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Abstract

The Savannah River Site (SRS) spring operated pressure relief valve (SORV) maintenance
intervals were evaluated using an approach provided by the American Petroleum Institute (API
RP 581) for risk-based inspection technology (RBI). In addition, the impact of extending the
inspection schedule was evaluated using Monte Carlo Simulation (MCS). The APl RP 581
approach is characterized as a Weibull analysis with modified Bayesian updating provided by
SRS SORYV proof testing experience.

Initial Weibull parameter estimates were updated as per SRS’s historical proof test records
contained in the Center for Chemical Process Safety (CCPS) Process Equipment Reliability
Database (PERD). The API RP 581 methodology was used to estimate the SORV’s probability
of failing on demand (PFD), and the annual expected risk.

The API RP 581 methodology indicates that the current SRS maintenance plan is
conservative. Cost savings may be attained in certain mild service applications that present
low PFD and overall risk.

Current practices are reviewed and recommendations are made for extending inspection
intervals. The paper gives an illustration of the inspection costs versus the associated risks by
using API RP 581 Risk Based Inspection (RBI) Technology. A cost effective maintenance
frequency balancing both financial risk and inspection cost is demonstrated.
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1. Notation

API American Petroleum Institute

ASME American Society of Mechanical Engineers
CCPS Center for Chemical Process Safety

MCS Monte Carlo Simulation

MM Million

MTBF Mean Time Between Failures

PERD Process Equipment Reliability Database
PM Preventative Maintenance

Proof Test The practice of pressurizing the inlet of a new or used relief valve on a test stand.
Popping pressure and seat tightness are tested and the as-found values
are compared to the stamped set pressure.

PFD Probability of failure on demand

PRV Pressure relief valve(s)

R, Ratio of proof test pressure to set pressure
RBI Risk-Based Inspection

RP Recommended Practice

SORV Spring operated relief valve(s)

SP Set Pressure

SRS Savannah River Site

TP Test Pressure

2. Introduction

The U.S. Department of Energy's SRS SORV maintenance intervals were evaluated using an
approach provided by API RP 581 [1] for RBI technology. In addition, the impact of extending
the inspection schedule was evaluated using Monte Carlo Simulation (MCS). The API RP 581
approach is characterized as a Weibull analysis with modified Bayesian updating using SRS
SORYV proof testing experience. The approach uses the two-parameter Weibull distribution [2],
which is a popular distribution for life data analysis.

Initial Weibull parameter estimates contained in the CCPS PERD were updated using the API
RP 581 methodology. The methodology was also used to estimate the SORV’s PFD, and the
annual expected risk. For this purpose, risk is defined as the product of Demand Rate,
Vulnerability (PFD as a function of time), and Consequence. Demand Rate is quantified by
number of events per year, and is qualitatively the frequency of overpressurization on systems
with in-service valves. Consequence is due to the on-demand failure of a valve, estimated in
terms of US dollar costs due to human injury and restoration of the process to its original state.

Results of this study indicate that the current SRS maintenance plan is risk averse, and that
cost savings may be attained in certain mild service applications that present low PFD and
overall risk. Herein, current practices and recommendations for extending inspection intervals
are reviewed. An illustration is provided that contrasts inspection cost versus the associated
risk using APl RP 581 RBI technology. Also demonstrated is a cost effective preventative
maintenance (PM) frequency that balances financial risk with inspection cost.
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3. Background

SORV’s used in Newtonian fluid services perform an important safety function in the process
industries by preventing system pressures from exceeding the maximum system design
pressure. Routine pressure relief valve (PRV) inspection and testing are required because the
device may fail to relieve overpressure events that can cause failure of the equipment
protected by the device, leading to a loss of containment.

