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Abstract

A rigorous dynamic model of the Tertiary Refrigeration (TR) System was developed for a world scale ethylene plant to be used in the plant’s Operator Training Simulator (OTS) system. The dynamic model was developed using the INDISS Dynamic Simulation Software to give accurate dynamic behavior of the refrigeration system especially during startup and shutdown conditions.  
The refrigeration system model was developed for the Process Trainer system to enable the operations personnel to familiarize with the system prior to commissioning and startup phase.  The dynamic model that consists of 1 3-stage refrigeration loop, 3 multi-sided heat exchangers and 4 chillers was integrated with the rest of ethylene plant cold section dynamic models to provide a comprehensive dynamic training.  The OTS system was also used in the Competency Based Assessment (CBA) for assessment and promotion of panel operators.
The refrigeration system model together with the ethylene cold section models was subjected to complete start-up and shut-down tests as well as plant malfunction/trip tests (e.g. loss of instrument air, loss of power, instrument failures etc.) to ensure the robustness and reliability of the plant wide model for operator training. Other enhancement including the interlock system, DCS graphic emulation and operator training exercises are also discussed in this paper.
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1. Introduction to OTS
Operator Training Simulator (OTS) is a computer-based training system used to train plant operating personnel on how to handle process startup and shutdown as well as abnormal scenarios for the plant(s) where they will be working. OTS is normally developed together with the control system by the control system vendor as part of EPC package for grass-root projects.  For existing plants, the OTS system will be developed by process simulation/OTS vendors.
For grass-root projects, the OTS serves to familiarize the operating personnel with the dynamic process behavior of the new plant.  This covers normal steady-state condition, startup and shutdown conditions and abnormal or emergency conditions.  For existing plant, OTS usually serves to maintain operating personnel capability to handle abnormal or emergency conditions due to current trend of longer steady-state operating condition.  
In addition, staff turnover necessitate the usage of OTS to train new staffs or to familiarize the operating personnel on new modification or revamp performed on the plant. 
2. Ethylene Process Technology

There are more than 50 ethylene plants currently in operation world-wide with the total capacity of 121 million MTA as of 2006 [1].  The main process licensors for ethylene process are Linde AG, ABB-Lummus, Shaw Stone & Webster and Exxon-Mobil/KBR.  Several improvements have been made over the years to increase ethylene yield, minimize energy consumption and reduce complex equipment configuration.  Among the developments are installation of large capacity cracking heaters, catalytic hydrogenation distillation, and integration of gas turbines with cracking heaters, and application of binary and tertiary refrigeration system [2]
The tertiary refrigeration system for olefins plant technology was patented in 2004 by ABB Lummus [3].  The main intention this technology was developed is to provide a simplified, single refrigeration system for an olefin plant, particularly an ethylene plant having a low pressure Demethanizer, utilizing a mixture of methane, ethylene and propylene as a TR.  By using this new refrigeration system, the traditional ethylene and propylene refrigeration systems which consume a lot of energy and multiple equipment installation are no longer required, leading to more compact plant configuration and reduction in refrigeration energy requirement.
3. Background in EMSB OTS

Ethylene Malaysia Sdn Bhd (EMSB), which operates a 400,000 KTA ethane cracker, has developed an OTS system for the Process Hot and Cold sections, and the Utility Boiler section in 2005 using RSI’s INDISS dynamic simulation software.  The system was jointly developed by PETRONAS Research and Scientific Services Sdn Bhd (PRSS) and Beijing Huakangda Computer Application Technology Co Ltd (HKD) in 11 months with technical assistance from Realisation Systemique Industrielle (RSI).  The scope of the project includes detail modeling of the Process Hot Sections (AGRU, Cracking Furnaces, Quench and Dilution Steam Generation, and Charge Gas Compression), Cold Sections (Cold Boxes, Demethanizer, H2 Expansion, Deethanizer, Acetylene Hydrogenation, Ethylene Fractionation, and Ethylene and Propylene refrigeration), Utility Boilers and TDC3000 graphic emulation.
In 2006, EMSB has embarked on a debottlenecking project to increase ethylene production and ethylene liquefaction capacity by installing the following equipments:

a. 3-Stage Tertiary Refrigeration Compressor 

b. Tertiary Refrigerant Cold Boxes

c. 1-Stage Supplementary Propylene Refrigeration Compressor

d. Charge Gas Compressor feed chillers

To enable the EMSB Operation personnel to familiarize themselves with the new Tertiary Refrigeration system, it was decided to upgrade the existing OTS models to include all the changes resulted from the debottlenecking project.  The scope of the OTS upgrading project includes modification of the existing INDISS models to incorporate the new equipments, modification of the DCS graphics and retuning the model at higher plant load.
4. EMSB OTS Applications

