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Petri-Net Models for Risk Analysis of Hazardous Liquid Loading

Operations

N. Balasubramanian,’ Chuei-Tin Chang,* and Yi-Feng Wang

Department of Chemical Engineering, National Cheng Kung University, Tainan, Taiwan 70101, ROC

A vigorous hazard assessment is almost mandatory for the safety and risk-free operation of any
chemical plant. A systematic approach has been developed in this study to construct a generic
Petri-net (PN) model for analyzing the liquid ammonia loading process. A set of sub-PNs were
first built for all components in the system. Failure mechanisms were then developed and
incorporated into these component models. On the basis of predefined hazardous conditions,
the critical fault propagation scenarios were identified accordingly with simulation studies. It
is observed from the simulation results that the proposed model can be effectively used for hazard
identification in the sequential operations.

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.

Numerous methodologies have been established for
analyzing complex chemical processes. These include
fault-tree analysis, event-tree analysis, hazard and
operability study (HAZOP), failure mode and effect
analysis, etc. However, if implemented manually on an
ad hoc basis, these methodologies are often ineffective
and error-prone in practical applications. Several tools
were thus proposed in the literature to develop computer
aids for improving the quality of analysis.1~> Lapp and
Powers® proposed the first digraph-based computer-
aided fault-tree synthesis methods. Vaidyanathan and
Venkatsubramanian!2 developed a systematic approach
to automatically perform HAZOP analysis for continu-
ous processes. Chang et al.”8 improved the Lapp—
Powers algorithm with qualitative simulation tech-
niques. Khan and Abbasi® built an expert system
OPTHAZOP for hazard identification and verified it
with the chloroalkali process. Srinivasan and Venkat-
subramanian!®! extended the work of Vaidyanathan
and Venkatsubramanian®?2 for batch operations accord-
ing to the hybrid Petri-net (PN)—digraph models.

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 realistic
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sequential operations, e.g., concurrent activities, cyclic
operations, continuous transients, and multipurpose
productions.1?

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

4. Most of the approaches to implement automatic
hazard analysis were demonstrated on small-scale
processes or with academic examples.

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 technigues may not be suitable for analyzing
such operations. It is thus the objective of the present
study to develop a generic approach to construct im-
proved PN models, which either can be used on a stand-
alone basis or incorporated in automatic HAZOP/fault-
tree analysis/failure mode and effect analysis systems.

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. These component models are
then assembled according to the process flow sheet and
operating procedure toward the development of a system
model. Next different failure mechanisms of each indi-
vidual component are introduced into this system model.
On the basis of the resulting PN model and a set of
predefined system hazards, simulation studies are car-
ried out to identify critical fault propagation scenarios.
Finally, the results of several interesting case studies
are presented at the end of this paper.

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
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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/cm? 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
operation steps executed after line connection are
considered here. A brief outline of these tasks are given
below:

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 evl.

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/cm? 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 N.

Table 1. Hierarchy in the PN Model for Liquid Ammonia
Loading Operation

level components
1 operator
2 valves, compressor
3 tanks, truck, dilution drum, pipelines
4 ammonia
5 level sensors, pressure gauges, safety valve

Step 6.1: Close the valves v1 and evl.

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 Na.

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 vnl to vn4
should be opened before disconnecting the flanges and
then the same should be closed afterward.

Development of Component Models

After a careful review of the P&ID and operating
procedure, all components in the ammonia loading
facility have been identified and classified according to
Table 1. A hierarchical approach is followed in the
present investigation to construct the PN-based models.
In the loading process, the first-level component, i.e.,
the operator, executes the operating steps specified in
a recipe. His or her actions alter the states of valves
and also the compressor in the second level. The states
of these components, in turn, determine the process
configuration and/or the operation mode of each process
unit in the third level. The changes in the states of
process materials in the fourth level are governed by
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Figure 2. (a) General PN model of a plant operator. (b) PN model for an operator during task 4.

the operating mode, and these process states can be
monitored via sensors in the last level.

The PN models for all components in each level of the
hierarchy are developed in this section. For the sake of
brevity, the description of the symbols used in standard
PNs are omitted. Only special extensions will be ex-
plained later in this paper. The readers may refer to a
review paper, e.g., David and Alla,* for further details.