To comply with ASME Boiler and Pressure Vessel code [3, 4] Section VIII for unfired pressure
vessels, SORV'’s are required to be inspected, tested and serviced on a periodic basis. These
PM intervals are best optimized by studying past performance and proof test data. If
insufficient data exist to provide a decision on optimum intervals, confidence may be improved
by shortening the SORV’s time in service. That, however, is not cost effective over the life
cycle of valves. Additionally, if the primary failure mode is neither corrosion nor high stress in
service, shortening time in service provides little valve performance improvement.

Consensus codes allow a company or facility to set and adjust maintenance and inspection
intervals for PRV’s, including the SORV. As such, methods must be developed internally to
ensure that risk reduction and cost effectiveness are balanced while providing an adequate
safety margin. The industry utilizes a trio of approaches to conduct inspections based on time-
in-service, performance, and risk. The time-in-service method is used primarily at SRS but
modified qualitatively by performance and risk. Risk, as previously defined, is difficult to
quantify with data.

This paper provides an application of RBI methodology at SRS [5]. The principles and general
guidelines for RBI are covered in APl RP 580 [6] and API 581 provides the methodology to
form a risk-based inspection plan as described herein.

4. SRS Pressure Protection Program

When a relief valve is removed from service for PM, proof testing correlates the “as found” lift
pressure of the valve to its in-service “on demand” lift pressure performance. A valve whose
ratio (R, ) of Test Pressure to Set Pressure (TP/SP) greater than or equal to 1.5 in the as-

found condition is considered by industry and API 576 to be “stuck shut.” This means that
during an actual overpressure event, failure of the valve to open by 1.5 times the set pressure
will challenge process piping and vessel integrity, causing failure on demand.

The confidence in the current SRS program of proof testing and inspection is considered to be
highly effective in selecting parameters from APl RP 581. SRS operates a local Relief Valve
Repair Shop certified by the National Board of Pressure Vessel Inspectors code NB-23 [5]
where maintenance forces perform inspection, testing, and repair of approximately 1,200
SORYV each year as the valves are cycled in from the field. A valve is released for field
installation if the actual lift pressure (proof test) is within £3% of SP (for > 70 psig set). If a test
is outside of this range, the valve is adjusted and then retested [5].

SRS now has over 7000 certified test records in the Computerized Maintenance Management
System including both new and used valve tests. “Used” is defined as a relief valve that was
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installed and active in a process between inspection times. A summary of used valve data is
presented in this paper.

Used valves must first pass an initial external visual inspection before proof testing. If the
initial proof test is within 10% SP and the average of the next three tests are within 3% SP,
then the valve has passed testing and inspection without requiring further work [5]. Any used
valve whose proof testing reveals higher than 1.1 times SP is disassembled for repair. The
valve is subsequently reassembled, tested, tagged and returned to the field as “like new.”

Guidelines [7] are provided for disposition of each valve based on the proof test results, but the
final decision to disassemble and repair is made by National Board certified technicians.
Currently, the average PM interval is 3.7 years for used PRV’s. Intuitively, longer intervals
between maintenance and proof testing should increase the likelihood of a valve being stuck
shut on demand. Prediction of a failure on demand as used in API RP 581 is when R, >1.3.

A key assumption of the APl RBI 581 methodology is that a bench test of a PRV performed in
the as-found condition from a process unit will result in a true determination of the valve’s
performance on demand. A good inspection program will track the history of inspection and
testing of each PRV.

The API RBI 581 method allows for varying degrees of confidence in the inspection. When
combined, the pre-test inspection and as-found proof test provide a Pass/Fail evaluation that is
given the highest degree of confidence. Conversely, if a valve is inspected and overhauled
without a pre-test, a lower confidence level is associated with the validity of inspection results.

The API RP 581 standard provides default values indicating the level of confidence that proof
testing will accurately represent in-service PRV performance in an overpressure demand
situation. The effectiveness associated with passing the bench test means that there is a
certain probability that the valve would have properly opened on demand while in service. By
default, a 90% effectiveness carries a 10% probability that the valve would have failed on
demand while in service. Accordingly, these probabilities are considered conditional, and
reflect the confidence that an inspection result will predict the valve’s performance on demand
while in service.

