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Abstract

In this paper, a novel methodology in batch plant safety and reliability analysis is proposed using a dynamic simulator. A batch process involving
several safety objects (e.g. sensors, controller, valves, etc.) is activated during the operational stage. The performance of the safety objects is
evaluated by the dynamic simulation and a fault propagation model is generated. By using the fault propagation model, an improved fault tree
analysis (FTA) method using switching signal mode (SSM) is developed for estimating the probability of failures. The timely dependent failures can
be considered as unavailability of safety objects that can cause the accidents in a plant. Finally, the rank of safety object is formulated as performance
index (PI) and can be estimated using the importance measures. PI shows the prioritization of safety objects that should be investigated for safety
improvement program in the plants. The output of this method can be used for optimal policy in safety object improvement and maintenance. The
dynamic simulator was constructed using Visual Modeler (VM, the plant simulator, developed by Omega Simulation Corp., Japan). A case study
is focused on the loss of containment (LOC) incident at polyvinyl chloride (PVC) batch process which is consumed the hazardous material, vinyl

chloride monomer (VCM).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Plant safety and reliability are the significant issues in the
increasing public acceptability and worldwide market chal-
lenges for batch chemical industries (BCI). Particularly, there
is a highly demand on the PVC products, since they are rela-
tively inexpensive to manufacture and tended to replace more
conventional material such as metal, wood, or leather in a wide
variety of products. It has been shown that BCI are more prone
to error to safety incidents [1]. As the consequence, BCI should
improve safety and reliability aspects at the design stage as well
as operational stage. At plant design stage, potential of haz-
ardous situation are clarified and causal relationship between
causes and effects are investigated [2]. Based on this issue, the
use of dynamic simulator is essential to envisage the future situ-
ation and predict the possible hazardous outcomes. Nowadays,
the dynamic simulator has been extensively used for operator
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training, operational design and safety purposes. However, it
still needs improvement to achieve the comprehensive safety
analysis by integrating the simulator with safety and reliability
tools. Simulation practices are widely used to provide quantita-
tive measures to assess fault propagation and abnormal situation
[3].

The aim of this article is to assess the hazardous condition
(LOC) in the PVC batch plant using improved dynamic simula-
tor, the simulation result is incorporated to the fault propagation
analysis. Then, the credible safety assessment can be performed
using fault tree analysis and importance measures. The safety
assessment is conducted by evaluating critical safety objects.
The groups of safety objects are installed in the plant for detect-
ing, preventing and mitigating the hazard. From this point of
view, it is important to guarantee all safety objects are working in
high performance. This is an essential point, because it is known
that during PVC production, the hazardous material (VCM) is
consumed and reacted to produce PVC. Therefore, the hazard
prevention should be implemented to avoid such consequences.

This paper also proposes a novel approach in implementing
batch process safety assessment. A safety object is considered
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Nomenclature

a; unavailability of repairable basic event
A; unavailability of minimum cut set j
At unavailability of top event

BE basic event

cont:F  controlled by flowrate

cont:7 controlled by temperature

Cy valve coefficient

d fraction of valve opening

f flowrate

F false

FTA fault tree analysis

h(d) flow characteristic as function of d
Ipy Fussell-Vesely index

ISA Instrument Society of America
LOC  loss of containment

MCS  minimum cut sets

AP pressure drop across valve

P(BE) probability of basic event

P(Fso) probability of failure for safety object

P(Fss) probability of failure for subsystem

P(Fss[T,]) probability of failure for subsystem
at sequence n

P(TE) probability of top event

PFOD probability of failure on demand
PI performance index

PV process variable

sg specific gravity of material

S sensor point

SF sensor-flowrate (flow sensor)

SO, safety object n-th

SSM  switching signal mode

ST sensor-temperature (temperature sensor)
T true

T; test interval for basic event i

TE top event

Vv valve

Greek letters

2 valve constant

Ai failure rate for basic event i

T repair time for basic event i

as a critical device which should be inspected by monitoring the
process variables. It produces the numerical result of simulation
which can be used for further safety investigation. Since the
process is in the batch mode, a particular treatment of safety
analysis is required by incorporating the process scheduling in
a period of time.

The dynamic simulation of batch chemical process is being
importantly used for quantitative hazard assessment [4] and is a
powerful tool to analyze unsteady state behavior of the chemi-
cal process and can be used in all stage of process engineering
activities such as process design, operation, control and automa-

tion. The dynamic simulation is a very important component of
process hazard analysis, since it can quantitatively predict the
consequences of critical component failures [5]. Several haz-
ard assessment methods have been established and connected to
the dynamic simulation. The dynamic simulation must perform
some interpretation and presentation of the output generated by
the simulator.

