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ABSTRACT: To satisfy the needs of various industrial activities, many hazardous chemicals are shipped 
almost daily on public highways and loaded into large storage facilities. Accidental release of such materials 
can cause deaths, serious injuries, lasting health effects, and damages to the environment. To comply with the 
government regulations and enhance process safety, a vigorous risk analysis of the loading operations of 
hazardous chemicals becomes necessary. One common deficiency of the existing computer aids in the lack of 
transparency on the stepwise path leading to hazardous outcomes. A hierarchical approach is followed in the 
present investigation to construct the PN - based models. The PN models for all components in each level of 
the hierarchy are developed. 
 

 
1 .INTRODUCTION 
To satisfy the needs of various industrial activities, many hazardous chemicals, e.g., ammonia, chlorine, 
ethylene oxide, and liquefied petroleum gas, are shipped almost daily on public highways and loaded into 
large storage facilities. Accidental release of such materials can cause deaths, serious injuries, lasting health 
effects, and damages to the environment. To comply with government regulations and enhance process 
safety, a vigorous risk analysis of the loading operations of hazardous chemicals becomes necessary.Due to 
the advancement of Technology in Science and Commerce, there has always been a thrust to improve the 
efficiency of the Process or System to the demands of the end users. In this regard, Fault Diagnosis and 
Identification (FDI) plays an important role and has been one of the most concentrated areas of research, 
design and development. The main idea behind this paper is thus to design, develop and implement 
algorithms for achieving FDI in real-time industrial chemical processes along with the evaluation of 
performance measures. 

 

Numerous methodologies have been established for analyzing complex chemical processes.. 
From a critical review of the above works on hazard analysis, one can observe the following: 

1. Digraph is mostly applicable to continuous pro-cesses, while PN can be used to represent both 
continu-ous and batch operations. 

2. The PN-digraph hybrid models are not suitable for describing some of the important features in 
realisticsequential operations, e.g., concurrent activities, cyclic operations, continuous transients, 
and multipurpose productions. 

3. One common deficiency of the existing computer aids is the lack of transparency on the stepwise 
path leading to hazardous outcomes. 

4. Loading of hazardous chemicals is a typical sequential operation for which safety analysis is mostly 
done manually. As mentioned in the previous discussions, the existing techniques may not be 
suitable for analyzing such operations. It is thus the objective of the present study to develop a 
generic approach to construct improved PN models. 

 

The rest of the paper is organized as follows. First of all, the detailed operating procedure of the liquid 
ammonia loading process is described. Second, a number of PN models have been developed for all process 
units in the loading operation. On the basis of the resulting PN model and simulation studies are carried out . 
Finally, the results of several interesting case studies are presented at the end of this paper. 
The other Chemical Process considered here is the SulphurRecovery Unit (SRU) of refinery process of 
Chennai PetroleumCorporation Ltd (CPCL), Chennai. SRU unit forms an importantand essential unit in 
refining process, where extraction andremoval of sulphur from the products of refining are carried out 
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toimprove the purity and efficiency of the products. SRU comprisesseveral sub-units working together to 
achieve the purest form ofthe products, thereby reducing the content of elemental sulphur. Inthis paper, the 
working of Main Claus Recovery Concept(MCRC) converters is considered for study.Refining process 
industry comprises various components ofboilers, heat exchangers, cooling towers, etc., and the flow of 
thefuel/gas is done through a series of pumps and valves, controlledthrough control units placed at various 
locations in the industry.The control units take appropriate control actions through the helpof numerous 
sensors for controlling flow, level, pressure,temperature, etc. System normally monitored 
throughautomatic/manual means it is subjected to frequent malfunctionand has to be rectified so as to 
improve the efficiency and avoidfrequent breakdowns. Moreover, the faults or malfunctions thatfrequently 
occur in the system are either due to valve or sensorfailures. Since valves and sensors are an integrated part 
of everysub-unit of the process, it becomes quite difficult to identify anddetect the faults arising due to these 
failures. Hence, it is utmostnecessary to develop algorithms for achieving effective faultdiagnosis to detect 
valve and sensor failures.In literature, there have been several schemes and designsdeveloped and available 
to achieve fault diagnosis. The mostprimitive of the approaches is based on analytical modelapproaches [1], 
but failed to provide useful results due to theinefficiency in providing exact modeling of physical 
process.Hence, state model techniques [2], even though highly regarded asthe prime and mostly considered 
techniques for achieving FDI,requires high precision in estimating [3] the plant and faultmodels.Here, in this 
paper, the concept of Petri nets is used formodeling the systems as Discrete Event Systems (DES) [4] 
ratherthan continuous systems [5] for the sake of simplicity.The faultsoccurring in valves are classified as 
transition faults, and the onesoccurring in sensors are classified as place faults in Petri netenvironment. The 
normal condition of an event is considered to beobservable, and is thus modeled. Once the fault has 
occurred, thecorresponding event is termed as unobservable, and thus thesystem is again modeled based on 
the un-observable nature. 
 