5. Inspection Updating using APl RP 581

PRV’s are classified by service severity as mild, moderate, or severe. Since severe fluid
service ASME Section VIl valves are not in use at SRS, the CCPS/PERD database includes
proof tests based on mild and moderate Newtonian fluid service ASME Section VIII valves.
Included are proof test results of new valves before installation, and over 900 used valves
tested between May 2003 and January 2010. A random sample of used in-service valves was
incorporated into Inspection Updating with API RP 581, providing estimates of PFD for valves
in service at SRS. The estimates were adjusted with the collection of proof test data per the
API RP 581 methodology. Used valves in mild and moderate fluid services exhibited
differences in proof test results that were irresolvable by frequency of failure. The severities
were aggregated in given estimates.
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The API RP 581 method is related to a Bayesian approach in that it uses a weighted function
of current and past proof test results. When applying it to PRV’s, the standard application of
Bayes’ Theorem resulted in PFD values that were unrealistically high. The equations were
modified to include inspection effectiveness in order to produce reasonable results.

5.1. Estimating the Probability of Failure On Demand
The two parameter Weibull distribution [2, 8, 9] is used as a model for estimating PFD. In this
approach, as proof test data are collected, the Weibull shape parameter  remains constant,

and the characteristic life parameter n is adjusted.

The two parameter Weibull distribution for the probability of failure at ¢ years is defined as:

B
F(t)—l—exp{—(ij } £>0 1)
n

where F(t) is the probability that a PRV will fail before it acquires ¢ years of operating time.

The probability density function for the Weibull distribution (1) is:

=) ool (5| oo

n is measured in years, while 8 is unitless. The probability of failure by n years is 0.632
(63.2%) regardless of the shape parameter (Equation (1) with =7 ). Initial values for g and n

may be determined from plant-specific data if available, or starting with default values indicated
in API RP 581.

5.2. Reliability

Suspensions are valves that were tested and did not fail. Reliability (R), is defined as the
probability at time t that failure will not have occurred by that time. Suspensions affect
primarily the n parameter (n increases), with generally little effect on g [8]. Because of this,

API RP 581 provides for adjustment of the n parameter to increase or decrease PFD
according to proof test results.

The reliability at time ¢ is calculated by:
R(t)=1-F (1) (5)

For example, when n =13 years, f=2.3 and t=6 years, F(6)=0.155 from equation (1), and
R(6)=0.845.

5.3. Mean Time Between Failures
The mean time between failures (MTBF) is calculated for a Weibull distribution as:
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MTBF:nT[H%J (3)

where I'(.) is the gamma function. Note that MTBF=n when p =1 (the exponential
distribution) since I'[2]=1.

The contour plot for MTBF in Figure 1 shows that Eta (n) has a major impact on MTBF, while
the impact of Beta () is minor over the displayed range for both parameters. This offers
justification for holding  constant and updating n as data are collected.

5.4. The Weibull Hazard Function
The Weibull hazard function determines the rate of failure during the characteristic life.
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Figure 2: Hazard plot for eta=1.5 years when

Figure 1: Contour plot of MTBF (years) beta=0.8. 1. and 1.5

assuming a two parameter Weibull distribution.

5.5. Conditional Probability of Failure
With the hazard plot (Figure 2), we see the following:
a) a decreasing failure rate corresponds to a burn-in period, and occurs when 0< § <1.

b) a constant failure rate corresponds to the design life time period, when g =1
c) an increasing failure rate corresponds to a wearing out mode, occurring when 8 >1.