4.1. Function of OTS in EMSB
In EMSB, the OTS system is utilized as a benchmarking tool for training and promotion of panel operators. The experienced panel operators are required to go through Competency Based Assessment (CBA) when they are due for promotion. The OTS system is capable to provide at least 95% accuracy in term of operating response. Thus, the OTS system is utilized to assess panel operators’ skills in controlling the plants as part of the assessment syllabus. The operators will only be promoted after successfully obtaining perfect scoring in the simulated plant activities such as start up, shutdown, emergency scenarios and pre-configured malfunctions. 

To ensure the frequent usage of OTS, EMSB Operation Management sets OTS utilization rate as one of the Key Performance Indicator (KPI). For example, every shift groups are required to perform at least 3 OTS trainings per month. With these implementations, EMSB had successfully promoted a few fresh panel operators and trained senior panel operators in skills on troubleshooting and handling plant upsets. 

4.2. Details of EMSB OTS Training Program

In general the EMSB OTS Training Program comprises of the following steps:

a. Loading Malfunction Scenarios /Cold Start Up case.

b. Administration of the training exercises by recording actions and models responses throughout the training session.

c. Evaluation of the trainees based on recorded results. 

The malfunction exercises are scenarios based. A process event or series of events will be set up under scenarios to occur during the course of the training scenario. The changes are thus recorded and stored. Each time the training scenario is uploaded thereafter the recorded upsets will be repeated. Thus the training scenario may be run many times with consistent repeatability. 

For a particular malfunction scenarios or start up training, the instructor can set performance criteria. The relative relationship between the process value limit and that actually obtained by the trainee may thus be scored against evaluation criteria provided in the training performance tables.

An immediate form of feedback is available through the evaluation tool in INDISS. Process conditions and changes maybe tracked for selected process points over a given simulation time period. In addition, all actions are recorded during the training exercise using the same tool. The point or trended values of selected control points (Flow, temperature or pressure) or a combination of alarms triggered during the training can be evaluated with respect to computed scorings based on preset weight. 

Training performance is a function of the duration of threshold overrunning, the weight assigned to each expressions and the number of times the threshold has been over-run (By measuring number of alarms are triggered). The equations can be summarized as below. 

a. ∑ (Durationi x Counti)

b. ∑ (Weighti x Counti)

c. ∑ (Durationi x Counti x Weighti)

Note: 

Durationi = Duration of threshold overrunning

Weighti = weight assigned to each expressions

Counti = number of times the threshold has been over-run

In term of education, the OTS system provides the best tool to understand plant operation, control strategy and interactions between unit operations.  Practical students attached to the EMSB Operation, after undergoing basic classroom training on the ethylene process, can enhance their understanding of the process by operating the virtual plant through the OTS system.  Students can simulate how the plant will behave during upsets or emergency conditions, where in actual plant the frequency of such events to occur is quite low due to implementation of Advance Process Control and Emergency Shutdown System.

5. Dynamic Modeling of the Tertiary Refrigeration System
The selected property package in the dynamic simulation is Peng-Robinson due to its suitability to predict the flashing of the TR components. The percentage of the Tertiary Refrigerant components can vary depending on the ethylene plant cracking feedstock, the cracking severity and chilling train pressure among other considerations, but in general, the refrigerant composition (in mol percent) at the Tertiary Compressor discharge would be as below: 
Table 1: Typical Composition of TR

	 
	Component
	Mole Percent

	1.
	Methane
	7-20

	2.
	Ethylene
	7-20

	3.
	Propylene
	50-90


5.1. TR Process Description
The closed loop tertiary refrigerant system contains methane, ethylene and propylene. The tertiary refrigerant from a compressor is separated into an inter-stage discharge and the final compressor discharge to produce a methane-rich vapor fraction and two levels of propylene-rich liquids so as to provide various temperatures and levels of refrigeration in various heat exchange stages while maintaining a nearly constant refrigerant composition flowing back to the compressor and with the bulk of the total return refrigerant flow going to the first stage compressor section[4].
Refrigerant vapor from the TR Compressor discharge is partially condensed against Cooling Water Cooler. The liquid is collected in the TR Accumulator. Heavy refrigerant from the accumulator is split with part being used in the Charge Gas Chillers. The chillers reduce the suction temperature of the charge gas compressor to avoid fouling of the charge gas aftercooler due to high discharge temperatures. The rest of the heavy refrigerant (Stream HR1) is used in the Tertiary Refrigerant Cold Boxes. The refrigerant vapor from coldbox (Stream HR1a) is then combined with refrigerant vapors from the charge gas chillers and sent to TR Compressor 3rd Stage Suction Drum, V-3. The rest of the heavy refrigerant liquid from coldboxes is subcooled to chill the coldboxes and vapor from (Stream HR1b) is sent to TR Compressor 2nd Stage Suction Drum, V-2.

