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Dear Colleague: 

 

As  you may  already  know,  the  Design  Institute  for  Emergency  Relief  Systems  (DIERS)  is  an 
Industry  Technology  Alliance  (ITA)  formed  under  the  auspices  of  the  American  Institute  of 
Chemical Engineers  (AIChE). DIERS  through  the Users Group  is active  in all aspects of applied 
research pertaining to relief and flare systems across the wide variety of industries represented 
by  our membership. We  hold  two  technical meetings  per  year  to  promote  the  exchange  of 
process safety and relief systems best practices. 

 

DIERS  is  currently  considering  funding  of  additional  research  relating  to  safety  relief  valve 
stability and piping vibration risk.  This  interim research report presents a useful collection of 
selected papers from our meetings that discuss these important topics. These papers illustrate 
some of the current thinking related to safety relief valve stability and piping vibration risk.  

 

As  we  try  to  refine  the  objectives,  desired  success  factor(s),  and  outcomes  for  additional 
research, we would  very much  appreciate  hearing  your  thoughts  and  ideas  regarding  these 
important topics. Please send your comments and/or suggestions to my attention. 

 

Please  note  that  the  opinions  presented  in  these  papers  do  not  reflect  the  opinions  or  the 
endorsement  of  AIChE  or  of  the member  companies.  They  are  provided  as  is without  any 
warranties of any kind. 

 

If  you  have  received  a  copy  of  this  document  and  you  are  not  a member  of DIERS,  please 
consider  joining. Membership  is  free. Please visit our web site  to  find more about DIERS and 
company membership. 

 

Sincerely, 

H. G. Fisher, Chair 
DIERS Users Group   

mailto:fisherhg@suddenlink.net
mailto:fisherhg@suddenlink.net
http://www.aiche.org/diers
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Analysis of PERF-99-5 Data

DIERS Fall 2012 Meeting
Concord, MA

October 10, 2012
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Disclaimer

This presentation represents the work and 
i f th th d d t ilviews of the author and does not necessarily 

represent the views, policy, or endorsement 
f th O ti l S f t d H lthof the Occupational Safety and Health 

Administration
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Summary:

PERF 99-05 data indicates that relief valve 
blowdowns vary widely from valve-to-valve, 
are not tightly grouped around 7% of set 
Ranking of PERF test results by g y
[Valve Blowdown – Inlet Pressure Loss] 
suggests that a margin of at least 4% may be gg g y
needed to ensure stable valve operation
Future work on RV stability should consider

3

Future work on RV stability should consider 
& address these findings



Topics:

Brief overview of statistical sampling
Statistical distribution of PERF 99 5Statistical distribution of PERF-99-5 
blowdown data
“M i ” [bl d i l t l ] f t bl“Margin” [blowdown – inlet loss] for stable 
operation
Implications for future experimental / 
modeling work

4

Q&A



Sampling:

A means of estimating population 
characteristics from a limited number of 
data points (a sample)
Two major concerns:Two major concerns:

The sample must be representative of the 
population being studiedpopulation being studied
The sample must be large enough to provide 
useful precision (i.e., have adequate statistical 

5

use u p ec s o ( e , a e adequate stat st ca
“power”)



Relief Valve Blowdown:

Defined as the pressure below the set 
pressure at which a relief valve closes, p ,
expressed as a % of set pressure
A “classic” example: A relief valve with aA classic  example:  A relief valve with a 
set point of 100 psig closing at 93 psig has 
a blowdown of 7%a blowdown of 7%
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Relief Valve Blowdown:

A measurable characteristic of relief valves 
May require high flow test apparatus, especially forMay require high flow test apparatus, especially for 
larger valves

Expected to be a “random variable” due toExpected to be a random variable  due to 
variation in relief valve component tolerances, 
e.g., springs, disc, ring, others…e.g., springs, disc, ring, others…

And in fact blowdowns varied from valve-to-valve 
when tested in PERF-99-05

7

e es ed 99 05



Relief Valve Blowdown:

Identified as an important input to valve 
stability modeling (Darby, Melhem)y g ( y, )
Relevant to determining “safe operating 
margin”margin

The difference between blowdown and inlet 
pressure loss needed to assure stablepressure loss needed to assure stable 
operation
The “3% rule” implies a 4% safe operating 

8

e 3% u e p es a % sa e ope a g
margin based on the widespread assumption 
that blowdown is 7% for API 526 valves



Relief Valve Blowdown:

The distribution of blowdown in conventional 
process service relief valves is thus highly p g y
relevant to current API, DIERS, & other 
attempts to develop engineering tools and p p g g
guidance to assure stable operation in new 
and existing relief valve installationsg
Statistical blowdown distribution can be used 
as input to computer models or in “margin”

9

as input to computer models or in margin  
calculations



Relief Valve Blowdown:

There is very little published blowdown data
National Board blowdown data fromNational Board blowdown data from 
certification testing not published

Per Code blowdown is first determinedPer Code, blowdown is first determined…
…and then adjusted to no more than 5% 
(capacity certification UG-131(3)(a)) or 7%(capacity certification UG 131(3)(a)) or 7% 
(facility certification UG-136(c)(3)(b)) 

PERF 99-05 is the largest published

10

PERF 99 05 is the largest published 
blowdown dataset identified



PERF-99-05 Blowdown Data:
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PERF-99-05 Blowdown Dataset:

Valves were “designed, built, and tested to 
the requirements of both ASME Boiler and q
Pressure Vessel Code Section VIII, Div. 1 
and API Standards 526 and 527”
“PRVs within this scope constitute the 
majority of the pressure relief devices inmajority of the pressure relief devices in 
service in the hydrocarbon processing 
industry throughout the world ”

12

industry throughout the world.
From PERF 99-05 Phase III report, October, 2002, reissued 2012



PERF-99-05 Blowdown Dataset:

A screening study intended to be broadly 
representative, although not exhaustive p , g

Included multiple manufacturers, sizes, set 
pressuresp

A reasonable and representative dataset 
for estimating the blowdown distributionfor estimating the blowdown distribution 
of relief valves currently installed in U.S. 
process plants

13

process plants



PERF-99-05 Blowdown Dataset:

Statistical “power” is primarily based on 
data quality and the number of data pointsq y p
When fitting a distribution to data, it’s not 
meaningful to talk about “statisticalmeaningful to talk about statistical 
significance”

No hypothesis testing involvedNo hypothesis testing involved
Goodness-of-fit & confidence interval width 
are the key measures of stat “power”

14

are the key measures of stat power



Statistical Distributions:

Describe the expected distribution of attribute 
values over a populationp p
Very useful for characterizing manufacturing 
process capability often as a first step inprocess capability, often as a first step in 
process optimization
Best known distribution is the “normal”Best known distribution is the normal  
distribution – the classic “bell shaped” curve
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Standard Normal Probability Density 
FunctionFunction
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Statistical Distributions:

Not all data follow a normal distribution
May have only positive valuesMay have only positive values
Can be skewed or exhibit “spread” wider or 
narrower than the “normal” distribution

Manufacturing & reliability data or attribute 
distributions that are dominated by one majordistributions that are dominated by one major 
factor often follow a “Weibull” distribution

17



Statistical Distributions:

Assemblies with multiple components 
affecting the attribute of interest frequently g q y
follow a “LogNormal” distribution
Both Weibull and LogNormal are constrainedBoth Weibull and LogNormal are constrained 
to positive values and have varying degrees 
of skew and heavier or lighter “tails”of skew and heavier or lighter tails  
depending on the value of their parameters
All three are 2 parameter distributions

18

All three are 2 parameter distributions



Statistical Distributions: Weibull, 
LogNormal & Normal PDFs (typical)LogNormal, & Normal PDFs (typical)
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Statistical Distributions:

Probability density functions are how most 
people visualize distributionsp p
In statistics texts these are often shown built up 
from histogramsfrom histograms
This is inefficient use of data, and very sensitive 
to the number and location of the histogramto the number and location of the histogram 
“buckets” used
B t th b f l f li i

20

But they can be useful for preliminary 
“eyeball” evaluations



PERF 99-05 Blowdown Histogram
11 “buckets”:11 buckets :
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PERF 99-05 Blowdown Histogram
6 “buckets”:6 buckets :
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Statistical Distributions:

A better approach is to plot the data as an 
ordered series with the cumulative probability p y
plotted against blowdown value
This makes full use of the data – not “diluting”This makes full use of the data not diluting  
it into buckets
The cumulative probability function for aThe cumulative probability function for a 
distribution is just the integral of the 
Probability Density Function

23

Probability Density Function



Statistical Distributions – Cumulative 
Probability Distributions:obab ty st but o s
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Statistical Distributions – PERF  
Cumulative Probability Data Plot:Cu u at e obab ty ata ot
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PERF 99-5 Blowdown Data – Raw 
Data Descriptive Statistics:Data Descriptive Statistics:

For all 18 data points:

Mean of 7.1%
Median of 6 4%Median of 6.4%
Mode of 5.6%
S.D. of 2.65%
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Statistical Distributions – Normal  
Distribution CPD Fit to Data:st but o C t to ata
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Residuals: The differences between the 
data points and the fitted distributiondata points and the fitted distribution 

If deviations from the fitted distribution are 
random (noise), then the residuals should be ( ),
normally distributed
Plotting randomly distributed residuals on aPlotting randomly distributed residuals on a 
“normal distribution” plot should yield a 
straight linestraight line
Goodness of fit and visual observation are 
both useful in distinguishing random from

28

both useful in distinguishing random from 
systemic effects



Sorted Residuals vs Z for the Normal  
Distribution Fit to the PERF Data:Distribution Fit to the PERF Data:

y = 1.0746x + 0.0062
R² 0 923
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Statistical Distributions – LogNormal
Distribution Fit to Data:Distribution Fit to Data:
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Sorted Residuals vs Z for LogNormal
Distribution Fit:Distribution Fit:

y = 1 1074x + 0 0003
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Selection of Distribution for Follow-up:

Multiple distributions were tried, including 
least-squares fitted Normal and Weibullq
distributions.
LogNormal had the best fit to the data by r2LogNormal had the best fit to the data by r
and the best behaved residuals
LogNormal was also conservative inLogNormal was also conservative in 
predicting a smaller fraction of valves with low 
blowdowns than other distributions

32

blowdowns than other distributions



So, How is this Useful?

Can make predictions about the fraction of valves 
expected to have blowdowns at or below (or above) 
any specified value
These can be used as inputs to computer 
i l ti t t l fl t t dsimulations to more accurately reflect expected 

valve characteristics
B l l ti fid i t l tifBy calculating confidence intervals we can quantify 
the uncertainty in these predictions
Can also estimate the sample size needed to

33

Can also estimate the sample size needed to 
reduce this uncertainty to a specified level



Expected Valve Fraction vs Blowdown:

Blowdown
% Set Pres LogNorm Cum Prob

2 0.001
3 0.020
4 0.100
5 0 2475 0.247
6 0.422
7 0.585
8 0 7168 0.716
9 0.812
10 0.878

34

11 0.922
12 0.951



Discussion:

Having 10% of valves with BDs < 4%, and 25% of 
valves with BDs < 5% should give relief system 
experts pause
Weibull predicts  15% of valves with BD < 4%, 7% 

f l ith BD 3%of valves with BD < 3%
Fraction with BD > 10% also significant
The long standing assumption that relief valve 
blowdowns are tightly grouped around 7% appears 
to be in error possibly badly in error

35

to be in error, possibly badly in error



Discussion:

This BD distribution can potentially explain many 
historical stability observations – such as chatter at 
< 3% inlet pressure loss and stability at higher inlet 
losses
L BD t d t d l t bilitLow BDs are expected to reduce valve stability
High blowdowns could cause sustained discharge 
f ith ll tifor processes with small operating pressure 
margins
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Statistical Power of PERF Analysis:

Statistical power was addressed by calculating 95% 
confidence intervals for the fraction of valves with 
blowdowns at or below various values
Based on the standard deviation of the LogNormal
di t ib ti b i Chi S d di t ib t ddistribution being Chi-Squared distributed

MS E l F l f U & L C fid I lMS Excel Formulas for Upper & Lower Confidence Intervals:

Lower limit: =SD*SQRT((N-1)/CHIINV((alpha/2), N-1))

37

(( ) (( p ), ))

Upper limit: =SD*SQRT((N-1)/CHIINV(1-(alpha/2), N-1))



95% Confidence Intervals for Fitted 
LogNormal:LogNormal:

Blowdown Expected 
Fraction

Lower 
2.5% CI

Upper 
97.5% CI

≤6%: 42% 39.6% 44.8%
≤5%: 25% 18 1% 32 4%≤5%: 25% 18.1% 32.4%
≤4%: 10% 4.4% 19.7%
≤3%: 2.0% 0.3% 8.6%≤3%: 2.0% 0.3% 8.6%

≥9%: 18.8% 11.9% 27.8%
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≥10%: 12.2% 6.0% 21.8%
≥12%: 4.9% 1.4% 13.5%



LogNormal Confidence Interval Graph
(95% within bars)
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Confidence Interval Sensitivity to 
Number of Data Points:u be o ata o ts
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[Blowdown – Inlet Pressure Loss] 
“Margin”:Margin :

The 44 completed PERF tests were sorted 
by [Measured Blowdown – Inlet Loss]by [Measured Blowdown Inlet Loss]
6 of 18 (33%) of tests with a “margin” < 4% 
chatteredchattered
26 of 26 (100%) of tests with a “margin” > 4% 
were stablewere stable
4% was a break point below which some 
valves chattered, and above which none did
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valves chattered, and above which none did



[Blowdown – Inlet Pressure Loss] 
“Margin”:Margin :

10 planned tests were reported as “not 
tested”tested
Hopefully the reasons for this can be 
clarified by the PERF experimental teamclarified by the PERF experimental team.  
At least some of the valves not tested 
were damaged in earlier testswere damaged in earlier tests
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[Blowdown – Inlet Pressure Loss] 
“Margin”:Margin :

Valve Type
Piping 

Length, ft
Test Pressure, 

psig
Measured 
Blowdown Inlet dP Margin

Stable? 
(+ or -)

1 3L4 6 50 4.3 4.5 -0.2 +1 3L4 6 50 4.3 4.5 0.2
2 1E2 6 250 2.5 2.3 0.2 -
3 1E2 4 250 2.5 1.7 0.8 -
4 3L4 4 50 4.3 3.3 1 +
5 3L4 6 50 5.6 4.6 1 +
6 1E2 2 250 2.5 1 1.5 +
7 3L4 4 250 4.4 2.7 1.7 -
8 3L4 2 50 4 3 2 3 2 +8 3L4 2 50 4.3 2.3 2 +
9 3L4 4 50 5.6 3.3 2.3 +

10 1E2 6 50 5.3 2.7 2.6 +
11 3L4 2 250 4.4 1.8 2.6 +
12 3L4 2 50 5.6 2.3 3.3 +
13 1E2 4 50 5.3 2 3.3 +
14 1E2 6 250 5.6 2.2 3.4 -
15 2J3 2 250 5 6 1 9 3 7 +
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15 2J3 2 250 5.6 1.9 3.7 +
16 2J3 6 50 8 4.3 3.7 -
17 1E2 4 250 5.6 1.7 3.9 -
18 3L4 2 250 5.7 1.8 3.9 +



[Blowdown – Inlet Pressure Loss] 
“Margin”:Margin :

This analysis does not break out acoustic 
coupling from other chattering mechanismscoupling from other chattering mechanisms
In the absence of acoustic modeling a 
minimum 4% margin appears necessary tominimum 4% margin appears necessary to 
ensure stable operation
This margin is based on ACTUAL VALVEThis margin is based on ACTUAL VALVE 
BLOWDOWN, not “nominal” or “average” 
blowdowns for a class of valves!
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blowdowns for a class of valves!



Implications for Future Work -
Blowdown:Blowdown:

The PERF-99-5 data are from a screening study that 
selected valves that are widely representative of those 
installed in the process industriesinstalled in the process industries
The data are very well fitted by the LogNormal statistical 
distribution with high correlation and no evidence of lack-distribution with high correlation and no evidence of lack
of-fit
The quality and quantity of the data give reasonably tight 
confidence intervals around the predicted distribution
The data strongly support blowdown variability as a 
i ifi t t ti ll i ifi t f t i li f l
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significant, potentially very significant, factor in relief valve 
instability



Implications for Future Work -
Blowdown:Blowdown:

It is critical to firm up our understanding of the 
blowdown distribution, including factors such as:

Si t f tSize, set pressure, manufacturer
New versus in-service
Other variables?Other variables?