Level 1. It is assumed in this study that the operator
always 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 confir-
mation of an external signal. The PN model can be
constructed according to the general structure presented
in Figure 2a. Notice that the dotted arrows represent
test arcs.™ Notice also that the external signals can be
sensor readings or equipment states that are identifi-
able 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
(Figure 2b). The confirmation place will get a token
when the liquid level in the tank reaches the predeter-
mined value. Upon obtaining this information, the
operator moves to the next course of action, i.e., step
5.1.

Level 2. As mentioned before, the second level of
hierarchy 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
3. 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 and

O

Action command
---------------------------- + to open valve

Valve

""""""""""""" Action command
to close valve

O

Figure 3. PN model of a valve.

off. The transition to alter the compressor state is also
enabled by action commands. The PN model for a
compressor is given in Figure 4.

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 compres-
sor, 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 to



4826 Ind. Eng. Chem. Res., Vol. 41, No. 19, 2002

Table 2. States of the Compressor and Pipelines during the Loading Process

pipeline states

task line line line line line line line line compressor
no. 1 2 3 4 5 6 7 8 state
1 +1 +1 +1 0 0 0 0 0 0
2 +1 +1 +1 +1 +1 0 0 0 0
3 +1 (0) +1 (0) +1 +1 +1 0(+1) 0 0 +1
4 +1 +1 +1 +1 +1 0 0 0 +1
5 0 0 +1 +1 +1 0(+1) 0 0 0
6 0 0 0 +1 +1 0 0 (+1) 0 0
7 0 0 0 0 0 0 0 0(+1) 0
@ is “on” or “in service” and “0” if otherwise. Notice that,
in several entries (tasks 3 and 5—7), an extra “+1” or
Action command “0” is placed in parentheses. These notations are used
- to switch on . N .
; to denote the temporary changes in pipeline states
during the particular task. Say, for example, pipelines
1 and 2 become “off service” temporarily in task 3 and
then become “in service” at the end of task 3. Notice
also that the initial states of all pipelines and the
compressor should be “0” and all of them return to the
initial states at end of task 7.
Compressor Finally, notice that the operation modes of all other
. connected level 3 components, i.e., truck, storage tank,
---------------------------- Action command . R - -
to switch off and dilution drum, can be determined according to the
states of the pipelines. Because the process topology at
O different stages can be identified implicitly, the corre-
: sponding PN models are omitted for the sake of brevity.
Figure 4. PN model of a compressor. Level 4. The fourth-level models are used to repre-
1 open sent the variations of process conditions at different
el locations. In particular, a set of PNs can be constructed
' to compute the pressures at different locations (from A
v open to H), the liquid levels in the truck and storage tank,

Figure 5. PN model of pipeline 1.

point 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 “in
service”, and it becomes “off service” if otherwise. Let
us consider pipeline 1 as an example; the corresponding
PN model is shown in Figure 5. It is clear from this
model that, to move from “off service” to “in service”,
both valves vl and v2 must be opened. On the other
hand, it is only necessary to close one of them to take
the pipeline “off service”.

The operation status of the system is clearly reflected
in the states of the compressor and also these pipelines.
For example, after completion of task 1, pipelines 1 and
2 are “in service” while other pipelines are “off service”.
The states of the compressor and all pipelines at the
end of each task are listed in Table 2. In this table, the
state of a compressor or pipeline is marked by “+1” if it

and also the flow rates in pipelines 4 and 5. Notice that
the changes in the states of process materials are
governed by the operating modes and component states
covered in the second and third levels. As mentioned
previously, the pressure at point A is maintained at 3
kg/cm? gauge with the help of a refrigeration system.
Thus, the normal pressure at point A may be assumed
to be constant in the present work, i.e.