2.LOADING OPERATION OF LIQUID AMMONIA 
To illustrate the proposed modeling approach, a typical sequential operation is considered in this paper. 
Specifically, let us consider the simplified P&ID of the liquid ammonia loading facility presented in Figure 
1.13 This facility contains four major equipments: ammonia storage tank, compressor, truck, and waste 
ammonia dilution drum. 
The ammonia storage tank is fitted with a safety valve, a pressure gauge, a refrigeration system, and a liquid 
level indicator. Because of its high affinity toward water, liquid ammonia is transported from truck to 

 
Figure 1.Simplified P&ID of the liquid ammonia loading facility. 

 

storage tank by compressing gaseous ammonia. The compressor inlet is connected to the storage tank. The 
vapor pressure in the storage tank is maintained at approximately 3 kg/cm2 gauge by controlling the liquid 
temperature with a refrigeration system. The truck pressure is increased with the compressor to a level 
higher than that of the storage tank. The pressure difference between truck and tank causes flow in the 
liquid transport line.The loading procedure consists of a number of specific tasks. For the sake of brevity, it 
is assumed that this operation starts when both liquid and gas transport lines are properly connected. In 
other words, only the operationsteps executed after line connection are considered here. A brief outline of 
these tasks are given below: 
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Task 1: Preparation of the gas transport line. 
Step 1.1: Open valves v1-v3, v5, and v6. 
Step 1.2: Open the emergency isolation valve ev1. 
Task 2: Preparation of the liquid transport line 
Step 2.1: Open the emergency isolation valve ev2. 
Step 2.2: Open the valves v7-v10. 
Task 3: Compressor start-up. 
Step 3.1: Close the inlet and outlet valves v2 and v3. 
Step 3.2: Open the recycle valve v4. 
Step 3.3: Switch on the compressor. 
Step 3.4: Open the inlet and outlet valves v2 and v3 and close the recycle valve v4 after the compressor 
outlet pressure is increased to 0.2-0.5 kg/cm2 above its inlet pressure. 
Task 4: Monitoring the loading operation. 
Check and record the readings of the pressure gauges and liquid level sensor at regular intervals. Terminate 
the loading operation when the reading of the level sensor reaches a predetermined value. 
Task 5: Compressor shutdown. 
Step 5.1: Close the inlet and outlet valves v2 and v3. 
Step 5.2: Open the recycle valve v4. 
Step 5.3: Switch off the compressor. 
Step 5.4: Close the recycle valve v4. 
Task 6: Purging the gas transport line with N2. 
Step 6.1: Close the valves v1 and ev1. 
Step 6.2: Open valve v13 on the nitrogen supply line. 
Step 6.3: Purge the remaining ammonia gas in the gas transport line to the dilution drum by opening valve 
v11. 
Step 6.4: Close valves v5, v6, v11, and v13. 
Task 7: Purging the liquid transport line with N2. 
Step 7.1: Close valves v10 and ev2. 
Step 7.2: Open valve v14 on the nitrogen supply line. 
Step 7.3: Purge the remaining liquid ammonia in the liquid transport line to the dilution drum by opening 
valve v12. 
Step 7.4: Close valves v7-v9, v12, and v14. 
 

After completion of task 7, the vent valves vn1 to vn4 should be opened before disconnecting the flanges 
and then the same should be closed afterward. 
 