The main focus of this study is the loss of containment (LOC)
incident. This incident causes the fires and explosion. Based on
the newest data, LOC occurred mostly during normal operations
[6]. An integrated evaluation should be developed to support
safety management in batch chemical industries by evaluating
safety objects (devices). Safety objects prevent and mitigate the
hazards. In this paper, sensors, valves, cooling water pump are
considered as safety objects that capable in handling deviations
during operational stage.

2. Methodologies

This part contains the methodologies in plant safety and reli-
ability analysis using simulator. It is started from designing and
running the simulator using VM, developing scenario models by
using a fault propagation analysis [7-9] and a fault tree analysis
method and finding the optimal policy for safety design by esti-
mating the importance of safety measures using Fussell-Vesely
method.

2.1. Dynamic simulator

2.1.1. Conceptual design of batch process

A simulator for batch process is effectively designed by using
the object-oriented methodology based on the ISA S88 standard
on batch control design. This is a worldwide standard which has
been applied for a reference in a batch plant design. Naturally,
ISA S88 described the model in object-oriented schema. ISA
S88 divided a plant structural information with procedural and
control model [10]. However, it was only effectively manage the
batch process to achieve the high quality product. A batch struc-
tural model is divided into process cell, unit, equipment module
and control module. Each level represents the specific bound-
aries of equipment starting from a wide group area (process cell)
to a smallest group (control module). A process model can be
described in hierarchical level, starting from (i) process stage, (ii)
process, (iii) process operation and (iv) process action. Another
classification is applied to procedural control model, which con-
sists of (a) procedure, (b) unit procedure, (c) operation and (d)
phase. The model of ISA S88 introduced the integrated strat-
egy for performing batch process. This model could manage the
complex structure in a simple and a realistic way. The smallest
part of the model such as a phase or a process action covers the
detail processes, therefore, complete analysis could be done in
this level [11].

The general framework of modeling using ISA S88 consists
of physical, procedural, process and recipe model. ISA S88
explored the relationship of the models and describes the pro-
cess objectives in a batch plant. A procedural model combines
the physical entities to perform the process. The process objec-
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Fig. 1. Procedural model and physical equipment mapping to achieve process objectives [10].

tives can be achieved by implementing the detail procedures to
the specific equipments. A safety designer should consider the
model framework to construct safety environment and to design
the safety aspect parameter. The relationship among the models
in ISA S88 can be seen in Fig. 1.

InFig. 1, itcan be seen that the lowest level (phase, equipment
module and process action) has an important role in performing
safety aspect in the plant operations. The phase level is associ-
ated with process-oriented tasks, some examples of phases can
be:

e add material;
e heat up;
e agitate.

In the phase level, the instructions should be executed by a
equipment module level or a unit level. The equipment module
is defined as a functional group of equipment performs a finite
number of the specific minor processing activities. An equip-
ment module consists of components performing one or more
specific functions and an equipment module may be made up
of control modules or other equipment modules. A combination
of a phase and an equipment module can execute the process
action. The process actions represent minor processing activi-
ties that are combined to make up a process operation. Examples
of process actions as follows:

e heat material in reactor to 60 °C;

e open valve V-3123 for steaming the reactor;

e hold the reactor temperature about 60 °C until the pressure
decrease.

When the process action is executed, a batch process is acti-
vated and the state of equipment changes. We introduced the

switching signal model (SSM) which can cover the change of
batch status. The detail description of SSM in managing batch
will be discussed in Section 3.2.

2.1.2. Process dynamic design

The main part of simulator is a knowledge based containing
algorithm and data needed to calculate the processes, therefore,
mathematical modeling and simulation are valuable tools for
quantitative safety investigation [12].

This paper will be focused on the VCM charging line which
is the most hazardous line and connected to the polymeriza-
tion reactor. VCM is identified as colourless gas with empirical
formula CoH3Cl [13]. VCM is also known as carcinogen and
explosive gas. VCM charging line can be drawn in Fig. 2.

VCM gas is loaded from tank truck into the vessel (loading
process), after that gas is stored in vessel for a temporary time.
Gas in vessel is charged to the reactor through VCM charging
line. Several safety objects are implemented to prevent from haz-
ardous condition. For example, when a problem occurs in pump
P-110 and causes high output, therefore, flowrate of material
will escalate and several safety problems arise.

Therefore, process dynamic design should consider the pro-
cess variables of the hazardous material such as flow, level,
temperature, pressure, etc., these variables are controlled under
safety objects (sensors, controllers, valves, pumps, etc.). Here,
for the case study, process dynamic design for the valve systems
in controlling material flow is presented. The flow through valve
can be described as follows [14]:

f=Ch(@d) | — ey
sg

while AP, Cy for each valve, sg of VCM are obtained from com-
ponent specification, however, h(d) for equal percentage valve

SV-105  SV-106

SV-2102 SV-2103
VCM Truck D110
>
Zone 1 Zone 2 Zone 3

Zone 4 Zone 5 R-01

Fig. 2. Overview of VCM charging line.
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type can be modeled as follows [14]:
h(d) = 247! )

For flow-valve position relationship can be expressed as follows
[14]:

F=Coi! Al 3)
v
sg

in logarithmic form, Eq. (3) will be:

a-1 |AP
log[ f] = log |Cy$2 e “4)
assuming log 2=1£2p, Cy, AP and sg are constant, d can be
obtained as follows:

e
d= % log {Cv AP} +1 Q)

The valve position d will vary between 0 and 1, flow through
valve f should represent the ideal/safety value for zone 5. The
correlation between d and f'can be simulated and shown in Fig. 3.
Information from the equation can be used to manipulate an
object (a valve) performance index.