Multiple data sources should be explored, e.g., 
experimental and archival p
Experiments should be based on representative 
normal-production run valves
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Implications for Future Work -
Blowdown:Blowdown:

A sufficiently large dataset should be developed to 
achieve predetermined confidence intervals

Thi h ld b l k d t “ f t” iThis should be looked at “up front” in any 
proposed study

A representative and adequately powered study willA representative and adequately powered study will 
strengthen the usefulness and credibility of the tools 
developed to predict and ensure valve stabilityp p y
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Implications for Future Work -
Blowdown:Blowdown:

Keep in mind the potential need for 
establishing performance tolerances on relief 
valve blowdown

What is desirable?  
What is achievable?
Coordinate with the ASME pressure relief sub-
committeecommittee

Precision of the PERF blowdown measurements 
should be good (PTC 25 test rig, average of three
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should be good (PTC 25 test rig, average of three 
readings) – this needs to be confirmed



Implications for Future Work – Safe 
[BD-IPD] Margin:[BD IPD] Margin:

A minimum 4% margin based on actual blowdown 
appears necessary in the absence of more detailed 

l ianalysis
Blowdowns for individual valves are not currently 
available Basing margins on conservative BD valuesavailable.  Basing margins on conservative BD values 
may give impractical results
“Safe margin” may be highly interactive with other g y g y
causes of valve instability, such as acoustic coupling 
and excessive back pressure
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Recommend addressing explicitly in future
work



Any Questions??Any Questions??

Jim Lay, PE
OSHA – Directorate of Enforcement Programsg

General Industry
202.693.1827
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Lay.Jim@dol.gov
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Slide 1 

The design and evaluation of relief systems is highly constrained 

 The relief system must prevent the failure of the vessel due to overpressure or 
underpressure 

 Damage to vessel, piping, and valve must be prevented by design 

 Fluid reaction forces, steady and dynamic loading 

 Vibration risk, especially to discharge piping 

 Fatigue failure caused by PRV chatter to valve, piping, and piping components 

 Large pressure fluctuations caused by acoustic resonance 

 Vortex shedding (singing relief valve problem) for some specific installations 

 If we can address all the above requirements, we also need to properly handle and  
treat the effluent 

 Finally we must properly document the design and keep the documentation up to 
date and easily accessible 
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Typical causes of chatter include 

 Excessive inlet pressure loss 

 Excessive backpressure 

 Oversized valve 

 Bad installation 
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To accurately assess whether a “relief system” will operate in a stable manner (chatter 
free) you must consider  the following important system time constants and how they 
interact 
 Valve time constant 

 How fast does a pressure relief device close and open? 

 Vessel or pressure source time constant 

 How fast does a vessel de-pressure and re-pressure after a pressure relief 
device opens and re-seats? 

 Inlet line time constant 

 How long does it take for a pressure wave to propagate upstream from a 
pressure relief device to the pressure source and back? 

 Outlet line time constant 

 Acoustic barriers may be established due to “body bowl choking” 

 Note that acoustic barriers, such as the presence of control valves, change in 
diameter, etc. can cause standing waves that can lead to acoustic coupling or 
resonance with relief systems components 
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How can we establish if PRV stability is an issue for a specific installation? 

 It has been shown that very long inlet lines will result in stable PRV operation 

 It has been shown that a PRV will go through a short period of instability during 
closing and by inference during opening as the valve gets to full lift 

 During valve closing, if the inlet line is short enough, the returning compression 
wave can keep the valve open 

 It is expected that the coefficient of restitution can change the calculated valve 
opening time 

 A slower valve is better 

 Low flow rates cause less damping for the piping 

 Resonance amplification factors can be very large, 50 to 100 times 
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The key is to decouple PRV frequency 
from the piping and other important 
system frequencies or to slow down 
the valve response (closure) time 
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In order to understand PRV stability we first need to understand some fundamentals 
about pressure pulsations/oscillations, the energy source for standing waves 

 A pulsation is a pressure fluctuation that travels through the fluid and/or piping 
system 

 Pulsations are propagated as traveling acoustic waves, i.e. at the speed of sound in 
the fluid/piping system 

 When an acoustic wave encounters a change in area, new reflected and 
transmitted waves are generated 

 The superposition of two or more traveling waves that have the same frequency 
generates a standing wave at the same frequency 

 Amplitudes of standing waves can grow to extremely large values when resonance 
occurs 
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The acoustic velocity estimates can be subject to large uncertainties 

 This is most significant for liquids 

 Pipe flexibility can lower the value of the acoustic velocity 

 The presence of minute amounts of entrained gas in liquids can drastically reduce 
the value of the acoustic velocity 

 Adding a small amount of air, say 0.1 % by volume can reduce the value of the 
acoustic velocity for a liquid-air system by a factor of 1/2 
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The acoustic velocity of a traveling wave can be calculated based on the fluid 
properties and the flexibility of the piping supports 
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The acoustic velocity of a traveling wave can be calculated based on the fluid 
properties and the flexibility of the piping supports 
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Let’s consider the impact of piping flexibility on acoustic velocity reduction  

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation  

Material Piping Schedule K = 1/κ d/δ η 
  US GPa     
Liquid Water 5 2.19 52.2 0.799 
Liquid Water 10 2.19 35.5 0.850 
Liquid Water 40 2.19 13.4 0.934 
Liquid Water 80 2.19 11.3 0.944 
Liquid Water 160 2.19 6.47 0.967 
          
Liquid Propane 5 0.11 52.2 0.986 
Liquid Propane 10 0.11 35.5 0.991 
Liquid Propane 40 0.11 13.4 0.996 
Liquid Propane 80 0.11 11.3 0.997 
Liquid Propane 160 0.11 6.47 0.998 
          
Vapor Propane 5 6.80E-04 52.2 1.000 
Vapor Propane 10 6.80E-04 35.5 1.000 
Vapor Propane 40 6.80E-04 13.4 1.000 
Vapor Propane 80 6.80E-04 11.3 1.000 
Vapor Propane 160 6.80E-04 6.47 1.000 

Propane data at 293 K and 8.35 bara 

Piping flexibility is most 
important for liquids that are 
highly incompressible where 
thin wall piping is used 



Slide 11 

It is well established that small amounts of vapor can drastically reduce the mixture 
speed of sound  
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Resonant piping frequencies can be estimated for a constant diameter pipe if the 
acoustic velocity can be calculated reliably 
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Pipe End Conditions fn Wavelength 
  Hz   
Open - Open   1/2 
Closed - Closed 

  
Open-Closed   1/4 
Closed-Open 

  

2ac
iu
L

[ ]2 1
4ac

i
u

L
−

Rapid opening and closing of a 
PRV can excite these pipe 
frequencies  

Resonance is achieved when 
the PRV opening/closing 
frequency matches the piping 
frequency 

This is a dangerous 
mechanism and should be 
considered separately from 
PRV chatter that can potential 
cause fatigue failure damage 
to PRV and piping components 
due to force of impact of the 
disk on the seat  

Note that L is the effective “acoustic length” 
of the pipe and depends on the presence 
of acoustic barriers such as valves, pumps, 
change of flow area, etc. 
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Resonance is more likely at low flow because of the acoustic damping caused by 
pressure losses at high flow rates 

 Low flow rates cause less damping for the piping 

 Resonance amplification factors can be very large, 50 to 100 times 
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Using a single degree of freedom analysis, we can describe the motion of the valve 
disk 
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Let’s examine the dynamics of a 5 m3 vessel full of air at 25 C and 55 psig using the 
Farris 4P6 PRV considered by Grolmes earlier 
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Grolmes provided a simple correlation to calculate k and m from available valve data 
based on actual measurements he has conducted on numerous real valves up to 6Q8 
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If we can calculate the PRV opening and closing times, and if we can estimate the 
acoustic piping length, we can impose a length criteria on the inlet and discharge 
piping that is independent of the 3 % or the 5 % rules 

 It is not easy to estimate the acoustic length of most relief piping because of the 
presence of expanders, reducers, etc. 

 Its has been suggested that acoustic piping length can be established by following 
the 2:1 diameter rule 

 Real piping frequencies can be much different than the theoretical frequencies that 
can be calculated using the simple methods outlined here. This can lead to a false 
sense of security and non-conservative designs or evaluations 

 The best way forward is to resolve the flow in the inlet and discharge lines by 
solving the fluid dynamics equations coupled with the PRV SDOF equations 

 This solution is easily implemented for single phase flow and is more difficult for 
multi-phase flow 
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Complex piping configurations will require the solution of 1D and 2D fluid dynamics 
equations 
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Source: SuperChems Expert 

Flow 
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Consider a simplified inlet line with a single constant diameter pipe and allow for a 20 
% margin between the piping frequencies and the valve frequency 

 Most PRVs have an opening / closing time of approximately 25 ms (0.025 s) 

 Typical acoustic velocities for liquid, gas, and two-phase systems for rigid piping are 
1500, 400, and 25 m/s 

 To decouple the frequencies with a 20 % margin we must have: 

 

 

 Typical Liquid:  L < 7.5 m or L > 11.25 m 

 Typical Gas:     L < 2.0 m or L > 3.0 m 

 Typical Two-phase :      L < 0.13 m or L > 0.2 m 
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The pressure spike caused by rapid valve closure due to chatter is much more 
dangerous for liquid flow and least dangerous for flashing liquid flow 
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[ ]cooo uuuPP −+= maxmax ρ
Example – Liquid, water like flow at 20 m/s 

Pmax = Po + 1000*2000*[20-0] = Po + 400 bars! 

 

Example – Gas, air like flow 

Pmax = Po + 5*350*[350-0] = Po + 6 bars 

 

Example – Two phase, water like, high void fraction, flashing flow 

Pmax = Po + 5*30*[30-0] = Po + 0.045 bars 
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As the fluid moves through piping components, vortices are formed and swept into the 
main stream 

 Vortex shedding can create standing waves 

 Vortex shedding frequency (Mach No < 1.4) 

 Frequency of standing waves 
 

 Open / Open  
 

 Closed / Open 

 If the vortex shedding frequency couples with piping components frequencies, the 
potential for damage can become substantial 

 Note that L is the effective “acoustic length” of the pipe and depends on the 
presence of acoustic barriers such as valves, pumps, change of flow area, etc. 
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It is common to install relief devices on column overhead and process lines 
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Resonance occurs when the vortex shedding frequency coincides with the acoustic 
frequency of the standpipe 
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Natural frequency of standpipe / valve combination 

02 1
4a

e

cnf
L L

− =   + 
n = 1 for 1st mode, 2 for 3rd mode, 
etc., c0 = fluid speed of sound, and 
r = radius of inlet chamfer 

Le = End correction corresponding 
to Rayleigh’s upper limit = 0.425 d 

Frequency of pressure oscillations (sound) created by vortex shedding 

( )s
St

fN d r
U

= + NSt = Strouhal Number where 0.63 >= NSt >= 0.3    

Vortex shedding creates pressure oscillations – the energy source for standing waves 
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Resonance can cause fatigue failure from cyclic loads and can cause leaking and 
chatter of the valve 
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For n = 1 
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NSt = Strouhal Number where 0.63 ≥ NSt ≥ 0.3 

Peak oscillations occur around NSt = 0.4 

RMS is the ratio of pressure oscillations divided by dynamic pressure = ½ ρ u2 

RMS begins increasing at a specific onset Strouhal Number and flow velocity 
depending on acoustic speed, pipe diameter, and pipe length, reaches a peak 
value and then decreases 

( ) ( )( )/ 0.33 0.25 /s Stf N U D n U D= ≈ −
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The most stable relief device is one that is “slightly undersized”  

 Even with gas or two-phase chatter, a system might actually survive, especially if 
the inlet line length is <> 4L/uac, regardless of how much pressure drop or what 
caused the valve to close 

 Inlet pressure loss ONLY is not a sufficient criterion to guarantee valve stability 

 Relief dynamics are required to determine relief system stability, especially for 
oversized valves 

 Inlet line length can be restricted to ensure stable valve operation even when the 
inlet pressure drop is excessive 

 Inlet line length limits required for stable valve operation (Shortest to Longest) 

 Flashing Two Phase  Gas  Liquid 

 Relief systems damage risk from chatter (High to Low) 

 Liquid  Gas  Flashing Two Phase  
© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation  
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provider of safety and risk management consulting services. ioMosaic has offices in Salem, 
New Hampshire, Houston, Texas, and Minneapolis, Minnesota. 

Since the early 1970's, ioMosaic senior staff and consultants have conducted many landmark 
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BACKGROUND - Problem
• There are known chatter incidents that 

resulted in a “loss of containment”
• Relatively rare occurrence
• Industry // regulatory difference of opinionIndustry // regulatory difference of opinion 

on “Relaxing” the 3% rule

Historically, un-managed (or studied) change 
leads to increased problems
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GOAL OF THE SCREENING METHODOLOGY
1. Focused on vapor / gas systems
2. Categorize installations into two buckets

• Free from chatter
• May chatterMay chatter 

3. Equations that can be done by hand
4. Relies on minimal valve specific information
5. All criteria must be passed

The methodology does not predict chatter intensity orThe methodology does not predict chatter intensity, or 
frequency
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Methodology Basis
• Based on known work

• 80’s ASME / EPRI Research
• 99-02 Research (From Germany)

• Validated (to date)
• Published API Perf Data
• Zahorsky’s ASME/ EPRI Data
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Mechanisms of Chatter – Literature Review
1. Inlet line length 

2. Excessive inlet pressure losses 

3. Standing waves

4 O i d li f d i4. Oversized relief devices 

5. Improper relief device installation

All criteria must be met to be considered acceptable
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Inlet Line Length – Literature Review
1. Theory

1. Valve opens

2. Reduced pressure area forms

3 P l i3. Pressure wave travels to some point 

4. Gets reflected back and “Supports” the disk

2 Published equation basis (Source 9)2. Published equation basis (Source 9)
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Inlet Line Length – Various Equations
1. Direct solution of the basis equation

MW
kTc

c
Lt

MW
kTtL openopen 223;2;5.111 =><

2. Frommann & Friedel (1998, Source 6)
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i
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w
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078,9

Assumes a 20% sudden pressure loss is acceptable
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Inlet Line Length – Various Equations
3. Frommann & Friedel (1998, Source 6)
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390,45

Assumes sudden pressure loss is limited by blowdown

⎠⎝

4. Cremers, Friedel, Pallaks (2001, Source 9) 

i l i b i d b hMy implementation was not substantiated by the 99‐05 

PERF PRV Stability Project
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Inlet Pressure Losses– Literature Review
1. Theory (EPRI / ASME)

1. Valve opens

2. Pressure develops (both acoustic and frictional)

3 V l l ( )3. Valve closes (repeat)

2. Published equations (Source 32)
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Standing Waves – Literature Review
1. Theory

1. High process flow velocity

2. Vortex Shedding occurs at 

the tie in pointthe tie‐in point

3. Standing waves form 

2. Published equations (Source 10)2. Published equations (Source 10)

U
cdL i

i 4.2
<

It has been speculated that Helmholtz resonance may occur (34) but 

generally is not considered to cause destructive chatter (35 36)generally is not considered to cause destructive chatter (35, 36). 
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Oversized relief devices 
1. Conventional wisdom – concern when the capacity is 

less than 25% (Sources 22, 29)

2. Valve operation

1 P i l i1. Pressure in vessel increases 

2. Valve opens, capacity depends on inlet/outlet 

conditionsconditions

3. If flow to vessel is more than capacity pressure 

increases if not it decreases.