Pa=Ca (1)
where the value of constant Cpa is 3 kg/cm? gauge. As
long as pipeline 1 is “in service”, the pressure at point
B may be estimated according to the following relation:

Pg=Pu (2

Here, the pressure at point B is considered to be
approximately the same as Pa. In other words, the
pressure drop due to friction is neglected in the present
model even when there is a flow in this pipeline.
Similarly, the pressure at point C is assumed to have
the pressure at points D and E when the pipelines 2
and 3 are “in service”, i.e.
Pc=Pp=P¢ 3)
When the compressor is switched on, the pressure ratio
of inlet to outlet follows a characteristic curve if the
rotation speed is constant. It is assumed in this study
that the compressor is operated in a region where the
characteristic curve is flat. In other words,

Pc= CgPg 4)

The value of constant Cg is chosen to be 1.2 in the
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present work. The pressure at point E represents the
pressure at the exit of the gas transport line, i.e., the
vapor pressure in the truck. A change in pressure at
point E affects the pressure at point F, i.e., the inlet
pressure of pipeline 4. The pressure at point F can be
estimated by the following equation:

PF = PE + Pghtruck (5)

The second term on the right-hand side of the above
equation represents the pressure due to the static liquid
head in the truck. Finally, the pressure at point H is
assumed to be the same as Pa, i.e.

Py =Pa (6)

The volumetric flow rates in pipelines 4 and 5 can be

related to the rates of change in liquid volumes in the
truck and tank according to the following equations:

truck

truck(t) - 'q(t) (7)
and

htank

q(t) (8)

Atan k

where Atruck, Atank 8Nd Neryek, Neank @re the cross-sectional
areas and liquid heights in the truck and tank, respec-
tively. The initial conditions for the liquid heights can
be written as

htruck(o) = Ctruck (9)
htank(o) = Ctank (10)

In this work, the storage tank is assumed to be
cylindrical with a constant cross-sectional area of 12.56
m2. On the other hand, the vessel on the truck is
assumed to be a horizontal cylinder with a radius of 1
m. The cross-sectional area of the truck can be deter-

mined using the following equation:

Pruek(t
Atruck(t) = 2RL\/2 trl;;k( ) _

where R and L represent respectively the radius and
horizontal length of the vessel on the truck and L = 4
m. It is assumed that the standard 4 in. pipes are used
throughout the loading facility. The volumetric flow rate
of liquid ammonia in pipelines 4 or 5 can be estimated
with Bernoulli's equation, i.e.

htl’UCk(t) 2
[P 0y

1/2

90 = Agl S - (12)
Ky(t) = %ETPH] +9(Ze — Z,) (13)

and
K,= 24;|+k +k, + K, (14)

The PN models for estimating pressures at various
points, the heights of liquid levels in the truck and tank,
and the volumetric flow rates in the liquid transport
pipeline are shown in Figure 6. In this PN, the shaded
transitions are nontimed and the hollow ones denote
transitions with time delays. The delay times are all
set to be 1 s in the present study. On the other hand,
the places with double circles contain continuous token
numbers while the single circles denote regular discrete
places.’* Notice that liquid levels in the truck and tank
vary during loading operation (task 4), and they can be
estimated using the following equations:

q(t)

htruck(t+At) = A—k(t)
truc

Nruek(® — At (15)
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and

q(t)

Atank

henk(tHAL) = he . (1) + At (16)

Level 5. The readings of measuring instruments are
directly affected by the process conditions. Their com-
ponent models can be constructed according to Figure
7. The other important component in this level of
hierarchy is the safety valve. The safety valve can also
be modeled with two states: open and close (Figure 8).
The state of the safety valve is “close” as long as the
system pressure is lower than the design value and
becomes “open” if otherwise. It can be noted that the
limiting pressure is set to be 6 kg/cm? gauge in this case.

The System Model

The PN model developed for the individual compo-
nents can be connected as per the simplified P&ID given
in Figure 1 and also the corresponding recipe. A detailed
construction procedure is presented in the sequel: The
operation procedure should be first described with the
PN model for operator/controller. In essence, this prac-
tice implies that the information in the recipe is stored
in the memory or “hard disk” of the operator/controller.
More specifically, the submodel of each operation step
is built by connecting the places representing the action
commands and the initiation/termination signal accord-
ing to the standard configuration given in Figure 2a,
and the overall first-level component model can then
be constructed by assembling these submodels in the
correct order given in the recipe. Because the states of
the second-level components, i.e., compressor and valves,
can be regulated only by an operator/controller, their
models should be connected to the first-level component
model according to Figures 3 and 4. Next, notice that
the states of third-level components are affected only
by those of second-level components. In particular, the
state of a pipeline is governed by the states of valves
on the same pipeline. Consequently, its component
model should be attached to the corresponding valve
models in level 2 (see Figure 5). As mentioned before,