The mathematical equations are implemented for each com-
ponent, for example, the above equations describe the valve
characteristic in controlling material flow. The parameters and
constants are adjusted to the operational stages constrain.

2.1.3. Development of batch dynamic simulator
The dynamic simulations are often used for operator training,
process design, safety system analysis or design and control

i
L=3 I
GD‘% Fio?

0.8
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04 ¢

Valve Position Index

0 20 40 60 80 100
Flow through valve

Fig. 3. Simulation of valve position index in controlling material flow.

system design. The charging part of PVC batch process and
polymerization reactor can be modeled using dynamic simulator
user interface can be seen in Figs. 4 and 5.

In batch process, scheduling has an important role in control-
ling the process actions based on procedure and time sequence.
After one task is completed in a slot of time, another task will
be processed. For each task, process variables are detected and
controlled by the safety objects. In order to implement the safety
and reliability analysis, it is essential to record process variable
data, which can be used for scenario model development using
fault tree analysis method.

The dynamic simulator provides the real time graphics for
simulation results. During simulation, all the data from sensor

clog Y105

Fig. 4. Charging line part of PVC plant diagram using VM.
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Fig. 5. Reactor part of PVC plant diagram using VM.

is sent in numerical results to the spreadsheet software. Based
on the batch plant behavior, the results are sent by following the
sequence of task, from the first to the final task. The results are
recorded and can be used for further investigation. The example
of results of the simulation for temperature inside the reactor
can be seen in Fig. 6

Fig. 6 shows that the temperature inside the reactor which is
divided into three zones: (i) charging task, it reflects the begin-
ning part of process when materials are charged to the reactor,
(i1) heat up, it is indicated with increasing of temperature by
steaming the reactor, finally, (iii) reaction task, during this step,
temperature is maintained in between 50 and 60 °C by charg-
ing the cooling water, it is shown by sinusoidal wave in zone

60
111
50
404 I

301

[degC]

20

10

1 3289 6576 9863 13150 16438 19725 23012 26299

Time[sec]

Fig. 6. Simulation result for the temperature inside the reactor.

IIT which represents the up-down of temperature by heating and
cooling transition.

3. Scenario model based on fault tree analysis
3.1. Developing the scenario model

Dynamic simulation provides a large amount of process vari-
able data. The VM transfers the simulation result to a spreadsheet
program. By using a spreadsheet, it is simple to simulate the data
for the next purposes. The data should be analyzed to support the
safety management level in developing the scenario. The con-
cept of scenario is a description of an expected situation, and the
there is a reasonable probability that it would occur [15]. Fault
tree analysis (FTA) and event tree analysis (ETA) are widely used
for analyzing complex components and systems, especially in
identifying system interrelationships. FTA method is chosen for
this study, because of it can be used to investigate the causes
that eventually create to an undesired consequence (top event).
FTA describes the scenario model for LOC based on simulated
process data.

A group of qualitative data can be structured and developed to
obtain the building block of FTA. In order to perform the safety
analysis for chemical plants, it is necessary to have an estimation
of top event probability. The results of safety analysis support
the optimal policy for process safety design, for example to min-
imize the probability of accidents, industries should follow the
related recommendation in maintenance, replacement and rear-
rangement of safety objects. In order to develop the credible
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FTA by using dynamic simulator, there are several steps which
will be described as follows:

e Step 1: define the system and context, this is an essential

step since an understanding of the system and context of

the failures, causes and the relationships with consequences,

including the understanding of:

o safety objects and the specification;

o batch topology and structure;

o batch procedure (recipe) and operational model;

o logical link among failures, causes, consequences and fault
propagation.

Step 2: construct the fault propagation table based on the sim-

ulation results, this step describes the mapping from numeri-

cal results into qualitative analysis using IF-THEN rules:

IF {PV # PViecipe} AND {time > #criica1} THEN {Condition}
(6)
For example:

IF {temp > tempryrespoLp) AND {time > 1 minute}

THEN {temp is high}

The above rule is an example that can be implemented
to convert the numerical results (temperature measurement)
into qualitative variables (high temperature). This example
describes how the high temperature occurred due to sensor
system detected temperature in one point, higher than the
threshold and the duration time at this level is longer than
1 min. This rule is effective and efficient in mapping and sim-
ulating the numerical result into qualitative measurement for
fault propagation analysis. IF-THEN rules create the intel-
ligent decision for the states in batch plant using variable
status. The list of variable status of safety objects can be seen
in Table 1.