Initial estimates of n and S are required to start the updating process. When the PRV passes
the inspection, the conditional probability of failure on demand is calculated as follows:

Ferl(e)=(1-k,,, )-R(®) (Passed inspection) ~ (6)
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where k£ __ is the confidence factor for the effectiveness of the proof test, specifically that the

pass

proof test determines the performance of the valve under a demand situation. As such, k__ is

pass
the probability that functioning on-demand valves will pass the proof test. Typical values for
highly effective pass, and for highly effective fail (k) range from 90% to 95%.

For example, for a highly effective passed inspection at six years with 90% confidence, (¢ =6),
and £ =0.90:

pass

F(6) = (1 —kpass)-R(6) = (1 —0.90) -0.845=0.0845
For a failed inspection, the conditional PFD is calculated as follows:

cond
Fl (6 =k,

ail

-F(t)+(1-k,,,)-R(t) (Failed inspection) (7)

where £, is the probability of failing on demand for valves failing the proof test. For example,

with a highly effective failed proof test at 1 =6 years, and k£, =0.95,

fail
F(6) =k - F(6)+(1-k,,,, )- R(6) =0.95x0.155 +(1-0.90) x0.845 = 0.232

5.6. The Weighted Probability of Failure

API RP 581 weighting factors allow for variations in proof tests, giving more credit to proof
tests conducted later in the characteristic life. For a highly, usually, or fairly effective proof test
resulting in a pass, the weighted probability of failure can be determined by:

FYe (1) = F(t)—l[F(t)—F""”"(t)](nt ] (8)

mod

where 1 is the selected weighting factor and n,_, is the modified characteristic life. In Figure

3, the possible values for 4 are 0.1, 0.2, 0.3 and 0.4 for determining the weight given to a
current passed proof test. For example, with =6 years, A=0.2, and n_, =13 years.

F"(6) = F(6)-0.2[ F(6) - F*" (6)](%j =0.155-0.2[0.155~ 0.0845](%) =0.149
For a highly (also usually) effective fail proof test resulting in a failure
ngt (t) — Fcond (t) (9)

The Weibull characteristic life is updated as:
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Mg () = s (10)
(—ln[l—FWg’(t)])ﬁ

where 7, ,(¢) is the updated characteristic life. For example at 1=6 and =23,

Nypa (6) = 6 == 6 —=13.27 years

(-m[1-F=@©])® (-In[1-0.149])>3

Figure 3 illustrates the impact of a passed or a failed proof test on updating the estimate of
N,,4» Where the initial n =20 years, 3=1.5,and 41=0.1,0.2,0.3, and 0.4. The y-axis is the

updated characteristic life n,,, (7).

During the updating process, the following must be true:

1) tests for valves less than one year in service are not included in the updating process
2) the characteristic life cannot decrease after a passed proof test, and

3) the characteristic life cannot increase after a failed proof test.

30
Passed Proof Test

Figure 3: The impact of a single pass or fail
proof test result on the current estimate of

eta (n =20) for various weight factors: |
A=0.1,02,03and 0.4. (B=1.5) e

[o4 ]
0.1

25

Eta (Year

Note that 15
1) For passed inspection at 5 years, ]

n =20 years (essentially no change) 10-
2) For failed inspection at 5 years ]

n =13 years a

T T T T T
10 15 20
Time (Years)

o
o -

6. Statistical Review of SRS Used Valve Proof Test Data
A plot of R, versus time in service (in years) for 935 used valve proof tests does not display

any obvious time trends (Figure 4). However, the time trend may not be apparent because the
data are plotted according to the maintenance test times instead of failure times. For valves
passing the proof test, it is given that they will fail at some future time. Figure 4, which
represents approximately 12% of the used valve proof tests, does show that no failures

(R, >1.3) were recorded within the first 2.5 years in service.
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The maintenance time distribution for SRS used valves is displayed in Figure 5.
Approximately 25% of the SRS valves are tested in 3-year intervals, 50% by 3.1 years, 75% by
4.7 years. Approximately 1.4% of the valves were tested between 10 and 14 years in service.

