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ABSTRACT

Introduction: One of the ways to produce electricity in power plants is to use gas turbines and generators.
Due to the use of methane gas as the fuel of the burners and the high rotation speed, this equipment
has a high DOW index level, therefore, if the hazardous conditions in the gas turbine are not controlled
by the safety instrumented system and the process is not directed to a safe state, Catastrophic events will
occur such as fire and explosion and damage to property and people as well as interruption of the power
generation process will happen in the long term, so gas turbine safety instrumentation systems can be
considered as “critical safety systems”. Therefore, the reliability and availability of their function should be
evaluated. The purpose of this research is to determine and verify the safety integrity level (SIL) related to
the safety instrumented function (SIF) of the gas turbine and generator in a combined cycle power plant.

Material and Methods: In this study, the safety integrity level was determined by using two methods,
Calibrated Risk Graph (CRG) and Independent Protection Layer Analysis (LOPA), and to verify the safety
integrity level, the requirements related to random hardware failure, hardware failure tolerance, and
systematic capability are considered according to IEC 61511 and IEC 61508 standards.

Results: The results of a case study in gas turbine and generator showed that the LOPA method is more
guantitative than CRG and provides more details of independent protective layers, so it is a more suitable
method for determining SIL. The SIL verification results show the SIL2 level, closer to the LOPA results.

Conclusion: The obtained results show that the function of the studied gas turbine safety instrumentation
system has a suitable level of reliability and availability and is well responsive to risky conditions and
possible deviations. The present approach helps safety engineers and instrumentation engineers to
calculate the reliability and availability of the Function of the safety instrumentation systems of their
process equipment and ensure its acceptability or not

Keywords: Safety Instrumented Level (SIL), Layer of Protection Analysis (LOPA), Calibrated Risk Graph (CRG),
Probability Failure on Demand (PFD), Hardware Fault Tolerance (HFT), Systematic Capability (SC)
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1. INTRODUCTION

Understanding the safety process is the first
step in reducing the risk level, and in to reduce the
risk level, it is necessary to calculate the existing
risk level and compare it to the organization’s

* Corresponding Author Email: jabbarim@sbmu.ac.ir

Copyright © 2024 The Authors.
Published by Tehran University of Medical Sciences

tolerable risk level. Each independent protection
layer (IPL) plays an effective role in reducing the
level of risk. Gas turbines and generators are used
to generate electricity in power plants, in these
turbines, natural gas is used to fuel the burners,
these turbines have a high rotation speed, and in
case of dangerous conditions such as overspeed,
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vibration, lube oil high temperature, natural gas
high pressure in the gas turbine is not controlled
by the safety instrumented system and the process
is not directed to a safe state, catastrophic events
such as fire and explosion and damage to property
and people will occur, Therefore, safety instrument
systems (SIS) of gas turbines are considered as
“critical safety systems’, so their level of reliability
and availability of function should be evaluated
(Figure 1). This study was conducted to determine
and verify the safety integrity level related to the
safety instrumented function of the gas turbine
and generator in a combined cycle power plant.
The stage of risk assessment and determining and
verifying the safety integrity level has been carried
out according to IEC 61511 Part-3 and IEC 51508
Part-2&6 standards.

2. MATERIAL AND METHODS

Since the gas turbine has specific process
flows, therefore, by the IEC 61511 Part-3 standard,
the HAZOP study method was used to identify
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process risks. Process flow paths of gas turbine
and generator include cooling oil flow system,
cooling and sealing air system, hydraulic oil path
for gas turbine trip, fuel gas system, hydraulic oil
supply system to inlet guide vane control ring,
which HAZOP studies on They were carried out
and using the safety risk matrix method and the 5
x5 probability and severity table, the level of risk
related to each scenario was determined.

In the next step, the required SIL safety integrity
level related to a safety instrumented function
was determined by the methods of calibrated
risk graph and independent layers of protection
analysis (LOPA) based on the IEC 61511 Part-
3 standard and the CCPS Handbook on LOPA.
In the calibrated risk graph method, a decision
tree is used to determine SIL, which contains
consequence parameter (C), exposure time
parameter (F), probability of avoiding the hazard
event (P), and the absence of SIF under hazardous
conditions (W). In the LOPA analysis method, the
existing risk level was calculated by multiplying the
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Fig. 1: Gas turbine and generator safety instrumentation system under study
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Table 1: Comparison of SIL determination results using CRG and LOPA methods

1 Low lube oil pressure 1000
2 Lube oil header high temperature 1000
3 Gas fuel hydraulic low pressure 1000
4 Hydraulic supply low pressure 1000
5 Turbine over speed 1 1000
6 turbine over speed 2 1000
7 High vibration 1000
8 Loss of compressor discharge pressure 1000
9 Fuel gas supply low pressure 1000
10 Exhaust gas high pressure 1000
11 Exhaust high temperature 1000

probability of failure on demand (PFD) related to
the existing Independent protection layers and the
frequency of the initial event. Then the calculated
risk value was compared with the tolerable level
of the organization. In cases where the risk level is
higher than the organization’s tolerable risk level,
independent protection layers are suggested to
reach tolerable levels. It can be said that if there is
a safety instrumented system as an independent
protection layer, what should be the numerical
value of PFD and SIL level, to make the system safe
and bring the risk level to a tolerable level.