Level 1. It is assumed in this study that the operatoralways faithfully executes the actions specified in the 
recipe. From the operating procedure described in the previous section, each operator action should be 
carried out after completion of a previous action and/or confirmation of an external signal. The PN model 
can be constructed according to the general structure presented. Notice that the dotted arrows represent 
test arcs.14 Notice also that the external signals can be sensor readings or equipment states that are 
identifiable to the operator. On the other hand, the action commands are always concerned with alteration 
of the states of second-level components or checking and recording of the sensor outputs in the fifth level. 
Say, for example in task 4, the operator regularly monitors the liquid level sensor during the loading 
process. The confirmation place will get a token when the liquid level in the tank reaches the predetermined 
value. Upon obtaining this information, the operator moves to the next course of action, i.e., step 5.1. 

 
Figure 2.PN model of a valve. 
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Level 2. As mentioned before, the second level ofhierarchy in this model consists of 20 valves and a 
compressor. The states of any valve can be characterized with its positions, i.e., open or close. The 
corresponding PN model is presented within the dashed line in Figure. Notice that the places representing 
action commands to open and close valves should be included in the operator model.The other component 
in this level is a compressor. A compressor can be described with two states: on andoff. The transition to 
alter the compressor state is also enabled by action commands. The PN model for a compressor is given. 
 

 
Figure 3.PN model of a compressor. 

 

Level 3.The components in this level are the truck,the storage tank, the dilution drum, and the pipelines. A 
careful review of the P&ID shows that there are eight pipelines in the ammonia loading facility: Pipeline 1 
connects the liquid ammonia storage tank and compressor, i.e., from point A to point B. Pipeline 2 connects 
the compressor outlet and the joint of the gas purge line, i.e., from point C to point D. Pipeline 3 connects the 
joint of the gas purge line and the truck inlet, i.e., from point D to point E. Pipeline 4 connects the truck 
outlet and the joint of the liquid ammonia purge line, i.e., from point F to point G. Pipeline 5 connects the 
joint of the liquid purge line and the inlet of the storage tank, i.e., from point G to point H. Pipeline 6 is the 
compressor recycle line, i.e., from point C to point B. Pipeline 7 is the gaseous ammonia purge line, i.e., from 
point D topoint I. Pipeline 8 is the liquid purge line, i.e., from point G to point J.In principle, a pipeline is 
installed to connect two process units to facilitate material flow. All of the valves on this pipeline must be 
opened to ensure that it is ªin serviceº, and it becomes ªoff serviceº if otherwise. Let us consider pipeline 1 
as an example; the corresponding PN model is shown . It is clear from this model that, to move from ªoff 
serviceº to ªin serviceº, both valves v1 and v2 must be opened. On the other hand, it is only necessary to 
close one of them to take the pipeline ªoff serviceº.The operation status of the system is clearly reflected in 
the states of the compressor and also these pipelines. 