the operation modes of all other third-level components,
i.e., truck, storage tank, and dilution drum, can be
identified implicitly according to the states of the
compressor and pipelines. The corresponding PN models
are thus omitted for the sake of brevity. Finally, the
fourth- and fifth-level component models can be con-
nected according to P&ID. In simulation, the component
models of the process conditions are adopted on the
basis of the states of the corresponding third-level
components (see Figure 6), and the sensor output in
Figure 7 is used as the basis for issuing initiation/
termination signal to the operator/controller.

The complete system model is shown in Figure 9. For
better visualization of the PN model, token movement
during task 2 is shown in Figure 10 separately as an
example. By the time task 1 is completed, pipelines 1—3
are “in service”. The operator then opens emergency
isolation valve ev2 and valves v7—v10 in sequence. At
the end of task 2, pipelines 4 and 5 also become “in
service”.

To carry out the simulation studies, a number of
initial conditions should be chosen in this study. Let us
assume that initially the tank contains 60 000 L of
liguid ammonia and the truck contains 10 000 L, in
which only 5000 L can be transferred to the tank. In
other words, the liquid height in the tank is 4.78 m
before the loading operation, and the maximum allow-
able height is 5.18 m. The initial height of the liquid
level in the truck is 1.9 m, and the level is lowered to
1.12 m at the end of loading operation. The initial
pressures of the tank and truck are chosen as 3 kg/cm?
gauge,’® i.e., P» = Pe = Py = 3 kg/cm? gauge. The
pressure at point F can be estimated with eq 5, and the
pressures at the other locations [i.e., Pg, Pc, Pp, and Pg]
are assumed to be slightly above the atmospheric
pressure.

The simulation can be initiated by placing a token in
the starting place. During simulation, the token num-
bers at various places are recorded. The simulation
results of the complete operating sequence are given in
Table 3. The columns are associated with operation
steps, while the rows correspond to the places in PN.
The entries in this table are the token numbers obtained
after executing each step.

Let us consider task 1 as an example. The operator
opens valves v1—v3, v5, and v6 in step 1.1 and emer-
gency isolation valve evl in step 1.2. Pipelines 1 and 2
become “in service” when the operator completes step
1.1 (column 2 in Table 3), and pipeline 3 becomes “in
service” after step 1.2 (column 3 in Table 3). It may be
noted that, after the operator opens the emergency
isolation valve, the pressure at point C is increased to
a value equal to the pressure at point E (column 3 in
Table 3).

As another example, let us consider task 3. By the
time operator comes to task 3, pipelines 1-5 become
“in service” and the pressures at points A to E are the
same (3 kg/cm? gauge). The inlet and outlet valves of
the compressor (i.e., v2 and v3) should then be closed,
and the recycle valve v4 opened before the compressor
is switched on (steps 3.1 and 3.2). In other words, the
states of pipelines 1 and 2 should be changed to “off
service” and that of pipeline 6 to “in service” (columns
6 and 7). The compressor outlet pressure (Pc) is in-
creased to 3.6 kg/cm? gauge once the compressor is
switched on. Upon reading this value on the pressure
gauge, the operator opens the inlet and outlet valves



Ind. Eng. Chem. Res., Vol. 41, No. 19, 2002 4829

Pipetine 3

Pipetine 6

Pipetine2

Pipetine 1

Pipetine fiqui
Pipetine 2

ammonia

In service

In service
oo
Pipeline 7

ff service

Pipeline 5

Pipetine 4

Figure 9. System model of the liquid ammonia loading process.

and closes the recycle valve of the compressor. These
actions bring once again pipelines 1 and 2 to “in service”
and pipeline 6 to “off service” (column 9).

The liqguid ammonia is transferred from truck to tank
during task 4. In this task, the operator monitors the
sensor readings of pressures at various locations and
that of the liquid level in the tank. The liquid heights
in the tank and truck are recorded during simulation
(Figure 11a,b). It can be seen that hiank increases from
the initial value of 4.78 m to the desired value of 5.18
m. On the other hand, hgyck is reduced to 1.12 m from
the initial value of 1.9 m.