The plots and statistics in Figure 6 do not show a statistically significant difference for passed
and failed proof tests (Rp > 1.3) for mean time in service for used valves. In reality, there may

be an impact of time but it is hidden as a result of the censored nature of the data

Ratio

35
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Figure 4: Rp vs. Time in service (years)
for the SRS used valve proof tests.
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Figure 5: The cumulative maintenance time
distribution for time in service for used valves

«Figure 6: Box and whisker plots for time in
service of failed and passed SRS used valve
proof tests

Means and Std Deviations for Time in Service

Level Number Mean Std Dev
Failed R, >13 22 3.85 1.92
913 3.89 1.77

Passed R, <13

7. Initial Estimates for the Weibull Parameters
Initial PFD values were obtained based on in-service duration of the valves at the time of
inspection, based on the maximum likelihood method [9]. The likelihood function is defined as:

L=TTr@)[a-Fm))

(11)

10-
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where there are N =a+5b proof tests in the database. Of the N valves tested, a have failed
their proof test at time ¢,,i=1,...,a based on engineering estimates of their estimated failure
times. In addition, 5 of the valves tested have passed their proof test at time T,j=1...b.

The Weibull distribution function, F(.) (1) is employed, along with £(.), the corresponding
density function (2) for failure times.

The usual technique for solving for the distribution parameters involves setting equal to zero
the partial derivatives of the natural log of L with respect to the parameters, and then solving
the resulting equations. For the current application, it is more convenient to use a contour plot
for the estimates of n and g in the Weibull distribution.

A contour plot of the likelihood function (L) is presented in Figure 7. Initial estimates of n and
B were obtained from the maximum region where =2.3 and n =20 years.

Sum(log(L) time) 20
<=-160.000 20
18-
<=-151.600 6]
B - 143200 T 14
™ 3 1 1Avg=13.03
5 <=-134.800 > 127
3 £ 10
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B - _118.000 4]
5]
L R N N Y A N A s A
O O O O O O O ©O O © ©O ©O 9O O
SSESS888888E88ES8CS
Sg33fgggIgaxecr
LIS S S SRLI SR DL B B 583889858 c8¢28
14 16 18 2.0 22 24 2.6 2.8 3.0 Dato

Beta

) Figure 8: Updating eta based on
Figure 7: Contour plot of the SRS used valve proof tests
likelihood function, L, using SRS

proof test results.

8. Application of APl RP 581 and Monte Carlo Simulation Results

The API RP 581 methodology was applied to SRS used valve proof test data with the initial
values of 1 =20 years, and f =2.3 for the Weibull distribution. As the first failure was
realized, the drop-off in eta was dramatic (Figure 8). The plot points color coded red represent
valve proof test failures at R >1.3. The maximum eta over the time period was approximately
20 years. The eta plot in Figure 8 essentially is a scaled MTBF plot since from equation (3),

n =(1.129)x (MTBF) with f=2.3.

Four PM plans were evaluated in the MCS: the current site-wide plan, and the current site-
wide plan extended by 1, 2 and then 3 years. Each of the plots in Figure 9 contains 250 of
10,000 available data points to show the impact of APl RP 581 updating. As the inspection
interval is increased, n, or equivalently the MTBF, increases.

11-
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API RP 581 updating was seen to be conservative, with n =21 years for the MCS—

substantially higher than the estimated mean value of eta. Specifically, the mean value for eta
for the current site-wide plan was estimated to be 13.5 years, 14.1 years for the current PM
plan extended by one year, and 15.0 years for the current plan extended by two years.

The average inspection time is 3.7 years for the current site-wide PM plan. The inspection
cost per proof test is approximately $2,700. A demand frequency of 0.01/year was used in the
simulation. The assumed population of in-service valves was 5,000. The expected number of
demands per year was calculated as 5000x0.01=50. The loss distribution from over-
pressurization was 1 MM, 5 MM, and 20 MM with probabilities 0.50, 0.30, and 0.20,
respectively.