4. Cycle time related to flow and volume (not only rate)
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Oversized relief devices 
1. If destructive chatter was caused by oversize devices:

1. Problem would be extensive

2. No solution

2 Hi h f h 1 h ( f )2. High frequency chatter > 1 hz (per manufacturers)

requiredPSV ww 4>
And,

requiredPSV

ttt +=>1
BlowdownsetSetBlowdown PPPPcycle ttt →→ +=>1
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Installation Guidelines
1. No inlet restrictions [UG‐135(b)(1),  Source 15]

2. No outlet restrictions / backpressure issues (Sources, 3, 

9, 12, 23 ,25)

3 B l d B ll (S 24)3. Balanced Bellows vents open (Source 24)

4. Pocketed outlet piping (Source 1)
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Supporting Equations // Assumptions
1. Relief valve opening time [Source 9]
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Sample Problems (Criteria 1.1 – Line Length)

Tag
PSV 

Capacity Initial
Inlet 
Pipng P P TTag 

Number
Capacity 
(lb/hr)

Initial 
Lift (%)

Pipng  
(ft)

PSet 
(PSIG)

PBack 
(PSIG)

Tinlet
(°F) MW

PSV‐3 (2J3) 7,060 60% 2 50.0 4 85 28.8
PSV‐8 (1E2) 4 470 60% 2 250 0 20 85 28 8
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Sample Problems (Criteria 1.1 – Line Length)

Tag
PSV 

Capacity Initial
Inlet 
Pipng P P TTag 

Number
Capacity 
(lb/hr)

Initial 
Lift (%)

Pipng  
(ft)

PSet 
(PSIG)

PBack 
(PSIG)

Tinlet
(°F) MW

PSV‐3 (2J3) 7,060 60% 2 50.0 4 85 28.8
PSV‐8 (1E2) 4 470 60% 2 250 0 20 85 28 8
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Sample Problems (Criteria 1.2 – Line Length)

Tag
PSV 

Capacity Initial
Inlet 
Pipng P P TTag 

Number
Capacity 
(lb/hr)

Initial 
Lift (%)

Pipng  
(ft)

PSet 
(PSIG)

PBack 
(PSIG)

Tinlet
(°F) MW

PSV‐3 (2J3) 7,060 60% 2 50.0 4 85 28.8
PSV‐8 (1E2) 4 470 60% 2 250 0 20 85 28 8PSV 8 (1E2) 4,470 60% 2 250.0 20 85 28.8
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Sample Problems (Criteria 1.2 – Line Length)

Tag
PSV 

Capacity Initial
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Pipng P P TTag 

Number
Capacity 
(lb/hr)

Initial 
Lift (%)

Pipng  
(ft)

PSet 
(PSIG)

PBack 
(PSIG)

Tinlet
(°F) MW

PSV‐3 (2J3) 7,060 60% 2 50.0 4 85 28.8
PSV‐8 (1E2) 4 470 60% 2 250 0 20 85 28 8PSV 8 (1E2) 4,470 60% 2 250.0 20 85 28.8

( ) ( ) 014.020250
604704

957.0078,9078,9
2

%

2

−
×

<−< oBs
O

i
i tPP

w
dL

ftL 10<

6.0470,4% ×Ow

f



RELIEF DEVICE STABILITY
Semi-Validated Method from Literature

Sample Problems (Criteria 1.3 – Line Length)
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Number
Capacity 
(lb/hr)

Initial 
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(PSIG)
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(°F) MW
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Sample Problems (Criteria 1.3 – Line Length)

Tag
PSV 

Capacity Initial
Inlet 
Pipng P P TTag 

Number
Capacity 
(lb/hr)

Initial 
Lift (%)

Pipng  
(ft)

PSet 
(PSIG)

PBack 
(PSIG)

Tinlet
(°F) MW

PSV‐3 (2J3) 7,060 60% 2 50.0 4 85 28.8
PSV‐8 (1E2) 4 470 60% 2 250 0 20 85 28 8PSV 8 (1E2) 4,470 60% 2 250.0 20 85 28.8
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Sample Problems (Criteria 2 – Line Length)

Tag
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Initial 
Lift (%)

Pipng  
(ft)

PSet 
(PSIG)

PBack 
(PSIG)

Tinlet
(°F) MW

PSV‐3 (2J3) 7,060 60% 2 50.0 4 85 28.8
PSV‐8 (1E2) 4 470 60% 2 250 0 20 85 28 8PSV 8 (1E2) 4,470 60% 2 250.0 20 85 28.8
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Sample Problems (Criteria 2 – Line Length)

Tag
PSV 

Capacity Initial
Inlet 
Pipng P P TTag 

Number
Capacity 
(lb/hr)

Initial 
Lift (%)

Pipng  
(ft)

PSet 
(PSIG)

PBack 
(PSIG)

Tinlet
(°F) MW

PSV‐3 (2J3) 7,060 60% 2 50.0 4 85 28.8
PSV‐8 (1E2) 4 470 60% 2 250 0 20 85 28 8PSV 8 (1E2) 4,470 60% 2 250.0 20 85 28.8
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Sample Problems (Criteria 2 – Line Length)

Tag
PSV 

Capacity Initial
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Pipng P P TTag 
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(lb/hr)

Initial 
Lift (%)

Pipng  
(ft)

PSet 
(PSIG)

PBack 
(PSIG)

Tinlet
(°F) MW

PSV‐3 (2J3) 7,060 60% 2 50.0 4 85 28.8
PSV‐8 (1E2) 4 470 60% 2 250 0 20 85 28 8PSV 8 (1E2) 4,470 60% 2 250.0 20 85 28.8
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Sample Problems (Criteria 2 – Line Length)

Tag
PSV 

Capacity Initial
Inlet 
Pipng P P TTag 

Number
Capacity 
(lb/hr)

Initial 
Lift (%)

Pipng  
(ft)

PSet 
(PSIG)

PBack 
(PSIG)

Tinlet
(°F) MW

PSV‐3 (2J3) 7,060 60% 2 50.0 4 85 28.8
PSV‐8 (1E2) 4 470 60% 2 250 0 20 85 28 8PSV 8 (1E2) 4,470 60% 2 250.0 20 85 28.8
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Sample Problems (Criteria 2 – Line Length)
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Initial 
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Pipng  
(ft)
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PBack 
(PSIG)

Tinlet
(°F) MW

PSV‐3 (2J3) 7,060 60% 2 50.0 4 85 28.8
PSV‐8 (1E2) 4 470 60% 2 250 0 20 85 28 8PSV 8 (1E2) 4,470 60% 2 250.0 20 85 28.8
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Sample Problems – Summary Results

Tag PERF ExpTag 
Number Eq. 1.1 Eq. 1.2 Eq. 1.3 Eq. 2.0

PERF Exp.
Between

PSV‐3 (2J3) 16.1 12.2 4.8 2 – 4 4 ‐ 6
PSV‐8 (1E2) 8 0 10 0 1 2 < 2 2 ‐ 4

1. Equations 1.1 and 1.2 are “optimistic”

PSV 8 (1E2) 8.0 10.0 1.2 < 2 2 4
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Experimental Validation
Comparison to API PERF Study (Source 15)

Model 
Correlation

PERF 
Results

Model 
Prediction

Eq. 1.3 Eq. 2.0 No. Of 
Cases

Agreement Chatter Chatter 9 9 9

Agreement Stable Stable 26 14 14
False Negative Chatter Stable 0 0 0
False Positive Stable Chatter 12 24 24

Agreement¹ Not Tested Chatter 7 7 7
Percent Correlation % 74 (78)  49 (56)

Note 1: There are a number of cases that were not tested, but 
were assumed to chatter as the reason for not being tested was 
not included but assumed to be damage from previous runs.
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Experimental Validation
Comparison to the Zahorsky Data (Source 31)
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Comparison to the Zahorsky Data (Source 31)

Run Exp. Determined  Predicted  Δ Blowdown
Blowdown Blowdown¹ (Pred. – Exp)

1 3.9% 4.0% (0.3 / 4.0) 0.1%
/2 3.9% 5.6% (2.0 / 5.6) 1.7%

3 5.6% 9.7% (4.7 / 9.7) 4.1%
4 8 4%² 16 7% (9 4 / 16 7) 8 3%4 8.4% 16.7% (9.4 / 16.7) 8.3%

5 8.3% 12.6% (6.3 / 12.6) 4.3%
6 4.3% 5.3% (0.3 / 5.3) 1.0%6 4.3% 5.3% (0.3 / 5.3) 1.0%
Note 1: The values are ( Eq. 1.3 / Eq. 2.0) in percent.

2: The only case with agreement for Eq. 1.3   
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Recommendations For PERF-II 
1. Is increasing PSV blowdown enough?
2. How do pipe diameter changes affect stability…

3 Do acoustic losses degrade with distance?3. Do acoustic losses degrade with distance? 
4. What is the opening time relevant to chatter?
5. Do the valves pop to XX% open?
6 D b k ff t h tt ? F b ll ?6. Does backpressure affect chatter? For bellows?
7. This is generic, is it conservative enough?
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Agenda and Objectives

• Agenda
– Background into PERF 99-05 (Round I)
– Next round goals and objectives
– Progress of Round II setup

• Objectives
– Raise awareness
– Communicate progress
– Garner interest
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Background

• PERF 99-05 to investigate stability
– Open project soliciting any participants

• 12 industrial participants eventually joined
• API was also associated by MOU

– Petroleum Environmental Research Forum 
project vehicle for anti-trust reasons

– Concluded 2012
• Majority of calendar time was consumed by 

corporate legal departments
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PERF 99-05 Project (Round I)
• Goals

– Determine if API guidance provides 
assurance against unstable operation

• Answer is no because of highly non-linear 
interactions among various parameters beyond 
irreversible pressure loss in the inlet line

– Create validated engineering tools 
(screening criteria and software) for 
evaluating PRV installations for stability

• Model created and validated, but limited
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PERF 99-05 Project (Round I)

• Experimental program to confirm valve 
stability model
– 18 conventional pressure relief valves

• 3 manufacturers
• 3 valve sizes (1E2, 2J3, 3L4)
• 2 set pressures (50 and 250 psig)

– Valve characteristic testing
– Testing with inlet and outlet piping
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PERF 99-05 Project (Round I)

• Recommendations from Round I
– Estimation of key parameters
– Testing at higher set pressures
– Testing of other manufacturer / models
– Investigate dynamic response at closing

• Update API RP 520 Part 2
– Attempted qualitative caution/guidance
– Some have expressed concerns
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Round II Goals
• Some companies have expressed interest in 

continued research
• Develop industry guidance

– Whether PRV installations may be subject to 
instability

– Predicting consequences (e.g. damage to the 
valve) in the event of instability

– Identify mitigating or corrective actions
• Address some outstanding questions
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Outstanding Questions
• Frequencies and/or amplitudes of 

oscillating behavior without damage?
• Screening heuristic/map possible?
• Is blowdown vs. irreversible inlet losses 

an appropriate boundary condition in 
the screening?  If so, what margin?

• Sufficient similarity among valve sizes 
for a particular mfg/model?
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Outstanding Questions

• Reasonable range of values for key 
parameters in stability model?

• Tighter range placed on ‘acceptable’ 
blowdown values on production valves?

• Effect of body bowl choking?
• Effect of other relieving phases?
• Effect of restitution important?
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Path Forward – Setup Phase
• Solicit potential Participants, Consociates, 

Informed Parties
• Parallel tracks

– Project charter development
– Draft participation agreements
– Request for proposal process

• Sponsor chair – Aubry Shackelford
• Sponsorship coordinators – Clark Shepard 

and Dustin Smith
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Current Status - Charter
• Completed tasks

– Several interested participants identified
– Project charter drafted
– Sharepoint site established

• Ongoing tasks
– Incorporating feedback on charter
– Determine project ‘umbrella’ (PERF or CCPS)
– Establish Organizational Task Group
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Current Status - Agreements
• Completed tasks

– Outline how to approach PERF
– Strawman for Partnership Agreements

• Ongoing tasks
– Outline how Consociates may be involved
– Draft Participation Agreements

• Future tasks
– Submit PERF request, anti-trust notifications
– Execute Participation Agreements (critical path?)
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Current Status - RFP
• Completed tasks

– Identify how to release PERF 99-05 data
– Identify potentially interested researchers

• Ongoing tasks
– Secure PERF 99-05 data release
– Strawman for RFP

• Future tasks
– Draft and review of RFP; RFP process
– Deliberation and selection of proposal
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Budgeting

• Preliminary budget estimated
– $40,000 - $50,000 / participant / year
– 2-3 years anticipated

• Budget to be updated upon receipt of 
proposals
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DIERS Users Group

• Interest in participation
– Companies as Participants
– DUG as Consociate or Informed Party

• Consociate is limited vs. Participant
– Designed for groups or associations
– Attempt to deal with funding incentives 

and other constraints on either party
– Intended to be customizable
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DIERS -
 

PRV Stability Research 

Clark Shepard

 

–

 

Chair of API SCPRS 

DIERS Spring Meeting 2012 –

 

Kansas City
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Solicit active support/participation in PRV Stability Research as a project 
sponsor and/or technical lead that develops a research proposal for the 
Joint Industry Project. 

Objective
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Background

•

 

Many countries including the US require operators to meet “Good 
Engineering Practices”.  In the US, CFR 1910.119  outlines that the 
employer shall document that equipment complies with “recognized and 
generally accepted good engineering practices” (RAGAGEP).

•

 

API 520 Part II provides guidance on Sizing, Selection, and Installation 
of Pressure-Relieving Devices in Refineries and is viewed by many as 
“Good Engineering Practice”

•

 

API 520 Part II should outline the causes and associated design criteria 
to achieve PRV Stability
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API SCPRS - PRV Stability 

•

 

Number of API members supported research through the Petroleum 
Environmental Research Forum (PERF) initiative 

•

 

API Fall ‘11 meeting, presentations were provided to outline the current 
state of research with regard to PRV Stability 

‒

 

PRV stability appears to be affected by several parameters including valve 
specifications, system design, and acoustical effects

‒

 

Based on testing, mathematical models of valve lift response was

 

possible

‒

 

Models have been developed and testing complete but uncertainty exists for a few 
variables

‒

 

Additional research is required to focus on the relationship of PRV system 
arrangement and stability

•

 

SCPRS agreed to update guidance in API 520 based on best available 
information/science

SCPRS –

 

Sub-Committee on Pressure Relief Systems
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API 520 Part II - Update

•

 

API 520 Part II working draft sent to committee and other stakeholders in 
March 2012 to develop direction for ballot

•

 

Review of comments began during API Spring meeting (April 2012)

•

 

Comments for draft API 520 Part II include:
−

 

Detail requirements for an Engineering Analysis
−

 

Provide additional guidance with regard to identifying PRVs

 

with modulating 
characteristics

−

 

Understand the difference between the API guidance found in the appendix and 
that published by Chiyoda for analyzing PRVs

 

in liquid service 

•

 

Comments support need for additional PRV Stability research
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Industry needs to support continued research to improve the guidance 
related to PRV Stability  

PRV Stability Research

PROPOSAL:  

•Support a final phase of research to better define the causes of

 

PRV 
instability and provide design criteria  

•Request proposals for a Joint Industry Project (JIP) 

•Form a task group to support and review JIPs

•Recognizing company/organization budget cycles beginning for 2013, fast 
track JIP proposals by July 2012 or delay program to 2014  
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Project Organization - Example
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Steering Committee
•Three members with equal voting to set direction
•Develops charter with scope and objectives
•Approves Experimental Plans  
•Liaisons with sponsors
•Responsible for budget
•Semi-annual reports to sponsors 
•Quarterly stewardship meetings
•Reviews monthly progress reports

Project Manager
•Responsible for the development of the experimental plans
•Responsible for testing schedule and costs
•Provides monthly progress reports to Steering Committee
•Attends quarterly stewardship meetings
•Meets monthly (F2F) with Technical Lead(s) for report out and witnessing tests as needed (9 –

 

one day meetings)
•Reviews weekly progress reports by Technical Leads

Technical Leads
•Develops the Experimental Plan(s)
•Assembles team required to develop Experimental Plan

‒

 

(Project Mgr, Experimental Statistician, Testing Cord., Instrument Rep.)
•Responsible for executing Experimental Plan
•Oversees testing
•Responsible for data analysis and reporting conclusions
•Develops weekly progress reports
•Meets monthly with Project Manager
•Available for quarterly stewardship meetings

Roles and Responsibilities
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SAFETY RELIEF VALVE STABILITY



RECOGNIZED AND GENERALLY ACCEPTED 
GOOD ENGINEERING PRACTICE 

(RAGAGEP)

ELEMENTS:

1. RECOGNIZED

2. GENERALLY ACCEPTED

3. GOOD ENGINEERING PRACTICE



RECOGNIZED AND GENERALLY ACCEPTED 
GOOD ENGINEERING PRACTICE

“Recognized and generally accepted good engineering practices are analogous to 
the legal term “standard of care”.  In the case of professionals, the standard of care 
refers to the level of care that a reasonable professional in the same circumstances 
would take to prevent harm or injury to another person.” (US CSB STAFF MEMBER 
– PSP)

“RAGAGEPs encompass the whole body of guidelines, standards, generally 
accepted principals (both taught in school and learned from others) that establish the 
ways in which responsible engineers accomplish their tasks.” (US CSB STAFF 
MEMBER – PSP)

RAGAGEPs provide guidance on engineering, operating, and maintenance 
practices developed by industry and technical experts.  They are usually based on and / 
or revised to reflect, lessons learned from industry.  The most common RAGAGEP 
references by OSHA in RNEP inspections … are codes and standards from the 
American Society of Mechanical Engineers (ASME), the American Petroleum 
Institute (API), and the publications from the Center of Chemical Process Safety 
(CCPS).” (ABSG CONSULTING, INC. – PSP)



RECOGNIZED AND GENERALLY ACCEPTED 
GOOD ENGINEERING PRACTICE 
(US CSB STAFF MEMBER - PSP)

“Licensed professional engineers are bound by regulations established by the states in 
which the engineers are registered.  A sampling of states reveals that most states include 
codes of ethics and principles of engineering practice into the states laws for professional 
engineers.  For example, the Texas regulation states

Engineers shall not perform any engineering function which, when measured by 
generally accepted engineering standards or procedures, is reasonable likely to result in the 
endangerment of lives, health, safety, property, of welfare of the public.”