 
Figure 4.PN model of pipeline 1 
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3. SYSTEM DESCRIPTION FOR MCRC 
The process design of SRU is based on the MCRC technology,which is licensed by M/s Delta Hudson 
Engineering Ltd. It is acombination of clause process and the extension of clause reactionupto the 
temperature at which the product sulphur startscondensing on the catalyst. Extension of clause reaction 
uptosulphur dew point enhances sulphur recoveries beyond 99%. Assulphur condensation on the catalyst 
leads to its activity reduction,regeneration of such portion of the catalyst bed is required. 
3.1 CLAUS SECTION 
Each train of the SRU consists of one thermal reactor, i.e., theMain Combustion Chamber (MCC) and four 
catalytic converters.The first catalytic converter is a conventional clause converter,while the last three are 
MCRC converters that alternate between asub-dew point mode and a regeneration mode. With such a 
fourconverterMCRC configuration, sulphur recovery higher than 99% is achievable. The salient feature of 
the MCRC process is thatregeneration takes place on line. 
3.2 MCRC SECTION 
In the MCRC section, there are three catalytic stages along withrespective sulphur condensers. Operating 
conditions in two of thethree MCRC reactors are aimed in such a way that the adsorptionof produced 
sulphur takes place on part of the catalyst present inthe reactor. Such adsorption of sulphur of the catalyst is 
achievedby maintaining temperature in the corresponding reactors lowerthan the sulphur dew point. 
Removal of sulphur from productgases of clause reaction is done by the way of adsorption oncatalyst to 
increase the sulphur conversion by moving clausereaction in forward direction. Additionally, lower 
reactiontemperature also helps thermodynamic equilibrium to shifttowards higher sulphur equilibrium 
concentrations. Thus, overallhigher sulphur conversions are easily achieved by reducing theoperating 
temperature in the catalytic reactors. However,deposition of sulphur on active site of catalyst prohibits its 
furtheractivity. To regenerate the activity of such catalyst sites, sulphurpresent on such sites needs to be 
desorbed.Desorption of sulphur is carried out by operating the reactors attemperature higher than sulphur 
vaporization temperature. Theneed for operating sulphur loaded catalyst at higher temperaturesis met by 
operating one of the three MCRC reactors at any giventime under regeneration mode. Each MCRC reactor 
operates insequence under (1) Regeneration mode (Mode I), (2) Sub dewpoint mode-1 (Mode II) and (3) 
Sub dew point mode-2 (ModeIII).As mentioned above, MCRC section includes the three sub dewpoint 
sulphur converters. These converters alternate between a subdew point mode of operation and a 
regeneration mode. For thepurpose of discussion, the converter operating in the regenerationmode is said 
to be in the sulphur converter II position and theconverters operating in the sub-dew point mode are said to 
be inthe No. III and No.IV positions. The reheated gas from the clausesection enters the No. II position 
sulphur converter andregenerates the catalyst bed by vaporizing sulphur which waspreviously adsorbed 
onto the catalyst when this converteroccupied the No. III and IV positions. Clause conversioncontinues in 
this converter even while it is regenerating. The exitgas is cooled to remove elemental sulphur and flows 
directly(without reheat) to the No. III position sulphur converter that isoperating in sub-dew point mode. 
The gas mixture from converterflows to condenser, and the balance gas from condenser directlyflows to No. 
IV position sulphur converter, where additionalsulphur is produced and adsorbed onto the catalyst.The 
adsorbed sulphur onto the catalyst is removed from the sameconverter in the next cycle. Approximately for 
every 24 hours,one of the three MCRC converters is changed from sub dew pointmode to regeneration 
mode, and another one is changed fromregeneration mode to sub dew point mode. The cycle time ischanged 
depending on the loading of sulphur onto the catalyst bedduring actual operation. 
 

4. SYSTEM MODELING 
As mentioned in the earlier section, system modeling is doneusing Petri nets, considering the whole process 
as a discrete eventsystem. The presence of a token in a place denotes the conditionfor starting an operation 
or event, firing of a transition denotes thestart of the event and movement of the token from one place 
toanother represents condition after the operation or event iscompleted. Based on these conditions, the 
modeling of the system is done.Figures 1 and 2 represent the equivalent systems for valvesequence 
operations of MCRC cycle1 to cycle3 and vaporizedLPG header train modeled using Petri nets. The dark 
circlesrepresent the actual valves that are present in the unit. The whitecircles represent the conditions for 
the valve, i.e., whether open orclosed. Thus, presence of token in the respective white circlesshows that the 
corresponding valves are to be kept open or closed.Once successful modeling of the system is completed, 
thealgorithms for fault diagnosis are developed and thecorresponding fault (valve failure, sensor failure 
etc.) can bedetected and identified. 
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Fig. 5: Petri net model of MCRC valve sequence 

 

 
 

5.  A SIMPLE BATCH PLANT 
This process used to illustrate the idea of supervisor design for the purpose of resourceallocation for two 
process lines chemical process shown in Figure 6.In this figure, two mixing tanks shared the same supply 
tank and only one tank can be filled ata time. Based on the receipt given in Table 1, using Petri net tool  the 
PN model ofthe two individual process lines shown in Figure 6 is constructed as depicted in Figure 7. 
Thismodel is structured using the bottom-up synthesis method. In this sample, the places Pm3 are 
corresponding to the outlet valve of the supply tank. 
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Fig 6: Batch Process Cell 

 

 
Table 2:Places and transitions for each sub-model of Figure 7. 