Failure Mechanisms

In the earlier sections, a set of PN models have been
developed for the individual components and then
assembled to form a system model. The correctness of
the system model has also been verified with simulation
under normal operating conditions. However, in an
industrial environment, equipment may fail for various
reasons. Thus, proper failure mechanisms should also
be built into the PN model in order to access their
impacts. A list of component failure models is presented
in the sequel. It should be noted that this list is by no
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Figure 11. Simulation results under normal operating condi-
tions: (&) liquid level in the tank; (b) liquid level in the truck.

means comprehensive. These models are used in this
paper as examples for illustrating the PN construction
procedure.

Operator. As mentioned before, the operator sequen-
tially executes action commands given in the operating
procedure according to external signals. There may be
several human errors in this situation:

Step 223

Step 2.2.4 Step 3.1

()

Pipeline 5

(a) The operator may bypass one of the actions.

(b) The operator may carry out one or more extra
action.

(c) The operator may implement a different action.

(d) The operator may fail to confirm the signal.

The PN models for failure modes a and d are shown
in parts a and b of Figure 12, respectively. Notice that,
in these PNs, an arrow with a small circle attached to
its end denotes an inhibitor arc.!* The other failure
models are omitted for the sake of brevity.

Valve. As already stated, a valve has two states:
open and close. Three failure mechanisms are consid-
ered in this work: “fails open”, “fails close”, and “stuck”.
The PN models for these valve failures are shown in
Figure 13.

Compressor. The compressor has two states: on and
off. Only one compressor failure is considered here, i.e.,
loss of power. The corresponding PN is presented in
Figure 14.

Pipeline. In addition to the malfunctions caused by
valve failures or operator errors, the pipeline itself may
fail because of blockage in the fluid flow pathway. The
PN model for pipeline blockage is shown in Figure 15.

Tank/Truck. The tank and truck are maintained
at 3 kg/cm? gauge by the refrigeration system. The
possible failures considered here are loss of refrigera-
tion and/or thermal insulation. The resulting increase
in liquid temperature in turn increases vapor
pressure in the tank/truck gradually. The PN model for
the refrigeration insulation failure is shown in Figure
16.

Dilution Drum. At the end of each loading process,
the liquid/gaseous ammonia left in the respective trans-
port lines must be purged into the dilution drum using
nitrogen gas. In this study, loss of the water supply is
the only failure associated with the dilution drum. This
failure mode is represented in PN simply with a single
place. Its effects are determined according to the states
of pipelines 7 and 8.
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Figure 12. PN models for operator errors: (a) The operator bypasses an operation step. (b) The operator fails to confirm the signal.

Sensor. In the present process, two types of measur-
ing instruments are used: level indicator and pressure
gauge. Three failure mechanisms are considered in this
study for all measuring devices in general: (a) stuck,
(b) bias low, and (c) bias high. The corresponding PN
failure models are shown in Figure 17.

Safety Valve. There are two failure mechanisms that
can be considered for a safety valve: “fails open” and
“stuck”. The corresponding PN models are given in
Figure 18.

Hazardous System Conditions

The system PN is suitable for hazard identification
if it is properly combined with the above component
failure models. In particular, the fault propagation
behavior can be simulated to determine the conse-
quences of one or more failures. To identify critical
scenarios which cause hazardous consequences, a list
of hazardous system conditions must be specified in
advance. Generally speaking, the hazardous system
conditions can be characterized on the basis of process
configuration or process condition. The following is a
detailed description of these conditions:

Hazardous Process Configuration. The process
configuration of the ammonia loading system is reflected
in the states of pipelines and the compressor. The
normal system configuration associated with each op-
eration step can be found in Table 2 and/or 3. The most
serious concerns in the loading operation are (a) the
release of ammonia into the environment and (b)

equipment damage. Examples of the abnormal process
configurations leading to undesirable consequences are
listed in Table 4. Notice that a hyphen is used to
indicate that the corresponding state is irrelevant in
characterizing the given hazardous condition and each
consequence is explained in detail in the table legend.

Hazardous Process Condition. The process condi-
tions can be computed with fourth-level component
models. Toward unambiguous identification of hazards,
operation limitations are imposed upon critical process
conditions (Table 5). Violation of these limits may also
lead to undesirable consequences.