Step 3: identify the hazard, hazard identification can be rea-
soned using fault propagation table, this step is also simulated
by IF-THEN rules:

IF {Condition at SO} AND {Condition at SO} ... AND
{Condition at SO,,} THEN {Hazard} 7)

while, SO;---SO, (safety objects) are the safety objects in
the phase level, for example:

IF {flow at SF-117 is high} AND {temp at V-104 is open}
... AND {flow at S-110is high} THEN {LOC}

The above rule describes the example of hazard identifica-
tion by reasoning the condition of safety objects using fault
propagation. The example shows that LOC may occur after
specific conditions are treated at the safety objects.

Step 4: develop the FTA based on the fault propagation table,
then expand FTA up to the basic events and incorporate the
house of event. The house of event becomes a valuable tool
for reducing the complexity of FTA, the house of event is

D. Rizal et al. / Journal of Hazardous Materials A137 (2006) 1309-1320

Table 1
List of variable status of safety objects

Safety objects Possible status

Flow sensor Normal
Very high
High
Low
Very low
No
Not detect

Control valve Open
Close
Control: T
Control:F

Safety decision Yes
No

Temperature sensor Normal
Very high
High
Low
Very low
Not detect

Level sensor Normal
High
Low
Empty
Not detect

Pressure sensor Normal
High
Very high
Low
Very low
Not detect

expressed in SSM and will be explained more detail in Sec-
tion 3.2. By using the FTA method, it is possible to simulate
a condition that is assumed to be exist as a boundary con-
dition using house of event [16], and an event simulated
can be switched on and off to develop appropriate scenario
branch. For each of house of event is set to Boolean status T
(true) or F (false). The switch signal can be generated as the
function of time, yields dynamic analysis for systems [17].
In this study, the simulated SSM performs the time depen-
dent failure of occurrence of BE. P(TE) can be estimated
as a function of successful (T) of SSM in minimum cut set
part.

e Step 5: find the minimum cut set (MCS), a quantification
method for FTA using minimum cut set (MCS) method can
be described as follows [16]:

n
P(TE) = ) _P(MCS;) — > P(MCS; N MCS;)
i=1 i<j
+ ) P(MCS; NMCS; N MCSy) — - -

i<j<k

+ (=D Pavmes)) (8)

i=1
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MCS is a set of primary events, that is of basic or undeveloped
faults, which can contribute to the top event (TE) [16]:

m
P(MCS;) = [ [ P(BE)) 9)
j=1

e Step 6: estimate the probability of occurrence of MCS, MCS
is the combination of BE, therefore, probability of occurrence
each MCS is important for estimating the occurrence of TE.
At first, the unavailability of repairable basic event can be
estimated as follows [16]:

_ AiTi
o 1+ )\.il'i

ai

- e(—xi+l/ri)t] (10)

where A; represents the failure rate of basic event, 7; is the
repair time, and for non-repairable basic event, the probability
of failure on demand (PFOD) can be estimated as follows [16]:

1 T;
PFOD = —/ a;(t)dt (11)
T; Jo

where T; represents test interval for BE;, after that, the unavail-
ability of MCS can be calculated as follows [16]:

nj

A;= Hai (12)
i=1

and the PFOD of MCS can be shown by [16]:

1 /T._
ppon,:?/ A0 di (13)
0

e Step 7: estimate the unavailability of TE, this is given by [16]:
nj

Ar=3) A, (14)
J=1

These steps describe the numerical simulation of FTA and
the results for plant safety and reliability improvement can be
obtained.

3.2. Dynamic analysis using simulator

A dynamic simulator simulates time dependent of hazardous
situation. For the batch process, each task is activated based
on the time sequence. Time sequence is modeled by switch-
ing the on (1) and off (0). The dynamic simulator generates the
switching signal mode (SSM) to activate or deactivate the pro-
cess. Therefore, SSM contributes to the system configuration
changes. It reduced the complexity in analyzing the hazardous
situation when SSM set to off (0 or false) condition, because
the safety objects at time ¢ are non-activated. The other advan-
tage is PI rank can be managed timely dependent, since MCS
depends on BE and SSM. The result gives the optimal policy for
improvement and maintenance activities of safety objects.

Generally, the batch process is conducted by activating the
tasks. These tasks are implemented using SSM which naturally
describes the process task execution based on time sequence.
The SSM model for one batch is shown in Fig. 7.

I_I Cleaning/
Prepar ation
I | DMW & Dipersant
Agilation I I
VCM I |
Steam | I
Initiator I I
| L]
Product | |

Ta Ts Tc Tbp T Tr Ta  Tu Ty
Time Sequence

Fig. 7. Switching signaling mode for PVC batch process.