The IEC 61508 standard specifies the SIL
verification requirements for any SIF used
in process industries. Achieving the target
safety integrity level depends on the following
parameters, all of which are considered in this
research: 1) Random hardware failures, which are
obtained by calculating the average probability of
fajlure on demand (PFD) and considering the rate
of dangerous failures. In this research, the formulas
in the IEC 61508 Part-6 standard and Jahanian’s
general formula (GPFD), and the formulas in the
ISA 84.00.02 Part-2 technical report were used to
calculate the PFD_ . 2) Hardware reliability, which
is a function of two parameters: hardware fault
tolerance (HFT) and safe failure fraction (SFF).
3) Systematic Capability, which is achieved by
considering systematic failures (software failures,
electronic interference, usage methods different
from design requirements, etc.). To ensure that a
SIF can meet the requirements related to the target

[ DOW!
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SIL, all three of the above limitations must be
considered (Table 2).

3. RESULTS AND DISCUSSION

The results of the calibrated risk graph to
determine the required SIL on 11 consequences
showed that 7 consequences require SIL2 level and
4 consequences require SIL3 level. The analysis of
11 scenarios using the LOPA method and based
on the number and type of existing protection
layers showed that SIL2 level is required for all
consequences (Table 1). To verify SIL, first the
numerical value of PFD_ was calculated using
the standard formulas of IEC 61508 Part-6 and
Jahanian’s general formula (GPFD), the formulas
of ISA 84.00.02 Part-2 technical report, which was
confirmed in all three sources of SIL2 level for all
scenarios. then according to the structure of the
composition (Architecture) of the subsystems of
the safety instrument system, the numerical value
(HFT) was calculated and then the safe failure
fraction (SFF) was calculated based on the IEC
61508 Part-2 standard and using the tables in this
standard, the value of the SIL level was determined
based on the two parameters HFT and SFF, which
shows the SIL2 level for all scenarios. And finally,
the numerical value of systematic capability was
extracted from manufacturer certification. The
result showed that based on the numerical value of
systematic capability, the level of safety integrity is
equal to SIL2 (Table 2).

Therefore, it can be concluded that the level of
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Table 2: SIL verification results considering requirements for hardware fault tolerance, random hardware failures, and systematic
capability

SIL of sub-system

Element Function | voting For achieved Hardware Fault For Random hardware failure and For Systematic
Tolerance calculation PFD,yg Capability
Lube oil low 2003 HFT=1, Route 1H, PFD = 1.58 x 1075 SIL=3
pressure SFF=%92, SILL= 4 SIL=4 capable
Lube oil header e HFT=1, Route 1H, PFD = 2.76 x 10~° SIL=3
high temperature SFF=%93, SILL= 4 SIL=4 capable
Gas fuel hydraulic 2003 HFT=1, Route 1H, PFD = 1.58 x 10~° SIL=3
low pressure SFF=%92, SILL= 4 SIL=4 capable
Hydraulic supply e HFT=1, Route 1H, PFD = 1.58 x 10~° SIL=3
low pressure SFF=%92, SILL= 4 SIL=4 capable
Turbine over 2003 HFT=1, Route 1H, PFD = 7.36 x 107° SIL=3
speed 1 SFF=%92, SILL= 4 SIL=4 PFD capable
Turbine over HFT=1, Route 1H, PFD = 7.36 X 107° =5.66 SIL=3 SIL=
Sensor speed 2 2003 SFF=%92, SILL=4 L4 SIL=4 x107* | capable 3
High vibration 2003 HFT=1, Route 1H, PFD = 7.36 x 10~° SIL3 SIL=3
SFF=%92, SILL= 4 SIL=4 capable
Loss of HFT=1, Route 1H, PFD = 1.58 x 10~5 SIL=3
_ compressor 2003 SFF=9%92, SILL= 4 SIL=4 capable
discharge pressure
Fuel gas supply 2003 HFT=1, Route 1H, PFD = 1.58 x 105 SIL=3
low pressure SFF=%92, SILL= 4 SIL=4 capable
Exhaust gas high e HFT=1, Route 1H, PFD = 158 x 10> SIL=3
pressure SFF=%92, SILL= 4 SIL=4 capable
Exhaust high 2003 HFT=1, Route 1H, PFD = 2.76 x 10~° SIL=3
temperature SFF=%92, SILL= 4 SIL=4 capable
Logic HFT=1, Route 1H, PFD =23 x 107* SIL=3
Solir Des foo2 SFF=%95, SILL=3 -3 SIL=3 SIL 3 el |
Hydraulic lool HFT=0, Route 1H, PFD =3.5x 1073 PFD SIL=2
Final Solenoid Valve SFF=%79 , SILL=2 SIL2 SIL=2 =48 , capable SIL=
element General Vacuum - HFT=0, Route 1H, PFD = 1.3 x 1073 %X 10~ SIL=2 2
Circuit SFF=%66 , SILL= 2 SIL=2 SIL 2 capable
SIL of SIF(Gas T;:::;le and Generator SIL2 SIL2 SIL2

SIL 2 Safety Instrument Function (Gas Turbine and Generator Trip)

safety integrity related to the performance of the
safety instrumented system for the trip function
of the gas turbine and generator in dangerous
conditions for all scenarios is equal to SIL2, which
is equal to the SIL level required based on LOPA.

4. CONCLUSIONS

In this study, IEC 61511 and IEC 61508
standards have been used to assess risk and
determine and verify the trip performance of
gas turbine and generator in a combined cycle
power plant under dangerous and abnormal
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operating conditions. The present approach helps
safety engineers and instrumentation engineers
to calculate the reliability and availability of the
safety instrumentation function of their process
equipment and ensure its acceptability. To increase
the level of safety and reliability, the following
suggestion is presented as one of the results of the
research: installing a spare oil cooler, installing
the F&G system in the natural gas route, using
the 1002 architecture instead of 1ool for the final
element and discharge hydraulic oil pressure and
then closed natural gas main control valve.
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