“The Engineering Code of Ethics contains a requirement for engineers to practice 
within their area of expertise, and to ensure their designs meet standards and established 
practices.  This code of ethics is a legal requirement for licensed engineers.”

“Engineers shall approve only those engineering documents that are in conformity 
with applicable standards.” “Each engineers has a responsibility to practice only within his 
/ her area of expertise and to approve only those designs that comply with applicable 
standards.” Knowledge of codes and standards of applicability to ones work is a hallmark 
of engineering competency.”



PRESSURE RELIEF DEVICE RAGAGEP

ASME BOILER AND PRESSURE VESSEL CODE (BPVC)

API RP 520, PART II – INSTALLATION

ISO4126-1 – SAFETY RELIEF VALVES
ISO4126-3 – SAFETY RELIEF DEVICES
ISO4126-9 – SAFETY DEVICES
ISO4126-10 – SAFETY RELIEF VALVES



ASME BOILER AND PRESSURE VESSEL CODE 
(BPVC)

PRESSURE RELIEF VALVES (UG-134)

CHATTERING – NOT ALLOWED

FLUTTERING – NOT ALLOWED

“Pressure relief valves SHALL be designed and constructed 
such that when installed per UG-135, the valves will 
operating without Chattering and SHALL not Flutter at the 
flow-rated pressure in a way that would either interfere 
with the measurement capacity or would result in damage.”



ASME BOILER AND PRESSURE VESSEL CODE 
(BPVC)

CERTIFICATION OF CAPACITY (UG-131)

“Pressure relief valves for compressible fluids having an adjustable 
blowdown construction SHALL be adjusted prior to testing so that 
the blowdown does not exceed 5% of the set pressure of 3 psi (20 
kPa) whichever is greater.”

OPERATIONAL AND CAPACITY TESTING (UG-136)

“If a pressure relief valve with adjustable construction selected 
from a Manufacturer exhibits a blowdown that exceeds 7% of the 
set pressure or 3 psi (20 kPa), then an adjustment SHALL be made 
to meet this requirement.”



SAFETY RELIEF VALVE INLET PIPE 
IRREVERSIBLE PRESSURE LOSS RULE (3% RULE)

ASME BPVC – APPENDIX M-6

“The nominal size of all piping, valves and fittings, and 
vessel components between a pressure vessel and its 
safety, safety relief, or pilot operated pressure relief valves 
SHALL be at least as large as the nominal size of the 
device inlet, and the flow characteristics of the upstream 
system SHALL be such that the cumulative total of all 
nonrecoverable inlet losses SHALL not exceed 3% of the 
valve set pressure.  The inlet losses will be based on the 
valve nameplate capacity corrected for the characteristics 
of the flowing fluid.”





SRV INLET PIPE IRREVERSIBLE PRESSURE LOSS 
(ENLARGED PIPE DIAMETER REQUIRED)

COX AND WEIRICK. CEP (NOVEMBER 1980)

4P6 / 6R8 / 6R10 / 8T10 ALWAYS

SRV WITH RD IN SERIES ALWAYS

1.5H3 / 2J3 / 3L4 / 6Q8 WITH SHUTOFF VALVE AND
L/D GT 5 AND VESSEL SQUARE-
EDGED NOZZLE



SRV DISCHARGE PIPE BACK PRESSURE 
(ENLARGED PIPE DIAMETER REQUIRED)

6R8 ALWAYS

3L4 / 4P6 / 8T10 CONVENTIONAL SRV, PSET GT 100
PSIG, AND LENGTH GT 10 FEET



SAFETY RELIEF VALVE DESIGN PROBLEM

CROSBY JOS CONVENTIONAL 1.5H3 (0.887 SQUARE INCHES)

INLET PIPE: DIAMETER = 1.338 INCHES (S160)
LENGTH = 1.8 FEET
FITTINGS – NONE

DISCHARGE PIPE: DIAMETER = 2.624 INCHES (S160)
LENGTH = 10 FEET
FITTING – NONE

SET PRESSURE: 138 PSIG
FLOW: 1.1 PSET (166.5 PSIA)
FLUID: AIR @ 70F (21.1C)
BLOWDOWN: 7%



SAFETY RELIEF VALVE DESIGN PROBLEM RESULTS

FLOW
(PPH)

IPD
(PSIG)

IDP
(%)

DBP
(PSIG)

DBP
(%)

SQUARE ENTRANCE 9,190 11.6 8.4 9.7 7.0
IDEAL ENTRANCE 9,555 5.0 3.7 10.5 7.6
PIPE ROUGHNESS (

 

= 0.0001) 9,579 4.6 3.3 10.0 7.2
PIPE ROUGHNESS (

 

= 0.00005) 9,613 4.0 2.9 9.3 6.8





SAFETY RELIEF VALVE INLET PIPE IRREVERSIBLE 
PRESSURE LOSS RULE (3% RULE)

ASME BPVC – COMMITTEE CORRESPONDANCE

1. Now is not the time to open up the long-standing 3% Rule to the 
use of unsubstantiated, untested methodologies that have a high 
probability of ruining the safety record of the 3% Rule that 
provides the required pressure integrity when the valve is called 
upon to activate.

2. Blowdown is neither tested nor reported by the National Board 
or the valve manufacturers or the end user.  Approval for the use 
of an engineering analysis must be based on a recommendation 
of the ASME Committee of Safety Valve Requirements (BPV- 
SRV) developed via the ASME consensus process.



SAFETY RELEF VALVE BLOWDOWN DATA – 
ASME SECTION VIII

CONVENTIONAL SAFETY RELIEF VALVES

DOSSENA (VALVE WORLDS, 2002)

5.3, 6.7, AND 7.3 % OF SET PRESSURE

API PERF STUDY PRESENTATION (NOVEMBER 2011)

CONSOLIDATED 1900, FARRIS 2600, CROSBY JOS

1.5, 4.3, 4.4, 5.3, 5.6, 5.6, 5.6, 5.7, 6.4, 7.1, 7.6, 8.0,
9.1, 9.9, 10.6, 11.8, 11.9 % OF SET PRESSURE



SAFETY RELIEF VALVE BLOWDOWN DATA – 
ASME SECTION VIII

PATENT 5,515,884 (May 14, 1996) – DRESSER INDUSTRIES, INC.

Provide Chatter free operation with a blowdown of less than 10 percent for all 
fluids (gas, vapor, and liquid) flowing through the valve.

PATENT 7,744,071 (June 29, 2010) – MERCER VALVE COMPANY, INC.

Low blowdown valves will have a blowdown valve of about 15% or less, 
preferably 10% or less.

A particularly preferred valve will have a blowdown of 5 to 10% of set 
pressure.

Low blowdown valves are desirable because they can minimize the amount of 
gas that is lost from the pressurized system into the atmosphere during 
venting, thereby addressing environmental concerns.



































PRESSURE RELIEF DEVICE INSTALLATION

API RP 520, PART II – INSTALLATION STABILITY

SAFETY RELIEF VALVE AND PIPING

INLET PIPING

SAFETY RELIEF VALVE

DISCHARGE PIPING

RUPTURE DISK PIPING



SAFETY RELIEF VALVE INLET PIPE 
IRREVERSIBLE PRESSURE LOSS ENGINEERING ANALYSIS

ENGINEERING SCIENCE and MATHEMATICS

ANALYSIS SPECIFIC TO THE INSTALLATION

SPECIFIC TO THE SAFETY RELIEF VALVE

MANUFACTURER

VALVE MODEL

FLOWING FLUID

“NO GENERIC ONE SIZE FITS ALL ANALYSIS”

“NOT A MANAGEMENT OR COMMITTEE DECISION”

API PERF STUDY – DARBY SPREADSHEET

DIERS SUPERCHEMS PROGRAM

CHIYODA PAPERS AND PROGRAM



SAFETY RELIEF VALVE CAPACITY REDUCTION / DAMAGE

CAPACITY REDUCTION:
CHATTER / FLUTTER

DAMAGE:
SEATS (NOT LEAK TIGHT – CLOSE VALVE / SHUTDOWN)
STICK OPEN / CLOSED
CATALTROPHIC FAILURE

CONSEQUENCE:
PSM INCIDENT
LOSS OF CONTIANMENT OF A HIGHLY HAZARDOUS 
CHEMICAL
FIRE, EXLOSION, TOXIC EXPOSURE
SINGLE FATALITY / MULTIPLE FATALITY
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3% Rule Basics 

Current RAGAGEP

<3% Ruie Basics – Current RAGAGEP>
John Hauser P.E.
Page 1; Oct. 2011



3% Rule Basics:
C t RAGAGEP lCurrent RAGAGEP - example

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 2; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP

Example details
- Fluid is hexane, MW = 86.18
- Pset = 50 psig
- P110 = 55 psig
- MAWP = 80 psigMAWP  80 psig
- Pmaap = 88 psig
- Patm = 14 psia (not at sea level)

Scenario is blocked in with heat continuing

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 3; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP

API Std 520, Eqn 1

- kideal = 1.06 (Table 7) (note this is ideal gas at std conditions)
- kreal = 1.09 (real gas, saturated at 69 psia)
- k l = 1 108 (real gas saturated at 102 psia)kreal  1.108 (real gas, saturated at 102 psia)

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 4; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP
API Std 520 advises use of heat capacity ratio 
of ideal gas at relief temperatureof ideal gas at relief temperature
Stability conditions:

P = P = (55 + 14) = 69 psia- Pstability = Ps = (55 + 14) = 69 psia
- Ts =  128 C = 722 R
- ks = 1.048
- Zs = 0.86

Capacity conditions
P P (88 14) 102 i- Pcapacity = Pcap = (88 + 14) = 102 psia

- Tcap = 147 C = 756 R
- kcap = 1.046

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 5; Oct 2011

PROSAF  Inc.

p

- Zcap = 0.816



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP
Solve API Eqn 1 for stability and capacity 
pressures:

Stability:  Pcf = 41.1 psiay cf p

Capacity: Pcf = 60.8 psia

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 6; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP
Next, solve API Eqn 8 for term C for both 
stability and capacity purposes:stability and capacity purposes:

Stability:  Cs = 321.0

C it C 320 7Capacity: Ccap = 320.7 

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 7; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP
Next, determine other parameters for the 
sizing equation API Eqn 2 for both stabilitysizing equation, API Eqn 2 for both stability 
and capacity purposes:

K 0 953 * 0 9 0 858Kd = 0.953 * 0.9 = 0.858

Kc = 1 (no rupture disk present)

Kb = 1 (assumption; to be checked later)

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 8; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP
Next, determine other parameters for the 
sizing equation API Eqn 2:sizing equation, API Eqn 2:

λcap = 112 BTU/lb

vgcap = 1.32 ft3/lb

v = 0 0302 ft3/lbvlcap =  0.0302 ft3/lb

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 9; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP
Next, solve the sizing equation, API Eqn 2 
and pick a PSV sizeand pick a PSV size

Select a 3L4 PSV with orifice area of 3 17 in2 whichSelect a 3L4 PSV with orifice area of 3.17 in2 which 
provides the required capacity

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 10; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP
Next, use the sizing equation, API Eqn 2, to 
determine PSV capacity at 10% OP:determine PSV capacity at 10% OP:

Thi i th it t f IPL/OPL lThis is the capacity to use for IPL/OPL calcs

Note: PSV capacity inadequate for required 
relief at 10% OP; pressure will have to rise 
above 69 psia

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 11; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP
Note also:  this is not BEF, use derated 
discharge coefficient in sizing equation APIdischarge coefficient in sizing equation, API 
Eqn 2, to determine PSV capacity at 10% OP:

Why?y

Yes, PSV will flow more than this at 10% OP, 
but the bar (3%) is based on “valvebut the bar  (3%) , is based on valve 
nameplate capacity” which is not BEF.

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 12; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP

IPL:  What is the inlet line? In this example, from the 
vessel to the PSVvessel to the PSV

Because the vessel provides the source of flow or 
inventory that is needed to keep the PSV openy p p

To use Comflow to calculate IPL, convert 10” piping 
resistance coefficient total (entrance, elbow and 20’) 
to 4” basis.  Add 4” fittings (tee branch, elbow and 
reducer) plus 5’ length to provide Comflow input.

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 13; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP

From Comflow:
- IPL = (68 39 – 67 67)/50 = 0 0144 or 1 44% OK- IPL = (68.39 – 67.67)/50 = 0.0144 or 1.44%  OK

From SC Lite:
- IPL = 2.1% (difference in flow rate and in treatment of tee (

branch resistance coefficient)
- OPL = 3.8% (shows OK to use conventional PSV and 

validates assumption of Kb of 1)p b )
- Note that OPL also done at 10% OP, not at higher allowed OP

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 14; Oct 2011

PROSAF  Inc.



                 *****  COMPRESSIBLE GAS FLOW IN PIPING  ***** 

 

  1>  Choose: (1) U.S. Cust.‐F (2) U.S. Cust.‐C (3) Metric Units  [2] 

  2>  Est.: (1) W  (2) P1  (3) D  (4) P2 from P0  (5) P2 from P1  [4] 

  3>  D, W, P0, T0  = 4.026,22443,69,128 

  4>  MW, K, MU, Z  = 86.18,1.048,.009,0.86 

  5>  L, KF, ES     = 5,.844,0.006 

 

====  RESULTS  =================  PIPE EXIT  ======================== 

  P1 =      68.39              P2 =      67.67 

  RE =  3.912D+06             P2S =      68.28 

  FF =    0.00544              T2 =     127.83 

                               V2 =      80.56 

 

===========  (1‐5) CHANGE DATA LINES 1‐5  (R) RERUN  (X) EXIT  [ ]  = 

  NOMENCLATURE & UNITS                                 U.S. Cust. 

  ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐                                 ‐‐‐‐‐‐‐‐‐‐   ‐ 

  D,ES,L      pipe Diam., roughness, Length             in,in,ft 

  K,MW,Z      Cp/Cv, Mol. Wt., compress.                   ‐ 

  P,T         Pressure, Temperature                     psia,F/C 

  MU,W        viscosity, mass flowrate                  cp,lb/hr 

  F,V         Force, Velocity                           lbf,ft/s 

  FF,RE,KF,N  Fan. f, Rey. no., fitt. loss, total loss     ‐ 

 



Vapor Flow From Pipes  REPORT WRITER  9/5/2011 : 4:25 PM Page: 1
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WZD-DIERS EXAMPLE PSV AND PIPING FLOW
SECTION: 1.1 nerated scenario for Detailed Piping Isometric - Vapor Discharge

VAPOR/GAS FLOW FROM PIPES
Piping Isometric / Layout DIERS
Liquid Density Method Databank
VLE/PVT Method Equation of state

** INLET CONDITIONS
Temperature. C 128.0
Pressure. psig 55.50

** EXIT CONDITIONS
Temperature. C 114.871
Pressure. psig 2.016
Surroundings/back pressure. psig 2.0
Barometric pressure at site elevation. psig -3.974E-06 DEFAULT site

Speed of sound. m/s 192.061
Exit Mach Number 0.237
Maximum Mach Number 0.979 ** WARNING: Mach Number is > 0.7
Exit rho*u*u in kg/m/s2 or in Pascals 6574.579
Maximum rho*u*u in kg/m/s2 or in Pascals 33902.811
Exit Reynold's Number 2.6036E+06

Exit steady state impulse. lbf 510.364
Maximum steady state impulse difference. lbf 5293.217 ** WARNING: > 5000 lbf

Mass flow rate. lb/s 5.946
Volumetric flow rate. SCFH 87848.144

COMPONENT MW FLOW IN.
lb/s

FLOW OUT.
lb/s

n-HEXANE 86.177 5.945 5.945

Relief device found at segment 3 EXAMPLE 3L4: Enter Description .... Conventional. Service= Gas
Last iteration Kb correction 1.0
Pressure at device inlet. psig 53.789
% Inlet pressure drop relative to effective set point 3.180
% Irrev. inlet pressure drop relative to effective set
point

2.106

% back pressure relative to effective set point 3.806

Segment #, Name, Type Start
Elevation.

ft

End
Elevation.

ft

Length. ft Exit
Diameter. ft

Exit/Flow
Area. ft2

001, 10 INCH INLET LINE 10.0000 10.0000 20.0000 0.8350 0.5476
002, 4 INCH INLET LINE 10.0000 15.0000 5.0000 0.3355 0.0884
003, EXAMPLE 3L4, PRV (orifice) 15.0000 15.5000 0.5000 0.1674 0.0220
004, 4 INCH OUTLET LINE 15.5000 15.5000 0.2000 0.3355 0.0884
005, 4 X 6 EXPANDER, EXP, Tapered:45.00 deg, 15.5000 15.9102 0.4102 0.5054 0.2006
006, 6 INCH OUTLET LINE 15.9102 15.9102 15.0000 0.5054 0.2006

Segment #, Name, Type Inlet Temp.
C

Inlet Pres.
psig

Irrev. dP.
psia

Total dP.
psia

Exit
Friction

Factor
001, 10 INCH INLET LINE 128.0000 55.5000 0.4037 0.9366 0.0044
002, 4 INCH INLET LINE 127.7100 54.5634 0.7290 0.7739 0.0054
003, EXAMPLE 3L4, PRV (orifice) 127.6101 53.7895 25.5549 25.5549 0.0000
004, 4 INCH OUTLET LINE 115.0188 2.0473 0.0318 0.0454 0.0054
005, 4 X 6 EXPANDER, EXP, Tapered:45.00 deg, 114.9998 2.8046 0.0056 0.0066 0.0038
006, 6 INCH OUTLET LINE 114.9982 2.7980 0.7381 0.7819 0.0049

Segment #, Name, Type Exit NRe
001, 10 INCH INLET LINE 1479361.35
002, 4 INCH INLET LINE 3689351.76
003, EXAMPLE 3L4, PRV (orifice) 7395647.28
004, 4 INCH OUTLET LINE 3921024.18
005, 4 X 6 EXPANDER, EXP, Tapered:45.00 deg, 2601759.40
006, 6 INCH OUTLET LINE 2603644.12

** NOTE : Backpressure calculation is enabled Last Specified: 04:21:18 PM, Mon Sep 05 2011
Last Executed: 04:21:26 PM, Mon Sep 05 2011

Segment Index and Name Type AXIAL
DISTANCE. ft

Elevation
with respect

to vessel
bottom. ft

STATIC
PRESSURE.

psig

FLUID
TEMPERATURE.