Annual cost of testing for the current site-wide plan is approximately 3.65 MM per year for
5,000 in-service valves, while the estimated mean risk is 5.14 MM per year (Table 1). Table 1
shows that for an inspection cost decrease of 0.78 MM, risk was increased by 2 MM for the
difference between the current PM intervals and a one year increase.

Figure 9: Snapshots of a 10K Monte Carlo -
series of eta updating for simulated time to o
failure (8 =2.3, and n=21 years) 16-
gm—
®
< 124
right: the current valve maintenance plan © 10
bottom left: current plan extended 1 year 8-
bottom right: current plan extended 2 years 6 . . . .
0 50 100 150 200 250
Proof Test
20 20
18+ 18+
16 16
2 14 fﬁ’; 14
Z 124 g 124
g 10 % 104
8 8
61 6
0 50 100 150 200 250 0 50 100 150 200 250
Proof Test Sample

12-
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Table 1
Financial Risk of extending Preventative Maintenance Intervals
Maintenance Mean # Demands/ | Increase in | Total Risk Inspection Total Cost
Plan Maintenance Year Risk (MM $)/ | (MM $)/ Cost (MM $)/ (MM $)/
Years Year Year Year Year
Baseline 3.7 50 n/a 5.14 3.65 8.79
Baseline 4.7 50 2.06 7.20 2.87 10.08
Extended 1
Year
Baseline 5.7 50 3.03 8.17 2.37 10.54
Extended 2
Year
Baseline 6.7 50 3.41 8.55 2.01 10.57
Extended 3
Year
11.00

10.00 / | Total Cost/ Year
9.00

8.00 /

—

&
o 7.00—
> Risk/ Year
S 6.00 /:I
=
- 5.00
B 4.00
2.00 | Inspection Cost/ Year |
1.00
0.00 T T T T T T
35 4 4.5 5 55 6 6.5 7

Avg Maintenance Years

Figure 10: Risk, Inspection Cost, and
Total Cost of inspection for extending
maintenance intervals

A risk target is defined as the level of acceptable risk for inspection planning purposes and can
be developed based on internal guidelines for risk tolerance. The level of acceptable risk can
vary between companies. At SRS, current PM intervals can be extended by half a year and
still fall within a target risk of $6 MM (Figure 10). The total cost (Risk + Inspection) increases
$1.3 MM for extending the PM intervals up to one year. In implementation of these results,
cost savings may be attained in certain mild service applications that present low PFD and
overall Risk.

13-
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9. Conclusions

The API RP 581 methodology provides a nationally recognized process to analyze test data
that not only considers inspection performance, but also includes the estimated demand rate
and probability of failure on demand in the risk-based decision process. The methodology
could be used at SRS to validate SORV PM intervals. Currently at SRS, a time-based
approach is employed, and a risk-based approach is used for guidance in adjusting the
intervals. Ideally, only zero risk is acceptable, however non-zero risks are a reality and must
be minimized in production facilities. The APl RP 581 method offers optimization of risk to
inspection cost when making operating decisions.

For the past five years, the SRS Pressure Protection Program has endorsed individually-
justified increases in PRV maintenance intervals based on an accumulation of passed/failed
proof tests. Overall, the current program at SRS appears to conservatively reduce the risk of a
valve’s failure on demand. Moreover, there is only a marginal difference between the
reduction in the cost of testing relative to the increased risk in extending current PM intervals
up one year. Intervals in specific cases—especially mild service—could be extended by one to
two years and still fall below the target risk level.

The next step at SRS is to identify sub-groups of valves, like nitrogen service valves with set
pressure in the 300-1,000 psig range, for applying APl RP 581 with greater precision.
Refinements may be made in characterizing the demand rate and the consequences ($ loss)
of an actual failure on demand while in service.
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