From Fig. 7, we generate the characteristic of the processes
which can be described by process matrix (PM). PM for a batch
product may differ from other products. Thus, PM can be adap-
tively modeled and designed as a tool for safety and reliability
analysis in a batch process. The example of PM can be seen as
follows:

[Paa Pab Pac Pad Pae Par Pag Pan  Pai
Ppa Ppb Psc Psa Pse Pef Py Psn Psi
Pca Pco Pocc Pca Pee Por Pcg Pon P

SSM, — Ppa Pob Poc Ppda Poe Por Pog Pon  Poi (15)
Ppa Ppp Pec Ped Pee Per Peg Pen  Pri
Pea Pro Pec Pra Pre Pet Prg P Pri
PGa Pob Poe Poa Poe Por Pog Pon Fai

LPya Pav Pac Paa Pue Pur Pug Pan Puid

and the PM for Fig. 7 is

10 0 000 0 0 0]
010000000
001111110
000100000

SSM; =
000010000
000O0O0OT1O0GO00O0
0000O0OTLO0O
(0000 0O0O0O0T1 0]

SSM; is a representation of a batch switching mode through
sequence of time. The horizontal part represents a number of
time sequences for a batch process which determines the acti-
vation period of the systems. The vertical part contains a num-
ber of batch tasks (phases) for one batch cycle. For example,
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{Paa, Pab, - - - ,Pai} are the parameters of activation for prepa-
ration/cleaning task in time sequences {7, Tp,...,T;}. SSMj
describes the behavior of the certain process as a function of
time sequence.

The simulator performs the process based on SSM, therefore,
the complexity of the process and the hazards are managed by

D. Rizal et al. / Journal of Hazardous Materials A137 (2006) 1309-1320

These events contribute to the failure of subsystems and systems.
The multiple failure model is expressed in a task matrix (TM)
that should be analyzed concurrently with the process matrix
(PM):

Pssn,  Pssg, Pssc, Pssp,  Pssg,  Pssp, Pssg,

Pssn,  Pssgy,  Pssc,  Psspy,  Pssg,  Pssmy,  Pssap

Pssy.  Pssg.  Psscc Pssp.  Pssge  Psspe  Pssge

Pssng  Pssgy  Psscq Psspg Pssgq Psspg Pssga

P(Fss) = | Pssx. Pssge  Pssce Psspe  Pssge Psspe  Pssge
Pssyy  Pssyr Pssee Psspr Pssyr Pss Pssr

Pssy, Pssg,  Pssc, Pssp,  Pssg,  Pssp,  Pssg,

Pssyn  Psspy Pssc,  Psspy  Pssg  Psspy Pssgy

L Pssni Pssg;  Pss; Pssp  Pssy Pssy Pssg

the matrix configuration. Since, the batch is a discontinuous
process, SSM is important in order to obtain credible analysis
of the batch process. In the other way, for a continuous process,
SSM s notrequired due to all steps are steady state and relatively
simple.

3.3. Integrating the scenario model and dynamic behavior

This section describes the integration between the scenario
model and dynamic behavior in order to perform batch pro-
cess safety analysis. The new approach is developed to evaluate
the condition which covers the plant behavior. The method
is designed by integrating the probabilistic safety assessment
(PSA) and dynamic simulation. PSA method using FTA for
developing scenario has been explained in Section 3.1. In this
section, we intend to synchronize that scenario with the PM
which is discussed in Section 3.2.

A complex batch process is divided to several phases/tasks,
each task is recognized as a subsystem (SS) of the batch process
system (S). The hazard in a batch system is identified in two
categories—single failure model: this model represents that an
initiating event generates the failures in a subsystem, the single

failure model as a function of safety objects is expressed as
P(Fss,) = P(Fso,) N P(Fso,) - N P(Fso,) (16)

to synchronize the failure in batch process, Eq. (16) should be
integrated with PM:

P(Fss,[Tn]) = P(Fss,) N P(SSMy) 7)
while probability of failure for the batch system is
P(Fs[T,]) = P(Fss[Tu]) (18)

Eq. (18) represents a consequence or a top event that may occur
if the fault propagates through the process. By considering this
model, the failure of batch system can be evaluated, and failure
configuration can be known. The failure configuration is sig-
nificant for further investigation of the system—mnultiple failure
model: this model is caused by a combination of initiating events.