C

001, 10 INCH INLET LINE Pipe 0.000 10.000 55.500 128.000
10.001 10.000 55.492 127.999

Compusa
Text Box
21,406 lb/hr

Compusa
Text Box
2.27% of Pset of 50 psig



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP

Some interpret API 520 para 5 3 3 1 3 allows BUBPSome interpret API 520, para. 5.3.3.1.3 allows BUBP 
above 10% in this case because max allowed OP is 
88/50 or 76% OP

Yes, at 76% OP, the PSV will be stable with BUBP 
above 10%

However, you MUST FIRST meet the first sentence of 
para. 5.3.3.1.3 which says BUBP ≤ 10% at 10% OP

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 15; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP

Example:Example:
- Fire case; PMAAP = 121% of MAWP
- Allowed OP is then 21%
- IPL is calculated at 3% at 21% OP
- OPL is calculated at 21% at 21% OP
- is this OK per API 520, 5.3.3.1.3?is this OK per API 520, 5.3.3.1.3?

What happens as this system rises through the 10% 
OP point?p

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 16; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP

Simple Interpolation shows:Simple Interpolation shows:
- IPL drops just below 3% - good
- OPL drops to about 17% - not so good

This PSV is likely unstable at 10% OP even though it 
probably will stabilize at 21% OP – if it can get there

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 17; Oct 2011

PROSAF  Inc.



3% Rule Basics:
C t RAGAGEPCurrent RAGAGEP

Conclusion:Conclusion:
- Show IPL ≤  3% at 10% OP
- Show OPL ≤  10% at 10% OP
- Check bellows PSVs for stability (≤  50% BUBP) at 10% OP
- Check PSV capacity against required capacity at allowed OP

If ft i t t t h k t bilit t 10% OPIf software is not set up to check stability at 10% OP 
and capacity at allowed OP, this is NOT an indication 
that the required method is wrong…..q g

<3% Rule Basics – Current RAGAGEP>
John Hauser, P.E.
Page 18; Oct 2011

PROSAF  Inc.
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“Odds and Ends”
Relief Valve Stability-Part 4

Welcome to the Morgue
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Centaurus Technology, Inc.

4590 Webb Road

Simpsonville, KY 40067

502-243-9678

ctimag@att.net
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Diplomacy
Is the art of saying

"Nice Doggie"
Until you can find a rock.

Will Rodgers



Relief Valve Nozzle Illustrations

With many thanks to those who 
provided relief valves for 

examination.



Relief Valve Operation as a 
Spring –Mass System

Note Stop

Spring:

Spring Guide 
Rod

Lower 
Spring 
Button

The mass is there, but not in 
one lump.  There is the 
valve cap, a slider piece, the 
spring rod, a restraining 
button and some part of the 
spring itself. (1/3 total 
Spring Wgt.)

Nozzle, Cap & 
Blowdown Ring



Vendor Consolidated
Dresser

Consolidated
Dresser Farris Farris Farris Consolidated

Dresser

Model 1906Fc 1905Fc 26FA10 26GA10L 26PB10-120 1910-30-Qc
S/N TJ46345 TH85105 67041-A10 545342-1-A14/G 7511-A9 TC78912
Bellows: No No No No Yes Yes
Inlet [inch] 1½ 1½ 1½ 1½ 4 6
Flange 300# RF 150# RF 150# RF 150# RF 150# RF 300# RF
Outlet [inch] 2 2 2 2½ 6 8
Flange 150# RF 150# RF 150# RF 150# RF 150# RF 150# RF
Nozzle [Letter] F F F G P Q
API Area [sq. in.] 0.307 0.307 0.307 0.503 6.38 11.05
Set Pressure [psi] 100 120 180 100 50 185
Name Plate Rating 695 scfm air 818 scfm air 1239 scfm air 145 usgpm water 7932 scfm air
Catalog Rating 698 scfm air 821 scfm air 1239 scfm air 145 usgpm water 7877 scfm air 43000
Date of Mfg. Oct-91 Jan-90 unk Oct-08 unk unk
Dead Weight [lbs] 43 39.5 38.5 39 185
Catalog Weight [lbs] 45 45 44 50 190 530

Redbook: Nozzle Area [sq. in.] 0.375 0.375 0.371 0.559 7.087 12.85
Measured Nozzle Area [sq. in.] 0.363 0.363 0.371 0.567 6.4108 12.347
Redbook: Lift [inch] 0.182 0.182 0.206 0.326 0.901 1.09
Measured 
Component Weights  
Spring Wgt. [g] 103 112 360 241 2555.2 14968
Cap and bellows [g] 322 322 96 231 3137.7 19731
Spring rod [g] 269.5 230 205 126 513 2268
Spring Button [g] 51 51 107 103 731.7 5216
Total wgt. In motion [g] 676.8 640.3 528.0 540.3 5234.1 32204.3
Spring:
Free Length [inch] 2.737 2.000 4.1875 4.275 7.6875 12.125
OD [inch] 1.343 1.380 1.7620 1.605 3.5590 7.091
ID [inch] 0.960 0.975 1.1670 1.125 2.5120 4.875
Wire Dia. [inch] 0.192 0.202 0.2975 0.240 0.5250 1.108
Check [inch] -0.001 0.000 0.0000 0.000 -0.0015 0.0000
Pitch [inch] 0.407 0.413 0.4670 0.486 0.9750 2.25
Coil Angle degrees 8.0 8.0 9.0 7.0 9.0 9.0
G [psi] 1.16E+07 1.16E+07 1.16E+07 1.16E+07 1.16E+07 1.18E+07
Mean Dia [inch] 1.1515 1.1775 1.4645 1.365 3.0355 5.983
C or D/d [-] 6.00 5.83 4.92 5.69 5.78 5.40
Active Coils [#] 5.7 3.8 8.0 7.8 6.9 4.4
Spring Constant [lbf/in] 225 385 454 243 572 2365

[N/m] 39474 67383 79478 42483 100166 414119
Wgt in Motion [kg] 0.677 0.640 0.528 0.540 5.234 32.204
Nat Freq by Formula [Hz] 38.4 51.6 61.7 44.6 22.0 18.0
Estimated Nat Freq
Ratio of Cap area to nozzle area 1.3 1.3 1.3 1.3 1.3 1.2
Spring Constant; k est [lbf/in] 289 347 455 241 552 2827

[N/m] 50654 60785 79695 42155 96685 494925
Wgt in Motion; m_est [kg] 0.677 0.612 0.499 0.680 5.171 31.253
Nat Freq by estimate [Hz] 43.54 50.14 63.61 39.62 21.76 20.03

Glide Surface Area [sq inch] 5.77 5.77 2.38 2.00 16.27 49.14
Cap/nozzle impact area [sq inch] 0.169 0.169 0.075 0.201 1.12 2.686
Moving Wgt / Valve wgt [%] 3.31586 3.13704 2.64550 2.38242 6.07321 13.39570

 



( "F" Nozzle from Farris 2600  1 ½ F 2 )

0.687

5.025

0.700

1.145

2.100

0.435

3 
8

1 
8

1 1
2

3.000  flat  
3.220 round

od 1 21 
32

od 0.903

(ALL DIMENSIONS in INCHES )

 2 od x 16 TPI

 1 od x 20 TPI

1.375

3.125

0.675

0.812

0.555

od 1.870

od 2.122

0.780
0.840
0.903

0.687
diameters

lapped & polished
seat

0.706

Straight Bore 
L/D = 2.1



( "F" Nozzle from Farris 2600  1 ½ F 2 )

0.687

5.025

0.700

1.145

2.100

3 
8

1 
8

od 1 21 
32

(ALL DIMENSIONS in INCHES )

 2 od x 16 TPI

3.125

0.825

0.812

0.555

od 1.870

od 2.122

0.780
0.840
0.903

0.687
diameters

lapped & polished
seat

0.706

Straight Bore 
L/D = 2.1

CAP

0.556

diameters
1.317

0.995

Blowdown
Ring

diameters
1.442

0.562

0.562



( Nozzle from Consolidated 1905 or 1906 Fc;  )1 ½ F 2 

0.680 id

1¼

4.675

0.705

1 
41

0.725

1.435

od 1.350

(ALL DIMENSIONS in INCHES )

1.025 od
 1    od x 16 TPI1

8

0.125
0.835
0.955
1.025

0.680

 1½ od x 12 TPI

1.5250.935

1.195

od 1.558

0.770

0.600

diameters

lapped & polished
seat

Straight Bore
L/D = 5.9



( Nozzle from Consolidated 1905 or 1906 FC  )1 ½ F 2 

0.680 id

1¼

4.675

0.705

1 
41

0.725

1.435

od 1.350

(ALL DIMENSIONS in INCHES )

1.025 od
 1    od x 16 TPI1

8

0.125
0.835
0.955
1.025

0.680

 1½ od x 12 TPI

1.5250.935

1.195

od 1.558

0.770

0.600

diameters

lapped & polished
seat

Straight Bore
L/D = 5.9

0.995

2.470

1.
58

0
1.

46
4

0.
97

3

0.560
0.105

1.
58

0 1.
03

0

1.
28

5

0.765

0.445



( Nozzle from Consolidated 1905 or 1906 FC  )1 ½ F 2 

4.675

0.705

1 
41

1.435

od 1.350

(ALL DIMENSIONS in INCHES )

 1½ od x 12 TPI

1.5250.935

1.195

od 1.558

0.770

0.600
Straight Bore
L/D = 5.9 0.995

2.470

0.765

0.445



( "G" Nozzle from Farris 2600  1 ½ G 2  )½

0.850

4.880

0.700

1.130

1.710

0.450

0.354

1 
8

1 33
64

2.884 round

od 1.731

od 1.050g

(ALL DIMENSIONS in INCHES )

 2 od x 16 TPI

 1   od x 20 TPI

1.400

3.063

0.715

0.793

0.660

od 2.125

0.880
0.950
1.050

0.850

diameters

lapped & polished
seat

1 
8

1.550

Straight Bore
L/D = 2



( "G" Nozzle from Farris 2600  1 ½ G 2  )½

4.880

0.700

1.130

1.710

0.354

1 
8

2.884 round

od 1.731

(ALL DIMENSIONS in INCHES )

 2 od x 16 TPI

1.400

3.063

0.793

0.660

od 2.125

1.550

0.730
0.510

0.10

1.495 1.040

1.205

3.092
1.286

1.806

1.
43

0

0.205

0.575 dia.0.755 dia.

1.624 dia.
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( "P" Nozzle with Cap and 
Blowdown Ring
 from Farris 2600PB10-120;  4 P 6 )
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What can one do with this data ?

Spring Constant
Natural Frequency
Valve Opening Time
Cycles to Failure Projections

Perhaps more than might be expected



SPRING CONSTANT



Helical Springs

Free Length
Lo

Mean Diameter
D

d

Wire
Diameter
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Coil
Angle
   α

Relief Valves typically

have springs with closed 
ends ground such that the 
number of active coils is 
Na = Nt

 

–

 

2

Where Nt

 

is the total 
number of coils



Helical Springs

Free Length
Lo

Mean Diameter
D

d

Wire
Diameter

Pitch

Coil
Angle
   α

Nomenclature:

Na

 

is the number of active 
coils

G is the modulus of 
torsion or rigidity

C is the diameter 
modulus; C= D/d

D is the mean diameter

d is the coil diameter

Spring Constant k

38 a

G dk
C N





Young’s Modulus (E) and Modulus of Torsion (G)

Metal Poisson's
Ratio

E
[109 Pa]

G
[109 Pa]

Aluminum 0.330 69 27
Copper 0.360 117 43
Ni-Steel 0.310 213 76
Stainless Steel
18-8 0.300 201 73

Carbon Steel 0.303 202 79
High Carbon Steel 0.295 210 81
Inconel 0.290 214 79

2(1 )
EG
ν




Poisson’s Ratio



Temperature Effect on 
Spring Materials
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(6) - Nickel Alloys - Monel 400

(7) - Titanium
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Approximation to 
SPRING CONSTANT
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C1 , C2, C3 are 
dimensionless 
constants that 
should be close to 
1 in order of 
magnitude



Vendor Consolidated
Dresser

Consolidated
Dresser Farris Farris Farris Consolidated

Dresser

Model 1906Fc 1905Fc 26FA10 26GA10L 26PB10-120 1910-30-Qc

Type 11/2 F 2 11/2 F 2 11/2 F 2 11/2 G 21/2 4P6 6Q8
P_set [psig] 100 120 180 100 50 185
Measured
Spring k [lbf/inch] 229.3 384.8 453.9 242.6 572.1 2365.0

Redbook: Nozzle Area [sq. in.] 0.375 0.375 0.371 0.559 7.087 12.85
Redbook: Lift [inch] 0.182 0.182 0.206 0.326 0.901 1.09

C_1 [-] 1.113 1.556 1.400 1.415 1.455 1.084
C_2  (assumed ) [-] 1.05 1.05 1.05 1.05 1.05 1.05
C_3  (A_pop / A_noz) [-] 1.060 1.482 1.334 1.348 1.385 1.033

C_1  average [-]
C_3  Average [-]

Approximation to 
Spring Constant [lbf/inch] 275.5 330.6 433.5 229.3 525.9 2916.5
Error [%] -20.15 14.08 4.50 5.49 8.06 -23.32

1.337
1.274



Mass in Motion

Wgt in Motion
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Mass in Motion

% 1.8 0.22
(% ) /100

wim x BW
wim wim x BW

 


wim wgt in motion
BW    body wgt for unit with 150 # flg



Mass in Motion
Vendor C-D C-D Farris Farris Farris C-D
Model 1906Fc 1905Fc 26FA10 26GA10L 26PB10-120 1910-30-Qc

Bellows: No No No No Yes Yes
Type 11/2 F 2 11/2 F 2 11/2 F 2 11/2 G 21/2 4P6 6Q8
P_set [psig] 100 120 180 100 50 185
Catalog Weight 150# FLG [lbs] 45 45 44 50 190 530
Total wgt. In motion (measured) [g] 676.8 640.3 528.0 540.3 5234.1 32204.3
Total wgt. In motion [lbs] 1.49 1.41 1.16 1.19 11.53 70.93
Ratio - moving wgt/body wgt [%] 3.31 3.13 2.64 2.38 6.07 13.38