Identification of Critical Scenarios

Having presented the approach to incorporate the
failure mechanisms and to specify the hazardous opera-
tion conditions, let us now try to identify critical fault
propagation scenarios. Notice that one of the main
objectives of a hazard analysis is to determine if any of
the hazardous system conditions could be caused by a
given set of component failures. This question can be
answered with simulation studies. It should also be
noted that the fourth-level component models used in
this study are only approximations of the true behaviors
of the process conditions. The range of applicability of
each model is limited. However, it can be argued that
these models are still useful in identifying a sufficiently
comprehensive list of valid fault propagation scenarios.

In principle, the fault propagation scenarios of every
failure listed in this paper can be simulated with the
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Figure 13. PN models for valve failures: (a) The valve fails open.
(b) The valve fails close. (c) The valve is stuck.

Valve stuck

Compressor

Loss of power

Figure 14. PN model for compressor failure (loss of power).

PN model. Notice that the effects of a failure are
dependent upon its occurrence time during operation.
Thus, a series of separate simulation runs should be
carried out to determine the scenarios corresponding to
a single failure and, in each of these runs, the failure is
introduced when a distinct operation step is imple-
mented. A very large number of scenarios were thus
generated. However, not all of them are “interesting”.
Some of them lead to insignificant consequences, while
some of the other fault propagation mechanisms appear
to be quite trivial. For the sake of brevity, only six cases
are selected for presentation from the exhaustive simu-
lation results:

Case 1. First, let us consider the failure “valve v11
fails open” before executing task 4. As a result of this
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Figure 15. PN model for pipeline blockage.
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Figure 16. PN model for refrigeration insulation failure.

(a) Sensor stuck

Process condition Sensor
*

Bias low

(C) Process condition Sensor

Figure 17. PN models for sensor failures: (a) The sensor is stuck.
(b) The sensor is biased low. (c) The sensor is biased high.

failure, pipeline 7 becomes “in service” and the process
configuration satisfies the condition given in row 6 of
Table 4 after the operator completes task 3. Conse-
qguently, a large amount of gaseous ammonia may be
discharged into the dilution drum during task 4.
Case 2. Let us next consider an operator’s error; i.e.,
the operator mistakenly opens v12 during task 2. This
error makes the pipeline 8 “in service” and allows liquid
ammonia flow from the truck to the dilution drum via
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Figure 18. PN model for safety valve failures: (a) The safety
valve fails open. (b) The safety valve is stuck.

Table 4. Abnormal Process Configurations and Their
Consequences: (Ci) Compressor Mechanical Failure; (Cy)
Pressure Increases at Points C—F; (C3) Pressure
Increases at Points C—G; (C4) Liquid Ammonia Flows
from Tank to Dilution Drum; (Cs) Liquid Ammonia Flows
from Truck to Dilution Drum; (Cs) Gaseous Ammonia
Flows from Tank to Dilution Drum; (C;) Gaseous
Ammonia Flows from Tank to Dilution Drum

states of components

Liguid lewel
sensor failure

(o)

Licpuid lewel
sensor reading

pipeline
1 2 3 4 5 6 7 8 comp consequences
0 0 +1 Cy
+1 +1 +1 O 0 0 0 +1 C
+1 +1 +1 +1 O 0 O 0 +1 Cs
+1 +1 Cy4
+1 +1 Cs
+1 +1 +1 +1 Cs
+1 +1 Cy
Table 5. Operation Limits
process upper/lower process upper/lower
conditions limits conditions limits
point A 4.5 kg/lcm? (U) point F 5 kg/cm? (U)
point B 4.5 kg/cm? (U) point H 4.5 kg/em? (U)
point C 6 kg/cm? (U) Ntank 5.18 m (U)
point E 4.5 kg/em? (U) Ntruck 0Om (L)

pipelines 4 and 8. In other words, the condition given
in row 5 of Table 4 is satisfied after opening valves v7,
v8, and v12.