P(Fss) = TM NPM (19)
:z:: [Paa Pab Pac Pad Pac Par Pag Pan  Pai
Pes,, Pg, Ppob Psc Psa Pee Per Ppg Psn Psi
Pesi Pca Pco Pecc Pcd Pece Por Peg Pon Foi
Pes,, Ppa Pob Ppe Ppa Ppe Por Ppg Pon Poi (20)
Pesiy Pga Ppy Pec Pea Pee Per Peg Pen Pri
Posu, Pra Py Prc Pra Pre Prr Prg Prn Pri
Pesa Pca Pob Poe Pca Pce Pot Pog Pon Poi

LPua Pav Puc Pud Pee Pur Pug Pun  Puid
Pssy; |
The failure of the system can be estimated as follows:
m
P(Fs[Ts)) = | ) P(Fss, [T.]) @0

n=1

The multiple failures model is constructed for at least two initi-
ating events. A horizontal part of TM represents the probability
of all subsystems in a period of time and a vertical part repre-
sents the probability of each subsystem for whole the processes.
Multiple failures model shows how the initiating events can gen-
erate the multiple failures in the subsystem, and a combination
of failures in a subsystem propagates and generates the failure
of systems. It is known that 7}, is the time sequence of a subsys-
tem, and failure of systems are treated in a total time of related
subsystems 7.

The model can be used for estimating the performance of a
system based on the simulation of switching on and off of the
subsystems. It contributes to reducing the complexity of batch
process without neglecting the nature of batch process in dis-
continuous type. This method offers a technique to manage the
safety analysis in batch process which can give more advantages
in estimating the performance index.

4. Performance index (PI) simulation

An advantage of using fault tree analysis is the importance
for each components or each MCS [18]. This part can be used to
support safety and risk management to evaluate the importance
of components and parameters influencing the performance of a
system. The result of the analysis will be used in design stage to
modifying and improving the system. This measure was intro-
duced by Vesely and followed by Fussell, the basic idea is a
component can contribute to system failure by its presence in
one or more cut sets [19]. The established method to estimate
PI is Fussell-Vesely (Ipv). Iry shows the same result with the
risk reduction worth (RRW) method. The Iry can be explained
as follows:

I — P(TE) — P(TE) pgE =0
Bv= P(TE)

(22)
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Iry considers the ratio of the probability of the union of all MCS
containing the BE;, divided by the probability of the union of all
MCS. In other word, the numerator is replaced by probability of
TE minus probability of TE when the probability of occurrence
of the basic event of interest is set to zero and the denominator
is probability of occurrence of the TE. These measures estimate
the probability that event i is contributing to system failure. The
PI is a type of sensitivity analysis and can be used for system
design, diagnosis and optimization. For example, based on the
PI simulation results, enterprises can estimate the rank of root
causes that contribute to the hazards in the batch plant. Safety and
reliability improvement can be implemented after considering
this simulation result such as inspection, maintenance and failure
detection. The other advantage is the implementation of safety
and reliability re-design for batch process after considering the
results of simulation.

5. Case study—simulation result
5.1. Simulation of LOC and scenario development—Case 1

This method is implemented for LOC at polymerization batch
process, the two main causes of LOC are runaway temperature
and overflow [6]. Reported by an industry that temperature at
reactor lead to 110 °C, this temperature was exceeded than nor-
mal temperature during process, however cooling process did
not help much, and reaction began to runaway and pressure in
the reactor rose to 47-55 psig. It is known that a runaway reac-
tion leads to LOC. The simulation result for runaway can be
seen in Fig. 8.
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Fig. 8. Simulation result for runaway reaction.

From the results of the simulation show the importance of
safety objects in mitigating the chain of events from BE. We
consider the instrumentation devices (flow, temperature) and the
control valves (automatic and manual) and a cooling water pump
as the objects under study. The qualitative analysis result after
implementation of rule base mechanism shows the fault propa-
gation model that can be shown in Tables 2 and 3.

Based on qualitative analysis, we implement FTA, this graph
can be shown in Fig. 9.

Considering the FTA in Fig. 9, it can be seen on the
right-hand side (RHS), overflow material (G3) contributes to
LOC. P(G3)=P(G6) AND P(G7), or P(G3)=(P(G12) OR
P(G13)) AND P(G7), and P(G3) based on BE and SSM will
be (P(BE¢1...6n) AND SSMj) OR (P(BE71...7,) AND SSMy)
AND (P(BEg) AND SSMj)). For the left-hand side (LHS),
P(G2)=P(G4) AND P(GS5), where (i) P(G4)=((P(BE;) AND
SSM3) OR (P(BEz) AND SSMy)); (ii) P(G5) = ((P(BE3;.. 34)
AND P(BE4;. . 4n) AND SSM; AND SSM3) OR (P(BEs; .. 5,)
AND SSMy)). The MCS can be obtained automatically from

Table 2

Example of fault propagation model using dynamic simulator output with high flow deviation triggered