Light refrigerant vapor (Stream LR1) from the accumulator goes to the coldboxes where it is successively chilled, then totally condensed, further chilled and finally let down to low pressure. The refrigerant vapor (Stream LR1) then passes through TR Compressor 1st Stage Suction Drum, V-1 and enters the first stage suction of the TR Compressor, K-1.
The TR system is linked with the existing C2 and C3 refrigeration systems via the TR Cold Boxes to increase ethylene liquefaction capacity.  Refer to the diagram below for the simplified Tertiary Refrigeration Loop System.
Figure 1: Simplified diagram of TR Loop
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5.2. Modeling Methodologies

The steps used to perform dynamic modeling of the TR compressor are summarized as Figure 3 as below.  Individual models were created first to facilitate configuration, tuning, and startup and shutdown testing.  Once the individual models have been thoroughly checked, only then the models were integrated to represent the whole TR system.  Again, the integrated TR model was subjected several startup and shutdown tests, and malfunctions to ensure the TR model accurately model the actual plant behavior.
While configuring and testing the models, the graphic emulation pages were modified to include new equipment and they are automatically linked to the models once the reference instrument tags were keyed in.
Figure 2: Modeling Methodologies[image: image2.png]Data Gathering and Reconciliation
Steady State Simulation of TR loop

Dynamic Simulation of standalone
Cold Boxes and TR. Compressor
Models

Dynamic Models Testing
Dynamic Models Integration
Final model Testing

1. All the related process data were gathered
2. Design data, Heat and Materials Balance, Datasheets,
PFDs, P&IDs and e Operating Procedures (SOF)

3. Steady State Stnulation is essential o verify the accuracy
ofthe integrased TR Locp/Cold Boxes Models

4. TR Loop and Cold Boxes were modeled separately in
dynamic modes.

5. Al the control philosophy, related interiocks and
equipment details were used in the standalons models.

6. The developed sandalone dynamic models were tested fo
ensure the effectiveness of the simulated control
philosephy, related interiocks and process response
towards disturbances.

7. The standalone models were integrated to simulate the
whole interactions between TR loop and Cold Boxes

8. The integrated dynamic models were tested to ensure the
effectivenss of the simulated control philosophy, related
interlocks and process response towards disturbances.




5.3. Modeling Challenges

The main challenges in performing dynamic modeling the refrigeration system are:

a. To maintain constant composition throughout the TR loop

b. To maintain uniform average molecular weight throughout the compression stage:
· Preferably varying less than 5%
· Most preferably varying less than 2%
The other challenging task in developing the OTS for TR is the capability of dynamic model to represent the actual plant behavior in term of failure responses, and to train the operators’ ability on right decision-making and quick organizing when occurring of failure events. Thorough understanding of operating procedures and study of the actual plant data based on limited resources are another challenge that development team faced to complete the integrated dynamic models.
Another challenge which is mostly administrative was incomplete or unavailable data due the OTS development period coincided with the EPC detail engineering phase, in which some of the data required for model configuration have not been finalized.  In this case, good engineering judgment was required for initial values to enable the modeling work to progress before actual values were provided by the contractor.

6. Conclusion

In conclusion, the Operator Training Simulator provides an ideal environment for the validation of start-up, normal operating, shutdown and emergency procedures for the production system and enables many errors or shortcomings in these procedures to be corrected.  In addition, the system provides consistent and unbiased evaluation of the panel operators’ performance for promotion and upgrading.
Nevertheless, the most important factor that is needed to sustain the OTS will be the full support from management. They must ensure the practicing culture is enrolled by Operation to allow technicians to recognize developing situations enabling them to respond appropriately and avoid unnecessary shutdowns. The utilization of OTS is also essential to reduce the frequency of operator in inducing shutdowns by maintaining and sharpening operator skills. Besides, they must also ensure the OTS model is constantly maintained as in the real plant configuration to ensure the effectiveness of OTS in operator training.  
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