Case 3. The failure of the liquid level sensor is
considered here. The corresponding PN is shown in
Figure 19a. The moment a token is introduced in the
place representing sensor failure, the transition from
hwank to the place denoting sensor reading becomes
disabled and the reading remains unchanged. On the
other hand, the liquid level in the tank keeps increasing
and finally exceeds the upper limit of 5.18 m. The
simulation results are plotted in Figure 19b. The solid
line represents the indicator’s reading, while the actual
liquid height is shown as the dotted line. It is clear that
the failure occurs at the time when there is an abrupt
change in the slope of the solid line, and the reading of
the level indicator remains the same value afterward.

hthk ® by ank
= t =<
© ) . ’{.@ _______
(@)
5.4 4 L
Liguid height reaches
upper litnit e
R e -
& 51 4 e
-
4.8 4
45 T T T T T T T T T T T T T T T T T T T T
0 28 50 T8 100
Time [sec]
(b)

Figure 19. (a) PN model of liquid level sensor failure in case 3.
(b) Simulation results of case 3.

On the other hand, the liquid height in the tank
increases continuously as the loading process continues.

Case 4. Let us consider another operator’s error in
this case. As explained earlier, the compressor should
be switched on after the inlet and outlet valves v2 and
v3 are closed and recycle valve v4 is opened during task
3. The valves v2 and v3 should then be opened and valve
v4 closed after the compressor outlet pressure reaches
3.6 kg/lcm? gauge (step 3.4). Let us assume that the
operator bypasses the action opening of valve v3 (Figure
20a), which makes the resulting process configuration
(Figure 20b) satisfy the condition given in row 1 of Table
4. As a result, compressor surge occurs because of the
abnormal increase in the pressure at the outlet.

Case 5. The failure of pipeline 4 (i.e., blockage) during
task 4 is considered here. During task 4 the transfer of
liquid occurs only when the pipelines 1-5 are “in
service” and the compressor is “on”. The PN model for
pipeline blockage is shown in Figure 21a. A token in
the place representing blockage changes the state of
pipeline 4 from “in service” to “off service”. The resulting
process configuration (Figure 21b) satisfies the condition
listed in row 2 of Table 4, which increases the pressure
at point C and subsequently the pressure at other
locations (i.e., points D—F). The increases in pressures
at these locations are recorded during simulation. It was
found that the pressure at point E first exceeds the
upper limit given in Table 5. The increase in pressure
at point E due to the above failure is shown in Figure
21c.

Case 6. The failure of the refrigeration system is
considered in this case. A token in the place represent-
ing refrigeration system failure enables the transition
for increasing the liquid temperature and then the
ammonia vapor pressure in the storage tank (see Figure
16). Let us introduce this failure in task 4. The immedi-
ate effect should be an increase in the pressure at point
A. This pressure increase should propagate to the other
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Figure 21. (a) PN model of a blockage in pipeline 4 in case 5. (b) Abnormal process configuration in case 5. (c) Simulation results of case
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Figure 22. Simulation results of case 6.

locations, i.e., from points B to F, because pipelines 1-5
are “in service”. It is observed from the simulation
results that the pressure at point E approaches the
upper limit first. The simulated result of a pressure
increase at point E is shown in Figure 22.

Conclusions

A hierarchical approach to construct a PN model has
been developed for describing the liquid ammonia
loading operation. Different failure models have also
been developed and included in the system model
toward identification of critical fault propagation sce-
narios. It can be observed from the simulation results
that the proposed PN model is quite useful for vigorous
hazard analysis of the sequential operations.
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Notation

Awruck = cross-sectional area of the truck, m2
Atank = cross-sectional area of the tank, m?
A, = cross-sectional area of the transporting pipe, m?
Ca, Cg = constants in eqs 1 and 4

Ctruck, Crank = constants in eqs 9 and 10
C;,—C7 = consequences given in Table 4

d = pipe diameter, m

f = fanning friction factor

g = gravitational constant

hiank = liquid height in the tank, m

heuek = liquid height in the truck, m

L = truck length, m

| = pipe length, m

K1, Kz = constants in eq 12

ke, ke, ks = coefficients for contraction, expansion, and other
fittings

PA—Pn = pressure at points A—H, kg/cm?

pa = density of liquid ammonia, kg /m3

g = volumetric flow rate, md/s

R = radius of the truck, m

T = process time, s

At = incremental time, s

Zg, Zy = elevations of points F and H, m
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