Correlation:
% Wgt in Motion (wim) [%] 2.79 2.79 2.768 2.9 5.98 13.46
Est wim [lbs] 1.2555 1.2555 1.21792 1.45 11.362 71.338
Error [%] 15.8 11.0 -4.7 -21.8 1.4 -0.6



Natural Frequency
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Natural Frequency
Vendor C-D C-D Farris Farris Farris C-D
Model 1906Fc 1905Fc 26FA10 26GA10L 26PB10-120 1910-30-Qc

Bellows: No No No No Yes Yes
Type 11/2 F 2 11/2 F 2 11/2 F 2 11/2 G 21/2 4P6 6Q8
P_set [psig] 100 120 180 100 50 185
Catalog Weight 150# FLG [lbs] 45 45 44 50 190 530
Total wgt. In motion (measured) [g] 676.8 640.3 528.0 540.3 5234.1 32204.3
Total wgt. In motion [lbs] 1.49 1.41 1.16 1.19 11.53 70.93
Ratio - moving wgt/body wgt [%] 3.31 3.13 2.64 2.38 6.07 13.38
Est wim [lbs] 1.26 1.26 1.22 1.45 11.36 71.34

Measured
Spring k [lbf/inch] 229.3 384.8 453.9 242.6 572.1 2365.0
Estimated 
Spring Constant [lbf/inch] 275.5 330.6 433.5 229.3 525.9 2916.5
Natural Frequency  f_nat
Measured f_nat [Hz] 38.8 51.6 61.7 44.6 22.0 18.0
Estimated Natural Frequency [Hz] 46.3 50.7 59.0 39.3 21.3 20.0
Error [%] -19.4 1.8 4.5 11.9 3.4 -10.7



Extrapolate to the Valve Catalogs

Farris
Crosby
Consolidated



Relief Valve Spring Constant Estimate
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Relief Valve Spring Constant Estimate

Farris 2600
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Relief Valve Spring Constant Estimate

Consolidated 1900
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Relief Valve Natural Frequency Estimate

Crosby JOS
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Relief Valve Natural Frequency Estimate

Farris 2600
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Relief Valve Natural Frequency Estimate

Farris 2600
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Relief Valve Natural Frequency Estimate

Consolidated 1900
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Valve Opening Time

We have a derivation that leads to the 
result:

2

1

2

pop

noz
open

n

A
A

t
f

 
 

 

Example:

A_pop / A_noz = 1.3

f_n = 50 sec-1

t_open =  8.5 ms



Valve Failure Modes
Seat or Cap Destruction due to repeated cyclic 
operation – chattering at f_n
Also possibility for damage at guide stops

Seizing at or on the Spring Rod Guide

Bellows Failure in repeated cyclic operation – 
chattering at f_n

Spring Failure



Cycles to Failure

This is a well-established concept for fatigue 
failure under cyclic stresses.
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Cycles to Failure (pressure stress)

[ ] 1
noz

psi set
impact

Applied Stress on the Valve seat
As C P

A


Vendor C
-D

C
-D

Fa
rr

is

Fa
rr

is

Fa
rr

is

C
-D

Model
19

06
Fc

19
05

Fc

26
FA

10

26
G

A
10

L

26
PB

10
-1

20

19
10

-3
0-

Q
c

Bellows: No No No No Yes Yes
Type 11/2 F 2 11/2 F 2 11/2 F 2 11/2 G 21/2 4P6 6Q8
P_set [psig] 100 120 180 100 50 185
A_noz / A_impact [-] 2.219 2.219 4.947 2.781 6.328 4.784
Impact Stress [psi] 297 357 1193 373 424 1186



Cycles to Failure ( impact energy)
Impact Energy:
Kinetic Energy = ½ wim (2 Lift f_n)2

Energy to Yield = ½ σ ε_yield



Stress Strain Diagram



Energy to Yield
For Stainless Steel
About 400 kJ / m3      or   About  0.05 J/g

Now Consider the valve nozzle impact ring:
The energy to yield is approximately
400 x 2.5 x A_noz / (1/(A_noz/A_impact))



Impact Energy to Yield

Vendor C
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C
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Q
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Bellows: No No No No Yes Yes
Type 11/2 F 2 11/2 F 2 11/2 F 2 11/2 G 21/2 4P6 6Q8
P_set [psig] 100 120 180 100 50 185

Wgt in Motion [kg] 0.67683 0.64033 0.528 0.54033333 5.234 32.2
Nat Freq by Formula [Hz] 38.7654 51.6288 61.7487 44.6267915 22.02 18.05

A_noz / A_impact [-] 2.219 2.219 4.947 2.781 6.328 4.784

Kinetic Energy in Motion [J] 0.04347 0.07295 0.11024 0.1475658 2.658 16.08

Impact Surface:
Energy to yield [J] 0.10903 0.10903 0.04839 0.12967716 0.723 1.733





Cycles to Failure
The previous result suggests that seat 
impact stresses are low at low set 
pressure and for small relief valves.
The relief valve should have a long 
lifetime in cyclic operation. (greater 
than 107 cycles – this is equivalent to 
55 hrs of continuous cyclic operation 
at 50 Hz)



Cycles to Failure
However, for large relief valves, one 
can clearly point to a mechanism for 
nozzle seat damage such that failure 
to reseat to leak tightness after a 
chattering event could well be 
expected.
This would hold for any point of 
contact for which the impact kinetic 
energy could be focused – perhaps 
enhanced by any misalignment.



Cycles to Failure 
Bellows

One finds similar results for bellows:
However, we do not well understand 
how the bellows assembly is 
designed.
For example if the cyclic stress from 
full closed to full open is much less 
than the bellows assembly yield stress 
limit, then 106 cycles or greater should 
be expected



Failure by Seizing
We postulate a seizing index as the product of    f_n x  A_guide
Where A_guide is the spring rod guide surface area

Vendor C
-D

C
-D
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Model
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26
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-1

20

19
10

-3
0-

Q
c

Bellows: No No No No Yes Yes
Type 11/2 F 2 11/2 F 2 11/2 F 2 11/2 G 21/2 4P6 6Q8
P_set [psig] 100 120 180 100 50 185
Nat Freq by Formula [Hz] 38.8 51.6 61.7 44.6 22.0 18.0
Guide Surface Area [sq inch] 5.8 5.8 2.4 2.0 16.3 49.1
Seize Index
f_n x A_guide [sq in/sec] 224 298 147 89 358 887



Failure by Seizing
One observes that this index tends to increase 
with increasing valve size and set pressure.

Many other factors can effect seizing including 
lubrication and cleanliness or the presence of 
foreign articles in the guide path.

We conjecture that seizing failures will be 
predominantly “fail-open” type failures for 
reasons that might be obvious, but will be 
explained.



Overall Failure in Cyclic Operation
Let one define three modes of failure that might be 
attributed to cyclic operation

(1) Failure severe enough such that there is a likely failure 
to pass the required relief flow for a single incident  - 
excessive nozzle damage;  possible for bellows failure,  
possible for seizing failure.

(2) Failure that is not a threat for a single incident, but may 
affect valve closure or future demand actuations

(3) Failure that may affect valve leak tightness.



A Postulated Triage Diagram
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Overall Failure in Cyclic Operation

Failures of 
type (1) not 
likely here

Failures of type 
(2) and (3) 
should be 
considered here

Type (1) failures 
possible here

This is a diagram 
calling for failure data 
to provide a calibration 
guide



Overall Failure in Cyclic Operation

What is learned is that relief valves are mostly 
tolerant to cyclic operation.

We can see how this tolerance is significantly 
degraded for large relief valve and for high set 
pressures.

We also know that relief valves fail, but details 
regarding failure are hard to come by.



Overall Failure in Cyclic Operation

We need good reporting on valve failure modes 
and damage effects.

It would be a step forward to be able to put such 
cases on a diagram such as the preceding.

The following is an imperfect illustration, but a 
start.  (Information by courtesy of H.G. Fisher)



A Postulated Triage Diagram
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Overall Failure in Cyclic Operation

Red Data Points 
represent 
reported failures of 
large pilot operated 
relief valves due to 
excess inlet length.
The chattering was 
attributed mostly to 
acoustic  
phenomena

The failures are 
real.  The valve 
internals are quite 
different from API 
526 Type PSVs



Things one would like to see from Relief 
Valve Manufacturers

(1) Valve spring constants and natural frequency data 
–

 
if not in the general catalog at least with the 

purchased valve certification sheets

(2) Better relief valve Lift and Flow curves.

(3) Better data and guidance on relief valve blowdown

(4) Mechanical data on the number of on/off cycles 
that can be safely tolerated.  Is this number 10 or 106

 ; It makes a profound difference

(5) For anyone –
 

better reporting of actual failures.



Important Things to Remember

• With all of the preceeding we would like to 
leave you with an important point to 
remember



Always draw the 
drinking water 

upstream from the
herd

Important Things to Remember



There is still much 
more to this story, 
but we are getting 
closer -  for now

That’s All Folks!!
C

T
I
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Since 2003, the DIERS users group has been developing models and tools for the 
assessment of PRV stability

Advanced tools are useful for a good engineering analysis

Gain more insight into PRV stability 

Gain more insight into system dynamics and performance

We need to better understand overall system dynamics

The majority of practical scenarios deal with finite reservoirs

We need to better understand what happens to the system on the way to 10 % 
overpressure for example

The DIERS users group will make these models available in SuperChems for 
DIERS starting with version 6.4mp

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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To accurately assess whether a “relief system” will operate in a stable manner (chatter 
free) you must consider  the following important system time constants and how they 
interact

Valve time constant

How fast does a pressure relief device close and open?

Vessel or pressure source time constant

How fast does a vessel de-pressure and re-pressure after a pressure relief 
device opens and re-seats?

Inlet line time constant

How long does it take for a pressure wave to propagate upstream from a 
pressure relief device to the pressure source and back?

Outlet line time constant

Acoustic barriers may be established due to “body bowl choking”

Note that acoustic barriers, such as the presence of control valves, change in 
diameter, etc. can cause standing waves that can lead to acoustic coupling or 
resonance with relief systems components

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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What can one do without the use of a detailed dynamics model to establish if PRV 
stability is an issue for a specific installation?

The key is to decouple PRV frequency from the piping and other important system 
frequencies or to slow down the valve response (closure) time

For example, it has been shown that very long inlet lines will result in stable 
PRV operation. Why?

It has also been shown that inlet lines with expanders and reducers will result in 
stable PRV operation. Why?

Since liquid flow is not typically choked, there are less uncertainties for liquid flow 
solutions

The fluid dynamics equations are much easier to solve using 1D or 2D partial 
differential equation solutions for all liquid flow

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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The SuperChems PRV stability model consists of four important components

Dynamic vessel models for single and 
multiphase reacting flows

Steady state and dynamic piping models 
for single and multiphase reacting flows

Shock discontinuity and multiple chokes 
methods for flow through pipes of single 
and multiphase reacting flows

Dynamic single degree of freedom 
(SDOF) PRV model

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Detailed SuperChems two-phase flow dynamics for vessels – internal energy 
balance

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Detailed SuperChems two-phase flow dynamics for vessels – volume, mass, and 
phase equilibrium balances

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

Volume

Mass

Equilibrium
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Detailed SuperChems flow dynamics for reacting two-phase flow in pipes –
mass and volume

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

Vapor Mass

Vapor Volume

Liquid Volume

Mixture Volume

Liquid Mass

Total Mass
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Detailed SuperChems flow dynamics for reacting two-phase flow in pipes –
momentum, energy, and phase equilibrium

Momentum

Energy

Equilibrium
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How do we find multiple chokes?

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

1. Specify number of piping segments (N) and set starting piping segment location to 0

2. Specify composition, starting temperature, and pressure

3. Guess mass flow rate

4. Solve pipe flow differential balances with respect to pressure

5. If normalized travel distance (z) is greater or equal to actual pipe length, increase mass flow 
and go back to step 4

6. If the choke point is at segment N, stop.

7. Set starting pipe index to choke point location

8. Guess an irreversible energy loss [reduce pressure and resolve temperature], and go back to 
step 4

9. If exit pressure > back pressure and traveled distance (z) is greater or equal to remaining pipe 
length, increase energy loss and go back to step 4

10. Go to step 6
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How do we find multiple chokes – All vapor flow example

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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First, locate the first choke point solution

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Then locate the remaining choke points at the flow rate regulated by the first choke 
point (4.82 kg/s)
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The SuperChems PRV dynamic model is adapted from Melhem/Fisher [2003] and  
Singh and Shak [1983]
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The movement of the PRV disk depends on a force balance between the upward fluid 
force and downward spring and backpressure forces
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The net force on the valve disk can be calculated as the difference between the 
upward and downward forces
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As the valve seat starts to lift, the curtain area will initially be smaller than the nozzle 
flow area and will regulate the flow
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Also note that the discharge coefficient 
will change with disk lift
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Recent CFD work in Europe shows a complex pressure profile!
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Using a single degree of freedom analysis, we can describe the motion of the valve 
disk
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Using a single degree of freedom analysis, we can describe the motion of the valve 
disk

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

Undamped circular natural frequency. 
Radians/s

Undamped natural period. s

Undamped natural frequency. s
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When the valve disk is on the seat or the upper stop, a coefficient of restitution is used 
to reverse the spindle direction
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The dynamics of the PRV alone are not sufficient to describe practical applications. We 
must couple the vessel dynamics, and associated piping with the solution

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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PRV stability is heavily influenced by the configuration of inlet and discharge piping. 
For simple configurations, the upstream pressure drop or rise can be estimated from 
the following equations

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Complex piping configurations will require the solution of 1D and 2D fluid dynamics 
equations

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

Source: SuperChems Expert

Flow
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Complex piping configurations will require the solution of 1D and 2D fluid dynamics 
equations

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Complex piping configurations will require the solution of 1D and 2D fluid dynamics 
equations

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Complex piping configurations will require the solution of 1D and 2D fluid dynamics 
equations
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Complex piping configurations will require the solution of 1D and 2D fluid dynamics 
equations
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Complex piping configurations will require the solution of 1D and 2D fluid dynamics 
equations

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Complex piping configurations will require the solution of 1D and 2D fluid dynamics 
equations

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Acoustic barriers may also be established because of body bowl choking

How do we establish where the acoustic barriers are without having to solve the 
complete fluid dynamics equations in 1 or 2D?

Just because we cannot easily solve the 1D or 2D pipe flow dynamics for two-
phase flow in complex piping, we can use the single phase solutions to identify the 
“effective acoustic” length of the piping to use simpler formulas

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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SuperChems version 6.4mp introduces PRV dynamics functionality to the PRV object

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

Source: SuperChems Expert
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Let’s examine the dynamics of a 5 m3 vessel full of air at 25 C and 55 psig using the 
Farris 4P6 PRV considered by Grolmes earlier

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Let’s examine the dynamics of a 5 m3 vessel full of air at 25 C and 55 psig using the 
Farris 4P6 PRV considered by Grolmes earlier

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Let’s examine the dynamics of a 5 m3 vessel full of air at 25 C and 55 psig using the 
Farris 4P6 PRV considered by Grolmes earlier

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

The dynamics predict a blowdown of 10 %

Source: SuperChems Expert
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In order to use the dynamics, some parameters have to be either calibrated from test 
data or set to conservative values

Accurate valve geometry – AD, AI, AN and Abel

This information should be easy to obtain – Provide as ratios to AN

Mass of moving parts and spring constant

Obtain from manufacturer or use Mike Grolmes estimation method

Maximum lift, and Discharge Coefficient at maximum lift

Obtain from valve manufacturer or Red book

Obtain from manufacturer or calibrate using PRV dynamic model from actual test 
data for specific classes of PRVs

Fluid exit angle at full lift

Discharge coefficient vs. lift parameter

Momentum transfer to disk efficiency factor

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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How many cycles can be allowed before PRV and/or PRV components made from 
typical steel fail?

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

Applied Cyclic
Stress - psi

Cycles to Failure

300,000 23
200,000 90
100,000 550
50,000 6,700
30,000 38,000
20,000 100,000
10,000 > 100,000

Source: Peng and Peng, “Pipe Stress Engineering”, ASME, 2009

See Grolmes Presentation at DIERS 
2011 Fall meeting regarding types of 
failure and how they relate to size of 
valve and set points
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Key References
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SuperChems PRV Stability Model Descriptions

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

This model description is in DRAFT form and is provided for discussion purposes 
only.