SSM Trigger SF-117 V-104 SF-118 SF-105 V-105 S-110 LOC
[0OO0OO1 0 0 0 0 0] P-104:H High Open High High Open High Yes
[0 OO 1 00 0 0 0] P-104:H High (Cont:F) High High Open High Yes
[0OO0OO 1 0 0 0 0 0] P-104:H High (Cont:F) High High (Cont:F) High Yes
[0OO 1 00 0 0 0] P-104:H High Open High High (Cont:F) High Yes
[0OO0OO 1 0 0 0 0 0] P-104:H Not detect Open High High Open High Yes
[0O0OO 1 00 0 0 0] P-104:H Not detect Open High High (Cont:F) High Yes
[0O0OO 1 0 0 0 0 0] P-104:H Not detect Open Not detect High Open High Yes
[0OO0OO1T 0 0 0 0 0] P-104:H Not detect Open Not detect Not detect Open High Yes
[0O0OO1 0 0 0 0 0] P-104:H Not detect Open High Not detect Open High Yes
[0O0OO 1 0 0 0 0 0] P-104:H High Open Not detect Not detect Open High Yes
[0O0OO 1 00 0 0 0] P-104:H High Open High Not detect Open High Yes
[0OO0OO 1 0 0 0 0 0] P-104:H Norm Open Norm Norm Open Norm No
[0OOO1 0 0 0 0 0] P-104:H Norm Open Norm Norm Open Norm No
[0OO0O 1 0 0 0 0 0] P-104:H High Close No No Op/cl No No
[0O0OO 1 0 0 0 0 0] P-104:H High Open High High Close No No
[0OOO 1 0 0 0 0 0] P-104:H High (Cont:T) Norm Norm Open Norm No
[0 0O 1 0 0 0 0 0] P-104:H High Open High High (Cont:T) Norm No
[0OO0OO 1 0 0 0 0 0] P-104:H Not detect Open High High Close No No
[0O0OO 1 0 0 0 0 0] P-104:H Not detect Open High High (Cont:T) Norm No
[0O0OO1T 0 0 0 0 0] P-104:H High Open Not detect High Close No No
[0O0OO 1 00 0 0 0] P-104:H High Open Not detect High (Cont:F) Low No
[OOO 1 0 0 0 0 0] P-104:H High Open Not detect (Cont:T) Norm No

Cont.

High
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Table 3

Example of fault propagation model using dynamic simulator output with high temperature deviation triggered in charging line and followed by loss of cooling

Temp high LO cooling LOC

SF-205

V-202

Trigger

V-105 SSM-2

V-104

S-110

Trigger

SSM-1
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reliability block diagram of the systems and yields MCS and
their unavailability:

MCS; =[(BEg,SSM),(BE¢,SSM;)]=2.88 x 1011,
MCS; =[(BEg,SSM),(BE7,SSM)]=1.4 x 10~ 11;
MCS3 =[(BE;,SSM»),(BEs,SSM)] =4.05 x 10~19;
MCS4 =[(BE,SSM»),(BE3,SSM;)] =3.42 x 10~10;
MCSs =[(BE{,SSM>),(BE4,SSM»)] =2.1 x 107;
MCS¢ = [(BE2,SSM>),(BE3,SSM )] =2.1 x 1072;
MCS7 = [(BE>,SSM,),(BE4,SSM>)] =2.1 x 10~?;
MCSsg = [(BE2,SSM,),(BE5,SSM )] =2.48 x 10~7.

The redundancy of safety objects can be simulated by AND
gate for every MCS. For example, BE7; . 7, is used for failure
of n control valves simultaneously.

After estimating the MCS, we can simulate the unavailabil-
ity of TE by the combination of MCS, it is obtained about
9.56 x 107°.

5.2. Simulator triggering effect

5.2.1. High availability of charging line—Case 2

The concept of SSM promotes a better modeling of the batch
process. The simulator can be used to investigate the plant safety
and reliability in the specific circumstances. Case study in sec-
tion 5.1 simulated the LOC as the multiple failure model, which
incorporating at least two initiating events, high output of pump
P-104 and high temperature near ST-105. Obviously, it seems
to be a simple case because only two failures are included for
the safety analysis. However, if there are a number of failures
occurred during one batch, it will be more complex analysis.
Let us make an assumption for this case study, if the mainte-
nance programs are implemented for the charging line part, we
can suppose this part is in high reliability and availability, there-
fore, charging line part is not considered as a contributor to the
hazard (LOC). This condition is simulated by setting the SSM
to be false therefore, now, the safety analysis for LOC depends
on runaway reaction only. SSM represents not only the batch
task time sequence, but also shows the status of availability of
a batch task. Within a period of time, it is possible for a task is
considered as zero failure area, for that reason, it does not take
into account in the safety analysis. We obtain the changes of
unavailability of MCS structure from this simulation become:

MCS;; =[(BEg,SSM),(BEs,SSM| )] =n/a;
MCS;; =[(BEg,SSM),(BE7,SSM)] =n/a;
MCS3; =[(BE|,SSM),(BE5,SSM1)] =n/a;
MCSy; = [(BE{,SSM,),(BE3,SSM )] =n/a;
MCSs; = [(BE1,SSM»),(BE4,SSM»)]=2.1 x 107;
MCS¢1 =[(BE>,SSM>),(BE3,SSM )] =n/a;
MCS71 =[(BE3,SSM>),(BE4,SSM»)] =2.1 x 107;
MCSs; = [(BE»,SSM,),(BEs,SSM )] =n/a.