 

 
Fig 7:Petri net model of the overall system. 



[ VOLUME 6  I  ISSUE 2  I APRIL– JUNE 2019]                                                     E ISSN 2348 –1269, PRINT ISSN 2349-5138 

  162         IJRAR- International Journal of Research and Analytical Reviews                                          Research Paper 

4.1. CONTROL OF CONTINUOUS ACTIVITIES AS A PART OF HYBRID SYSTEMS 
The main objective of this subsection is to control the continuous part of a complex batch processshown in 
Figure 8. This process comprises six input buffers, two mixing tanks and two reactorvessels. In this case, 
heating and cooling are continuous variables of this batch process. Thepreparation of the input substances 
takes place in two mixing tanks to which the raw materialsare supplied from three supply tanks (buffers). 
The substance is composed from one of the twobasic components (component ‘a’ or component ‘b’) that is 
diluted to the required concentrationby component ‘c’. The filling of the mixing tank is controlled by the 
on/off valve Vma incombination by one of the supply tank valves Vsa, Vsb, or Vsc. The discharging of the 
mixer iscontrolled by the on/off valve Vmb. The level in the mixing tank is measured by the level sensor; L. 
Inthis case, the temperature of the reaction for each reactor is controlled using fuzzy neuralsystems-based 
local controllers  that are designed for each of heating and cooling phasesin each process line. It is controlled 
by feeding hot or cold glycol through the reactor jacket,which surrounds the reactor vessel. 

 
Fig 8:Batch process cell with two mixers and two reactors 

 
Fig 9:Petri net model of the supervised system. 

 

6. CONCLUSIONS 
In this paper, the total description of the process monitoringis attempted, and the results are obtained 
alongwith the evaluation of performance measures. For this purpose,the MCRC of SRU areconsidered for 
study and modeled using Petri nets. The proposedscheme is very useful in diagnosing valve and sensor 
failureswhich are common phenomenon in process industries. In the case of Liquid Ammonia Loading 
Operation a hierarchical approach to construct a PN model has been developed for describing the liquid 
ammonia loading operation. Different models have also been developed and included in the system model. It 
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can be observed from the simulation results that the proposed PN model is quite useful for vigorous hazard 
analysis of the sequential operations. 
 

7. REFERENCES 
1. Theillol, D., Noura, H., and Ponsart, J. C., “Fault diagnosisand accommodation of a three tank system based 

onanalytical redundancy,” ISA Transactions, vol. 41, no.3, pp-365-382, July 2002. 
2. Asokan, A., and Sivakumar, D., “Fault detection anddiagnosis of a three tank system using structured 

residualapproach,” International Congress for Global Science andTechnology-International Journal on 
Automatic control andSystems Engineering, vol. 7, no. 2, pp. 1-8, Nov. 2007. 

3. Lincon, S., Sivakumar, D., and Prakash, J., “State and faultparameter estimation applied to three tank bench 
mark system relying on augmented state Kalman filter,”International Congress for Global Science and 
Technology-International Journal on Automatic control and SystemsEngineering, vol. 7, no. 1, pp. 33-41, May 
2007. 

4. Simeu, A., Mascolo, M., and Michal, K., “Fault diagnosis fordiscrete event systems: Modeling and verification,” 
ElsevierJournal of Reliability Engineering and System safety, vol. 95,no. 4, pp. 369-378, April 2010. 

5. Renganathan, K., and Bhaskar, V., “Observer based on-linefault diagnosis of continuous systems modeled as 
Petri nets,”Journal of ISA Transactions, vol. 49, no. 4, pp. 587-595, Oct.2010. 

6. SImulateur de Réseaux de Petri discret, HYbridesetContinus at: http://www.lag.ensieg.inpg.fr/sirphyco/ 
7. Vaidyanathan, R.; Venkatsubramanian, V. Digraph-Based Models for Automated HAZOP Analysis.Reliab.Eng. 

Syst. Saf.1995,50, 33. 
 
 
 

http://www.lag.ensieg.inpg.fr/sirphyco/