The DIERS users group is continuing to improve and develop the model, especially 
those aspects dealing with damage to system and valve components
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Founded by former Arthur D. Little Inc. executives and senior staff, ioMosaic is the leading 
provider of safety and risk management consulting services. ioMosaic has offices in Salem, 
New Hampshire, Houston, Texas, and Minneapolis, Minnesota.
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studies including an audit of the Trans-Alaska pipeline brought about by congressional whistle 
blowers, investigation of the Bhopal disaster, and the safety of CNG powered vehicles in 
tunnels. Our senior staff and consultants have authored more than ten industry guidelines and 
effective practices for managing process safety and chemical reactivity and are recognized 
industry experts in LNG facility and transportation safety. 

ioMosaic Corporation is also the leading provider of pressure relief and flare systems design 
services and solutions. Its pressure relief system applications are used by over 300 users 
worldwide. It holds key leadership positions in the process industries' most influential and active 
pressure relief system design, and chemical reactivity forums, and plays a pivotal role in 
defining relief system design, selection, and management best practices.
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In 2003, Melhem and Fisher [1] published a detailed valve model to look at valve 
chatter dynamically and recommended that inlet pressure loss can be tolerated at 
blowdown – 2 % [2]
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[1] G. A. Melhem and Harold G. Fisher, “Guidelines for dealing with excessive pressure drop in relief systems”, DIERS Users Group, 2003

[2] Conditions apply including but not limited to: Vessel maximum pressure has to be adequate despite reduced flow capacity. Can tolerate excessive loss of product. Blowdown setting can 
be confirmed to +/- 2 %.

We do not need to couple this solution 
with vessel dynamics in order to screen 
for relief system stability
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These equations can be used to estimate the opening/closing time of the relief device 
and can be integrated with vessel balances used to establish Pv as a function of time

m is the spool mass plus 1/3 mass of spring

b is the viscous damping coefficient

The above equation can be solved 
numerically if a suitable value for dAN/dt is 
provided for valve opening and closing

This is difficult because the pressure profile 
on the disk surface is non-uniform
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To accurately assess whether a “relief system” will operate in a stable manner (chatter 
free) you must consider  the following important system time constants and how they 
interact

Valve time constant

How fast does a pressure relief device close and open?

Vessel or pressure source time constant

How fast does a vessel de-pressure and re-pressure after a pressure relief 
device opens and re-seats?

Inlet line time constant

How long does it take for a pressure wave to propagate upstream from a 
pressure relief device to the pressure source and back?

Outlet line time constant

Acoustic barriers may be established due to “body bowl choking”

Note that acoustic barriers, such as the presence of control valves, change in 
diameter, etc. can cause standing waves that can lead to acoustic coupling or 
resonance with relief systems components

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Why is chatter important ?

Can cause severe damage to upstream equipment

Especially important for liquid flow

Can cause severe damage to valve components due to large forces

Especially important for large valves

Especially important for high set pressures

Can ultimately cause loss of containment leading to fire, explosion, and toxicity 
risks

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Any mechanism that causes the valve to close rapidly can lead to chatter

Excessive inlet pressure loss, well in excess of blowdown

Excessive backpressure

Oversized valve

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Chatter causes damage in relief systems components primarily due to a “water 
hammer” effect caused by the rapid closure of the pressure relief device

Flow is suddenly interrupted causing a large pressure spike to occur at the valve

If the pressure spike is not large enough to rupture a relief system component, the 
compression wave created will reverse and travel back towards the pressure 
source (vessel or another acoustic barrier)

It will then reverse again and travel back to the pressure relief device which caused 
the pressure spike in the first place

The wave will continue to reverberate until something breaks or until its energy is 
absorbed by the relief system damping

Even if nothing fails initially, the relief system will be subjected to repeated stresses 
that can cause fatigue failure

This is most dangerous for liquid flow in rigid piping – if the liquid was truly 
incompressible the pressure spike would be infinite!

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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The magnitude of the pressure spike generated can be calculated using the following 
equation

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

[ ]cooo uuuPP −+= maxmax ρ
Where:

Pmax = Maximum pressure spike

Po = Initial pressure

umax = Acoustic velocity (depends on fluid phase and piping support properties)

uo = Initial flow velocity

uc = Flow velocity after valve closure (0 for complete closure)
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The pressure spike caused by rapid valve closure due to chatter is much more 
dangerous for liquid flow and least dangerous for flashing liquid flow

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

[ ]cooo uuuPP −+= maxmax ρ
Example – Liquid, water like flow at 20 m/s

Pmax = Po + 1000*2000*[20-0] = Po + 400 bars!

Example – Gas, air like flow

Pmax = Po + 5*350*[350-0] = Po + 6 bars

Example – Two phase, water like, high void fraction, flashing flow

Pmax = Po + 5*30*[30-0] = Po + 0.045 bars
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The magnitude of the peak pressure depends strongly on the value of acoustic velocity

Note that the value of the acoustic velocity also determines the length of time that 
corresponds to an “instantaneous” change in valve position

This is because as long as it takes the valve less time to close than it takes the 
pressure wave to travel upstream to the source and then back to the valve, the 
impact on the system is exactly the same as if the valve closed instantaneously

As long as the valve closes completely in less than tc, the impact on the relief 
system will be the same regardless of how quickly the valve actually closes

Note that f = umax / 2L is essentially the vortex shedding frequency of the relief 
device

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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In order to avoid the “water hammer” type pressures, especially for liquid flow, the 
valve closure time must be larger than 2L/umax, or the inlet line length must be short 
enough

In a recent API 521 committee meeting, Shell presented data that also confirms 
based on their experience that the predominant PRV instability risk is with liquid 
reliefs (see Brad Otis presentation) [1]

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

Liquid PRV showing chatter 
behavior [2]

Opening time = 4 ms

Closing time = 8.25 ms

Pset = 15 barg

[1] “A Review of PRV Chatter  Incidents”, API 520 Subcommittee meeting, Brad Otis, May 18, 2011

[2] “Examination of the effect of relief device opening times on the transient pressures developed within liquid filled shells”, HSE Offshore Technology Report 2000/130



Slide 11

The time constant of the pressure source is also very important in determining whether 
valve chatter or valve cycling is occurring

To simplify the discussion, let’s assume the pressure relief device inlet line length is 
negligible. Let’s assume the cause of valve chatter is excessive backpressure or 
oversized valve

We can calculate using dynamic simulation, trep,  the time required for pressure to 
rise in a vessel (small or large) from the relief device Preset to Pset and then to 
1.1*Pset

If trep is much less than the valve closure time, then the valve will remain partially or 
fully open 

If trep is much longer than the valve closure time, then the valve will just cycle and 
not chatter

We should be able to calculate if the sudden valve closure peak pressures can 
cause damage to the relief system, i.e. when tc < 2L/umax

If trep is equal to the valve closure time, chatter can occur and possibly resonance. 
This is a condition to be avoided
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Let’s consider a gas dynamics of a finite pressure reservoir to illustrate the “time 
constant” concepts

10 m3 vessel equipped with a PSV. Initially at 25 C and 0 psig

Assume inlet line length L is very short, i.e. L << umax*tc/2 and does not have 
acoustic barriers

Assume discharge line is properly sized, i.e. backpressure is < 10 % of Pset

Nitrogen source is connected to vessel via a control valve ( 1 inch ), Cd = 0.62, 300 
psig Nitrogen, at 25 C

Maximum PSV closing time is 10 ms

Set pressure of PSV is 100 psig and reset pressure is 93 psig

Does a 2J3 chatter ?

Does a 4P6 chatter ?

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Both valves are operating stably and without chatter. Note the time to re-pressure is 
3.84 seconds which is much longer than 10 ms. Is the 4P6 cycling a problem?

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

No matter how large the PSV is, it will 
always take the vessel 3.84 s to re-open 
the valve once it is reseated. 

Is this a chatter problem? 

Is this a cycling problem ?

How many cycles can the valve/system 
tolerate without failure?

Source: SuperChems Expert v6.3mp
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Let’s further extend the previous simulations to take a more detailed at the 2J3 relief 
line setup

Assume inlet line is vertical and has a ½ inlet velocity head loss but no other fittings

The dynamics show that the valve will be first fully open at 24.85 seconds and 110 
psig with an inlet temperature of 296.44 C

The discharge line is a 1 m, 3 inch SCHD 40, no fittings

Assume the inlet line is rigid

Note, the value of umax depends strongly on the fluid properties, how the pipe is 
supported, and should be calculated using a detailed equation of state to account 
for real fluid effects 

Let’s vary the inlet line length and then calculate the associated inlet pressure loss 
and 2L/umax

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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The % inlet pressure loss required for a stable 2J3 operation for our example can be 
as high as 4% for a valve with a closing time of 10 ms and 6 % for a valve with a 
closure time of 16.5 ms
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Inlet Line 
Length, m

umax, m/s tc=2L/umax , 
ms

% inlet 
pressure 
loss

% Back 
pressure

Flow rate, 
kg/s

0.5 485 2.06 2.15 1.84 1.009

1.0 485 4.12 2.86 1.80 1.004

1.5 485 6.18 3.26 1.79 1.000

2.0 485 8.24 3.81 1.78 0.995

3.0 485 12.3 4.88 1.76 0.987

4.0 485 16.49 5.92 1.67 0.978

Source: SuperChems Expert v6.3mp
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In 1980, Cox and Weirick published a simple correlation for calculation of inlet 
pressure loss (as long as the pressure loss is reasonable small, say < 10 %) in 
Chemical Engineering Progress
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AN is the PRV flow area in in2

F is the rated capacity in lbs/hr
ρ is the flowing density in lb/ft3
L is the inlet pipe length
D is the inlet pipe diameter
f is the Fanning friction factor
KF is the overall velocity head loss
0.5 velocity head loss to account for inlet pipe nozzle
Ps is the set pressure in psig
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ct

This clearly shows that a linear 
relationship should exist between 
tc and allowable % inlet pressure 
loss for stable valve operation

Slower valves should tolerate 
longer inlet lines and more inlet 
pressure loss
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Let’s consider the other limiting case of an infinite pressure reservoir with a relief 
device attached to it

Assume time to re-pressure the inlet line is infinitely small since the reservoir is 
infinitely large compared to the flow capacity of the relief system

If inlet line length L is < umax*tc/2, the relief valve is expected to behave in a stable 
manner no matter what the cause of valve closure is

If inlet line length L is > umax*tc/2, the relief valve is expected to behave in an 
unstable manner and corrective action is required

Excessive Inlet Pressure Loss – Restrict loss to blowdown – 2 %

Excessive Backpressure – Enlarge piping to meet manufacturer recommended 
backpressure limits, change valve type, etc.

Oversized valve – Use a modulating relief device, use multiple valves, restrict 
valve lift, etc. 
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As long as the inlet line length, L < umax*tc/2, and the dynamic simulation time step is 
less then the valve closing time, dynamic simulations should be able to show if the 
relief system will chatter or not

In case of rapid cycling one should confirm that the valve components can take the 
closing force and if the piping supports can take the reaction forces

The relief systems piping should also be checked for vibration risk (see previous 
presentation)

Always check for resonance potential

Note that two-phase flashing flow requires shorter inlet line lengths than gas flow 
and than liquid flow (for the same valve closing time) for stable valve operation
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A valve will not chatter if stable valve opening is supported by the returning 
compression wave produced by the reflection of the initial expansion wave
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Example – Liquid, water like flow with tc = 10 ms

Lmax = 2000 * 0.01 / 2 = 10 m

Example – Gas, air like flow with tc = 10 ms

Lmax = 350 * 0.01 / 2 = 1.75 m

Example – Two phase, water like, high void fraction, flashing flow, with tc = 10 ms

Lmax = 35 * 0.01 / 2 = 0.175 m
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How do we obtain the valve frequency, opening, and closing time?

Provided by manufacturer (that would be nice!)

Measure it

Use a detailed mathematical model such as the one published by Melhem and 
Fisher

Requires spring constant and mass of moving internals to be provided by 
manufacturers

As outlined in the next few slides, use the models developed by Mike Grolmes 
(several presentations to the DIERS Users Group) to calculate valve frequency, fn, 
and closing time tc = 1 / 2 fn
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The spring constant can be calculated for a helical spring using the following equation
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Free Length
Lo

Mean Diameter
D

d

Wire
Diameter

Pitch

Coil
Angle
   α

38 a

G dk
C N

=

Na is the number of active coils

G is the modulus of torsion or rigidity

C is the diameter modulus; C = D/d

D is the mean diameter

d is the coil diameter
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Material properties are available in the literature
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Note that the valve material properties change with temperature
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Free Length
Lo

Mean Diameter
D = 1.469"

d = 0.281"

Wire
Diameter

Pitch

Coil
Angle
   α

Spring from
Farris 26 FA 10 - 120
180 psig set

N  = 8
C = D/d = 5.288
Assume:
E = 205 GPa or 29.7x10  psi

 = 0.31
G =  

a

6

ν
78.2 GPa or 11.35x10  psi6

An example from Mike Grolmes DIERS presentations
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An example from Mike Grolmes DIERS presentations (continued)

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

Free Length
Lo

Mean Diameter
D = 1.469"

d = 0.281"

Wire
Diameter

Pitch

Coil
Angle
   α

Spring from
Farris 26 FA 10 - 120
180 psig set

Wgt. of Spring = 360 gm
Wgt. of other 
parts in motion = 435 gm
Assume mass in motion is
435gm + 360 / 3  =  555 gm
or approximately 1.22 lb
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The fastest closing time can then be calculated to be 9.43 ms
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3
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2 2 0.555
1 9.43 ms
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Grolmes also provided a simple correlation to calculate k and m from available valve 
data based on actual measurements he has conducted on numerous real valves up to 
6Q8

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

0.
67

5

1.
15

6

5

0.688

1

3 
322

3 8

1

od 29
32

Ao

1.08

0.025

1 0.478
2

set redbook

lift

valve

valve lift
c

n set redbook

P Ak
y

m M

M ymt π
f k P A

=

=

≈ = =

Use consistent units – Pa gauge, s, kg, m, and m2

Mvalve ↑ tc ↑
ylift ↑ tc ↑
Pset ↓ tc ↑
Aredbook ↓ tc ↑



Slide 28

The most stable relief device is one that is “slightly undersized”

Even with gas or two-phase chatter, a system might actually survive, especially if 
the inlet line length is < 2L/umax, regardless of how much pressure drop or what 
caused the valve to close

Inlet pressure loss ONLY is not a sufficient criterion to guarantee valve stability

Relief dynamics are required to determine relief system stability for oversized 
valves

Inlet line length can be restricted to ensure stable valve operation even when the 
inlet pressure drop is excessive

Inlet line length limits required for stable valve operation (Shortest to Longest)

Flashing Two Phase Gas Liquid

Relief systems damage risk from chatter (High to Low)

Liquid Gas Flashing Two Phase 
© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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If relief device manufacturers can supply additional information, we can better resolve 
the issue of chatter and relief systems performance

Valve opening pressure and valve reset pressure (accurate blowdown +/- 2 %)

Opening and closing time or valve natural frequency or time constant of the spring 
mass part of the system

Cycles to failure for all valves, including but not limited to:

Seizing either fully open or fully closed 

Performance failure, fails to deliver rated flow 

Deformation such that the valve is no longer able to be considered leak tight 
after the actuation event causing the damage

One would expect that small valves and/or valves with low set pressures might 
tolerate several million on-off cycles before failure while larger valves or valves with 
high set pressures might only tolerate tens of thousands cycles before failure[1]
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[1] Personal communication with Mike Grolmes
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The following conclusions can be made based on our current understanding of 
important and relief systems time constants for an infinite pressure reservoir
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System Characteristic Criteria Cause of Chatter Potential Hazards and Possible 
Mitigation Strategies

Infinite Pressure Reservoir

Capacity of reservoir is 
much larger than the 
capacity of the relief 
system

L < umax*tc/2 Excessive Inlet 
Pressure Loss

Valve is expected to operate in a 
stable manner

Excessive 
Backpressure

Valve is expected to operate in a 
stable manner

Oversized Relief
Device

Valve is expected to operate in a 
stable manner

L > umax*tc/2 Excessive Inlet 
Pressure Loss

Restrict inlet pressure loss to 
blowdown – 2 %
Remove acoustic barriers

Excessive 
Backpressure

Restrict backpressure or enlarge 
discharge piping
Change valve type

Oversized Relief
Device

Use a modulating relief device
Restrict valve lift
Dampen valve, slow down closure
Etc.
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The following conclusions can be made based on our current understanding of 
important and relief systems time constants for a finite pressure reservoir

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

System Characteristic Criteria Cause of Chatter Potential Hazards and Possible 
Mitigation Strategies

Finite Pressure Reservoir

System capacity is small 
enough for blowdown to 
occur within a reasonable 
time frame

L < umax*tc/2 Excessive Inlet 
Pressure Loss

Check cycling frequency using 
dynamic simulation to ensure stable 
system behavior

Excessive 
Backpressure

Check cycling frequency using 
dynamic simulation to ensure stable 
system behavior

Oversized Relief
Device

Check cycling frequency using 
dynamic simulation to ensure stable 
system behavior

L > umax*tc/2 Excessive Inlet 
Pressure Loss

Restrict inlet pressure loss to 
blowdown – 2 % and check cycling 
frequency using dynamic simulation

Excessive 
Backpressure

Restrict backpressure or enlarge 
discharge piping, change valve 
type, etc.