From the above list, the unavailability of TE is 4.2 x 1079,
and it is lower than Case 1. The “n/a” represents not-applicable
for certain condition, the examples show that parts of batch pro-
cess which have the SSM; will be n/a for the safety analysis
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Fig. 9. FTA based on qualitative analysis.

purposes. For detail analysis, the simulation of Case 3 is pre-
sented in the following section.

5.2.2. High availability of cooling water (reaction
phase)—Case 3

The cooling water line is one of the critical part of reaction in
the batch process, it maintains the temperature around 60 °C in
the reactor, when temperature in the reactor jacket is detected to
be increasing, the cooling water will be charged automatically to
the reactor. Failure of cooling water can generate the hazardous
situation such as runaway reaction and explosion. In this case,
SSM; is set to be false, which represents the high availability of
cooling water part and will not be considered as contributor to
the hazardous situation. This restriction will give the results in
MCS:

MCS, = [(BEg,SSM),(BE4,SSM)] =2.88 x 10~ 11;
MCS,; = [(BEg,SSM;),(BE7,SSM)] = 1.4 x 10~11;
MCS3; = [(BE;,SSM>),(BEs,SSM;)] =n/a;

MCS4, =[(BE;,SSM,),(BE3,SSM)] =n/a;

MCSs, =[(BE{,SSM,),(BE4,SSM>)] =n/a;

MCSg, =[(BE>,SSM5),(BE3,SSM )] =n/a;

MCS7, =[(BE>,SSM>),(BE4,SSM5)] =n/a;

MCSg; = [(BE,,SSM>),(BEs,SSM )] =n/a.

Then the unavailability of TE can be estimated around
4.28 x 10~ it is lower than Cases 1 and 2. We obtained from
the Case 3 that the probability of LOC due to high flow of mate-
rial is very low and depend on the SSM».

6. PI rank

After implementing the dynamic simulation for the batch
plant, then evaluation of process and calculating the unavailabil-
ity of the process, the final step is to estimate the performance
rank of each safety object. This rank gives an advantage to
the enterprises to perform maintenance, safety and reliability
improvement for the whole process. The purpose of PI rank is
to give an indication in considering improvement program by
selecting critical safety objects that contribute significantly to
the TE by its presence [18]. The rank of BE based on /gy and
RRW for Case study 1 can be seen in Table 4.

From Table 2, BE; (failure to operate pump in cooling water
system) and BE4 (failure of sensor to detect high temperature
in reactor) are considered for further investigation because these
objects have first and second rank among the other safety objects.
For Cases 2 and 3, the rank of PI are different from Case 1,

Table 4
Indices of FV-RRW and rank of each safety objects for Case 1
FV index RRW index Rank

BE, 0.297 1.423 4
BE; 0.698 3.311 1
BE; 0.255 1.342 5
BE4 0.439 1.782 2
BEs 0.301 1.431 3
BEg 0.003 1.003 7
BE~ 0.001 1.001 8
BEg 0.004 1.004 6
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Table 5
Indices of FV and rank of each safety objects for Cases 2 and 3
FV index Rank
Case 2
BE; 0.5 2
BE» 0.5 2
BE4 1 1
Case 3
BEs 0.673 2
BE; 0.327 3
BEs 1 1

because in Cases 2 and 3, the single failure model is imple-
mented.

Table 5 shows the different rank/prioritization index for safety
objects, for Case 2, BE4 (failure of temperature sensors in
reactor) should be prioritized to be improved in maintenance
program and in Case 3, BEg (failure of pump: high output at
VCM charging line) is indicated as a major contributor to the
top event and should be investigated for further safety and reli-
ability program.

7. Conclusion

The dynamic simulator is proposed to improve safety and reli-
ability of batch chemical process. To analyze the batch process,
it is required to incorporate the time sequences or scheduling
mechanism as an integral part of the safety assessment. The
concept of SSM has advantages: (i) shows the nature of batch
processes which are performed by the task scheduling, without
the SSM, the dynamic behavior of batch cannot be integrated. In
addition, the SSM is the task activation oriented, thus, time and
location of abnormality can be easily determined, (ii) reduces the
complexity of safety analysis by neglecting the high availability
process (e.g. after regular maintenance program is implemented)
and focusing to the unreliable process.

The dynamic simulation is developed to evaluate the safety
objects and to support the optimal policy for improvement the
systems availability. The simulator provides a pseudo process
that can be utilized to understand the propagation of fault and
generate the credible accident scenarios for processes. The ideas
of this paper have been successfully tested in PVC batch plant.
Process dynamic analysis results are translated into process

safety analysis to get the PI rank and this result can be con-
sidered as valuable input to safety and reliability design stage
for chemical process system engineering.
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