.
2.2.2.  N2O unit example
The functional analysis and the safety rules helped in identifying to go through at least 4 phases: purge, burner ignition, warm up, reduction mode when the waste gas (containing N2O) went to the furnace.
· Purges: for the N2O destruction furnace, the safety rules made compulsory to purge the furnace before each start up, so that we were sure to clear the furnace of possible natural gas trace. From the technical advice of the safety engineer, the details of this purging procedure were programmed into the simulator.
· Burner ignition: the details of combustion ignition inside the burner chamber were given by the process engineer (minimum natural gas flow, excess air, etc).

· Warm up: N2O destruction process required a temperature between 1250°C and 1600°C inside the burner and the reduction chamber, with a certain lambda factor in reduction mode. It meant that, after burner ignition, the furnace had to be warmed up until this level of temperature, in oxidation mode to prevent soot formation, before allowing burning any waste gas.
· Waste gas on, in reduction mode: after warming the furnace in oxidation mode, it had to be set into reduction mode before allowing waste gas inside the burner. The main questions there were: what was the operating path (lambda, temperatures, natural gas flow and air flows, etc…) to go through between those different operating states? What could be done to handle these transient phases in automatic? Moreover, in this final step of the process, we had to take into account some special safety interlocks, for example avoid being below 700°C in the quench, or being below 800°C in re-oxidation chamber prior to admit N2O in the system.
At this very stage, by using the simulator in dynamic mode this time, we could test a set of potential paths between mandatory target points. By an iterative process, the building of the functional analysis allowed the building of the simulation model and conversely, the simulator helped us to build a functional analysis compatible with equipment characteristics. 

3. Basic study: automation
3.1. Overlapping of functional analysis, controllers, safeties

Once the paths are defined to go from start up to the nominal point, the target is then to be able to carry out most of it in automatic. This part of the design work is particularly interesting for the simulator builder because he needs to take all constraints into account and then operates the simulator with full functional analysis, control loops and safety interlocks to check the feasibility. This part of the work reproduces the trouble-shooting period of a start-up except being done virtually rather than with an actual plant. Quite obviously, in proceeding this way the different trials are carried a lot quicker at minimum cost and with far less risk for equipment integrity.
3.2. N2O unit example

3.2.1. Functional Analysis

Before putting the waste gas inside the furnace, we needed to be in reduction mode to be sure to burn all the N2O. But during the warm up, we had to be in oxidation mode. So during the start up, we needed to go from oxidation mode to reduction mode. As we saw in the introduction, Eqn. 5, it meant that we had to decrease the lambda from above 1 (around 1.2) to below 1. But, when lambda was equal to 1, the combustion was perfect, the energy was maximum, and the temperature inside the burner was very high: so we needed to go quickly from 1.2 to 0.7 to avoid any risk of damaging equipment: it was better to do it in automatic, so this action could be repeated many times and would not be dependent from operators action. With the simulator, we could test the speed of the lambda ramp down to avoid a minimum of disturbances in the process.
3.2.2. Controllers
A point made the simulator building important: the tuning of the PID controllers before the real start up. Indeed, we implemented the real behavior of the waste gas flow rate in the simulator. Thus, we had the possibility to tune the PID controllers in such a way that the furnace would be robust enough to any waste gas flow rate disturbances. Currently, in the real plant, the furnace is even stable when a shut-down from the upstream plant occurs.
3.2.3. Safety Interlocks
During each step, we had to check different points. For example: during the purge, natural gas should not enter in the furnace, and during the burner ignition, the warm up and the reduction, we should have enough natural gas to be able to have combustion. So the safety engineer added up some tests at these different phases. One of them was to check the inlet pressure of the natural gas just before entering the furnace. But, with the simulator, we saw that during the burner ignition, we would not be able to check this inlet pressure (captor accuracy): so, at each time when trying to ignite the burner, this safety would have interrupted the start up sequence because of this absence of pressure in the gas line. An alternative test could then be worked out to solve this problem.
3.2.4. Conclusion
Everything that we tested on the simulator was programmed on the DCS/SIS in the plant. During plant commissioning, there were still left some code programming errors, but almost no disturbance was caused from inadequate functional analysis or control principle or safety threshold. 

4. Production Team Training
4.1. Interface building
Once the simulator works well with a very realistic reproduction of control sequences programs, control strategy, interlocks and safety thresholds, it can be adapted with an interface mimic very similar to the actual operators displays programmed into the control system. The interface building is a key point for the training: it represents a very significant amount of programming work but if it is not realistic enough, the operators will not use it. Moreover, it can be used as a final test of the real displays: maybe some interface detail on the real mimics is not clear enough for an operator use: during the training, the production team will help to improve the DCS interface and customize it to their own requirement. When the correct interface is built, it is also useful as part of the training course to program some typical scenario, to oblige the trainees to learn the safety interlocks and the functional analysis. 
One important point: if the option of using the dynamic model as part of the operators training program is chosen, sufficient time has to be allowed to get the full benefit of this operation. Training sessions with the dynamic model depending upon its complexity is a matter of a certain number of weeks, and should not be a matter of a few days. In this last case, all the additional work in interface programming would be a poor pay-back investment.
4.2. N2O unit example

As we saw, the functional analysis was quite complicated, with some special safeties during particular phases; particular PID controllers being active during some particular phase and idle during others… We paid a special attention for the scenario building, so the production team was obliged to assimilate the functional analysis, safeties thresholds…
5. Conclusion
The exercise of putting together a dynamic model that not so long ago would appear a very time consuming and little benefit work has now become a much more achievable target thanks to the progress made in softwares as well as computers calculation power. 

As we could see throughout this overview presentation, this investment during project studies can bring very significant advantages at all stages of the design work.

Provided a very rigorous validation work, it gives the insurance of a very strong design both for main equipment and control strategy that can be exposed to the conditions of all relevant operation scenarios well before the unit has even been built. The functional analysis and safety interlocks discrepancies or imperfections troubleshooting work, which is generally very time consuming, can be sorted out also well before plant commissioning period. And finally, it can also be a very precious for training as operators can well in advance learn live how to start, stop and operate the plant.

One key condition is necessary to be able to capture all those benefits: make the decision very early in any project course to launch the dynamic model approach. 
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