Oversized Relief
Device

Check cycling frequency using 
dynamic simulation, use multiple 
valves, etc.
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Related Presentations

G. A. Melhem and Harold G. Fisher, “Guidelines for dealing with excessive 
pressure drop in relief systems”, DIERS Users Group, 2003

G. A. Melhem, “Deal with controversial topics in pressure relief systems”, DIERS 
Users Group, Spring 2009, Orlando, Florida.

G. A. Melhem, “Estimate acoustically induced vibration risk in relief and flare 
piping”, Joint European/US DIERS Users Group Meeting, June 2011, Hamburg, 
Germany
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Founded by former Arthur D. Little Inc. executives and senior staff, ioMosaic is the leading 
provider of safety and risk management consulting services. ioMosaic has offices in Salem, 
New Hampshire, Houston, Texas, and Minneapolis, Minnesota.

Since the early 1970's, ioMosaic senior staff and consultants have conducted many landmark 
studies including an audit of the Trans-Alaska pipeline brought about by congressional whistle 
blowers, investigation of the Bhopal disaster, and the safety of CNG powered vehicles in 
tunnels. Our senior staff and consultants have authored more than ten industry guidelines and 
effective practices for managing process safety and chemical reactivity and are recognized 
industry experts in LNG facility and transportation safety. 

ioMosaic Corporation is also the leading provider of pressure relief and flare systems design 
services and solutions. Its pressure relief system applications are used by over 300 users 
worldwide. It holds key leadership positions in the process industries' most influential and active 
pressure relief system design, and chemical reactivity forums, and plays a pivotal role in 
defining relief system design, selection, and management best practices.

SALEM OFFICE
93 Stiles Road
Salem, New Hampshire  03079
Tel: 603-893-7009

HOUSTON OFFICE
2401 Fountain View, Suite 850
Houston, Texas  77057
Tel: 713-490-5220

MINNEAPOLIS OFFICE
401 North 3rd Street, Suite 410
Minneapolis, Minnesota  55401
Tel: 612-338-1669

About ioMosaic Corporation
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Objectives of this Presentation 
Knowledge to learn 



 

Experimental research at LESER 
– Test facility 
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Numerical research / CFD 
– CFD in the calculation 

of mass flow 
– Fluid Force 
– Opening of SRV 



 

Pros and Cons of Experimental 
and CFD Methods
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ASME (pending) and TÜV certified 
Steam Test Facility of LESER
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Data Acquisition

Data Acquisition:



 

24  channel system (Mass flow, Pressures,  Temperatures, Lift)



 

50 Hz to 1 KHz  Frequency of Recording



 

Data recorded on local PC and copied in server



 

Predetermined and freely programmable measurement routines
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Test Lab Capacities and Pressure Ranges
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Media Pressure Flow Capacity 

Air 0 – 100 barg
0 – 1450 psig

10 – 70000 kg/h 
4,8 – 33600 scfm (Performance Test)

10 – 52000 kg/h
4,8 – 24964 scfm (Capacity Test)

Water 0 – 42 barg
0 – 610 psig

2 – 240 m3/h
8,8 – 1057 gpm

Steam 0 – 42 barg
0 – 610 psig

5 – 24000 kg/h
11 – 52910 lb/h

Capacities and Pressures  from Test Lab at National Board

Test Lab Capacities 
and Pressure Ranges

Air 0 - 500 psig 0 – 13000 scfm

Water 0 – 500 psig 0 – 550 gpm

Steam 0 – 500 psig 0 – 16000 lbs/h
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Product Data of LESER SV Type 526 2H3 and 
Operating Conditions of Stability Test on Air

Type: 526 2H3 Conventional design



 

Inlet: 2“ (50.8 mm);  Outlet: 3“ (76.2 mm)



 

Flow Area: 625 mm² (0.975 sq.in.)



 

Lift:  7,9  mm  (0,31”) 



 

Test Pressure: 7.25 bar g ( 5 psig)



 

Built up Back Pressure: up to 1,4 bar g
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Test Set Up for Back Pressure Tests on Air
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Test on 2H3 API Valve on LESER Test Bench



 

Stable function up to 1,3 bar g  back Pressure
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System 
Pressure

Prel : 7.95 bar g
Pset : 7.25 bar g   Pback : 1,3 bar g 

Tests

Lift Start of chatter

Back Pressure
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Test on 2H3 API Valve on LESER test Bench 
Video
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Numerical Tools 
The outcome of CFD calculations

Physical quantities which can be calculated using CFD 



 

Velocity



 

Pressure



 

Density



 

Others: temperature, shear rates …

Integral quantities 



 

Mass flow rate



 

Fluid force acting on valve disc
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Calculation of Mass Flow Rates in Safety 
Valves using CFD

Software: ANSYS Fluent Version 13

Meshing details:



 

Tetreader cells within safety valve 
body



 

Hexaeder cells in inlet and outlet 
pipes 



 

Total number of cells: 1 – 4 mio. 
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Calculation of 
Mass Flow Rates 

➔ Difference between measured and calculated (CFD) 
steady-state air mass flow rates usually between 3 - 5%
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Fluid Force acting on Disc   
Steady state Conditions
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0)()(  gMxFxF MPSPRINGFLUID

Moving parts are: 
disk, spindle and lower spring plate

Force balance to maintain the disk at respective lift:

FSPRING

FFLUID

FLUID force is calculated by the CFD program

SPRING force is linearly varying with the lift FGRAVFluid Force 
acting on disk
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Validation of Force Calculation 
pending

Fluid Forces on Disc of LESER Type 526 2H3 
Valve in Function of the Back Pressure 

Steady state flow



 

Lift: 7.9 mm



 

Rel. Pressure: 7.95 bar g



 

Set Pressure: 7.25 bar g



 

Back pressure: 0 – 1,4 bar g
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6 %
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Fluid Forces on Disc of LESER Type 526 2H3 
Valve in Function of the Back Pressure
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Atmospheric back pressure Back pressure ratio 20%

Fluid Force 
acting on disk
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Transient Calculation of Flow 
in a Safety Valve 

x
dt
dMFxFxFxF MPGRAVFRICSPRINGFLUID   )()()(
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Instantaneous position of the disk ( lift ) 

Calculation of the fluid force on the disk using CFD

Calculation of the new disk velocity solving
Transient Calculation 
of Flow 

Opening of a safety valve with constant superimposed back pressure
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Opening of a Safety Valve Typ 441 DN 50/80 
with atmospheric Back Pressure
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Opening with atmospheric 
Back Pressure
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Pros and Cons of experimental and 
numerical estimation on the influence of 
Back Pressure
Measurements at test facility:



 

Immediate response at which back pressure ratios chattering begins 



 

no information on the pressure and velocity distribution in the valve

CFD calculations:



 

Mass flow calculation within 3 – 5% accuracy (steady state)



 

Force calculation on disc possible, validation pending



 

Visualization of pressure and velocity distribution possible



 

Reduction of prototype testing and time-to-market period
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Experimental and 
Numerical Estimation 
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Thank you very much for your attention.
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Background

•
 

Legislation and standards now include the 3 % rule:
•

 

North America -

 

ASME pressure vessel code & API 520 include the 3 % limit
•

 

Europe –

 

Pressure vessels directive + EN 764-7 mentions 3 % limit
•

 

Germany -

 

AD 2000-Merkblatt gives method to check pressure drop ≤

 

3 % limit
•

 

ISO 4126-9 gives

 

gives method to check pressure drop ≤

 

3 % limit
•

 
Rhodia wishes to update the calculation of existing pressure relief valves:

•

 

To be carried out during 5 yearly safety reviews of existing units
•

 

Identify need for each pressure relief valve
•

 

Identify sizing cases for each pressure relief valve
•

 

Check valve size required against valve size installed
•

 

Check inlet and outlet pressure drop
•

 

If size  is wrong etc.  evaluate levels of severity, probability

 

and risk
•

 

Consider installation of new pressure relief valve
•

 
Problem encountered:

•

 

For many relief valves the inlet pressure drop was not calculated before installation
•

 

In  cases the 3 % rule was applied but to the flow rate of the risk scenario
•

 

So now many relief valves are found not to comply
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Definition of the 3 % rule

•
 

Definition of pressure terms

 

Example
•

 

Opening pressure –

 

relief valve fully open

 

22 bar gauge (set + 10 %)
•

 

Set pressure –

 

relief valve starts to open

 

20 bar gauge
•

 

Reseat pressure –

 

relief valve closes

 

19 bar gauge (set –

 

5 %)
•

 

Blowdown = set minus reseat

 

1 bar gauge
•

 
The inlet pressure loss calculation

•

 

Includes the effect of bends, reducers, rupture discs etc
•

 

Is based on the rated capacity of the relief valve
•

 

Flow rate with relief valve fully open
•

 

Using rated discharge coefficient divided by 0.9
•

 

Flow capacity typically 2 X requirement
•

 

Pressure loss proportional to square of flow so 12 % instead of 3 % !
•

 
The 3 % rule is stated in three ways:

 

Maximum pressure loss
•

 

Inlet pressure loss ≤

 

3 % of set pressure

 

0.6 bar (3 %)
•

 

Inlet pressure loss ≤

 

one third of blowdown

 

0.33 bar (1,7 %)
•

 

Blowdown -

 

inlet pressure loss ≤

 

2 % of set pressure

 

0.6 bar (3 %)
•

 
Under ISO 4126-9 the smallest limit applies
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Illustration of the effect of inlet pressure drop

•
 

Iteration with inlet pressure drop equal to 12 % of set pressure
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Illustration of the effect of inlet pressure drop

•
 

Frommann & Friedel, J. Loss Prevention, 11 (1998) 279-290
•

 

Measurements on DN25/DN40 relief valve with 23 mm nozzle
•

 

Inlet line 1 m long DN25
•

 

Inlet pressure loss 9 % of set pressure
•

 

Open-close cycle with periodicity of 0.01 s
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Illustration of the effect of inlet pressure drop

•
 

Iteration with inlet pressure drop equal to 5.5 % of set pressure
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Pressure drop

Opening



Illustration of the effect of inlet pressure drop

•
 

Iteration with inlet pressure drop equal to 3 % of set pressure
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Opening

Pressure drop



Case 1 : HCl reactor –
 

process & scenario

•
 

Process outline:
•

 

5 m3 reactor 
•

 

Semi batch type operation
•

 

Controlling reactant added over two hours
•

 

Reaction produces HCl at 800 kg/hour
•

 
Scenario identified:

•

 

Type 1 according to ISO 23252 / API 521
•

 

Control valve closes on line to HCl absorber
•

 
Hardwire trips:

•

 

2 sensors to detect overpressure
•

 

2 block valves to stop flow of controlling reactant
•

 

Full test 1 per year
•

 

Rated SIL 2 under IEC 61511
•

 
Pressure relief valves

•

 

3 totally independent relief valves
•

 

Weir valves STARFLOW model 1E2
•

 

Each valve rated to 3300 kg/hour HCl
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Case 1 : HCl reactor –
 

inlet resistance

•
 

Calculation of inlet resistance coefficient

•
 

ISO 4216-9 Σξmax

 

= 1.63 to comply with 3 % rule
•

 
None of the existing valves comply

•
 

Entry (0.25) + disc (1.5) = 1.75 !
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Item ξ
0,5 m line DN25 0,52
Rupture disc 1,5
Reduction 0,1
0,1 m line DN100 0,05
Entry nozzle (square cut) 0,25
Total 2,42



Case 1 : HCl reactor –
 

options

•
 

Pressure ratings
•

 

Reactor design pressure = 29 bar gauge
•

 

Relief valve full open pressure = 24.2 bar gauge (10 % accumulation)
•

 

Relief valve set pressure

 

= 22.0 bar gauge
•

 

Relief valve reseat pressure

 

< 22.0 bar gauge
•

 

Normal pressure during reaction

 

=   6.0 bar gauge
•

 
Option 1: do nothing

•

 

Inlet pressure loss

 

=   1.3 bar gauge (6 % of set pressure)
•

 

Nothing can happen unless the pressure exceeds 29 bar gauge
•

 

At any pressure above 23.3 bar gauge the valves are open anyway
•

 

But scenario can last 2 hours which could be say 1 million open close cycles
•

 
Option 2: reduce the resistance at the entry to the valve

•

 

Main contribution is from rupture disc : 1.5 with total limit of

 

1.63
•

 
Option 3: adjust the blowdown and reseat pressures

•

 

ISO 4126-9 Blowdown ≥

 

3 X Inlet pressure loss
•

 

Target for reseat pressure = 20.3 bar gauge
•

 
Opion 4: put rupture disc in DN100 section (increases limit on ξ)
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Case 2 : Steam boiler –
 

process & scenario

•
 

Process
•

 

Gas fired boiler generates steam at 15000 kg/hour for site utilities
•

 

Steam is on shell side
•

 

Smoke is led through tubes (horizonal)
•

 
Scenario

•

 

Site usage of steam stops abrubtly
•

 

Steam generation continues
•

 

Explosion of boiler
•

 

Blast wave with potential offsite effects
•

 
Hardwired trip

•

 

One pressure sensor
•

 

Block and bleed arrangment on gas line
•

 

Fully tested
•

 

Rated to SIL 1 under IEC 61511
•

 
Pressure relief valves

•

 

2 totally independent relief valves
•

 

LESER 4422-4565
•

 

Each valve is rated to over 21000 kg/h
12 

 

S. EGAN     

 

Feedback on the 3 % rule for the inlet pressure drop at the

 

entry to a relief valve  

 

14/06/2011



Case 2 : Steam boiler –
 

diagram of boiler

13 
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Case 2 : Steam boiler –
 

close up of inlet nozzles

•
 

Nozzles used for relief valves are penetrating !

14 
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Case 2 : Steam boiler –
 

inlet resistance

•
 

Calculation of inlet resistance coefficient

•
 

ISO 4216-9 Σξmax

 

=  0.27 to comply with 3 % rule
•

 
Neither of the existing valves comply
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Item ξ
0,4 m line diameter 77 mm 0,09
Entry nozzle (penetrating) 0,50
Total 0,59



Model of J. Cremers, L. Friedel & B. Pallaks

•
 

J. Cremers, L. Friedel & B. Pallaks, J. Loss Prevention, 14 (2001) 261-267
•

 

Consideration of relief valve dynamics
•

 

Expansion wave caused by valve opening
•

 

Comression wave caused by valve closing
•

 
Step 1: calculate the relief valve opening time

16 
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Symbol Meaning Case 1 Case 2 Units
topen Opening time 0.013 0.024 s
d0 Diameter of orifice 0.0127 0.074 m
h Valve lift 0.0031 0.0185 m
hmax Maximum valve lift 0.0047 0.0185 m
P0 Opening pressure 2.52 1.365 MPa
PU Atmospheric pressure 0.101 0.101 MPa



Model of J. Cremers, L. Friedel & B. Pallaks

•
 

Step 2 : calculate the time for a sound wave to travel the length of the inlet line

•
 

Step 3 : check that the opening time is at least twice as long

•
 

First condition is OK in cases 1 and 2
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Symbol Meaning Case 1 Case 2 Units
tw Time for sound wave to travel the 

path length
0.0017 0.0008 s

L Length of inlet line 0.5 0.4 m
a Speed of sound in medium 298 494 m s-1

topen Opening time 0.013 0.024 s



Model of J. Cremers, L. Friedel & B. Pallaks
•

 
Calcluate

 

the maximum allowable

 

length

 

of the inlet

 

line

•
 

So the real length

 

is too

 

long in case 1 (0.5 m) and in case 2 (0.4 m)
18 
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Symbol Meaning Case 1 Case 2 Units
Lmax maximum allowable

 

length 0.15 0.325 m
શ Outlflow

 

function

 

(MERKBLATT) 0.484 0.450 -
AE Area of inlet

 

line 0.000491 0.004766 m2

A0 Area of valve orifice 0.000127 0.004301 m2

હ Discharge

 

coefficient of valve 0.973 0.699 -
હAe Discharge

 

coefficient of line 0.54 0.79 -
ߩ Density

 

of medium 48.7 6.944 kg m-3

P0 Opening

 

pressure 2.52 1.365 MPa
Pa Atmospheric

 

pressure 0.101 0.101 MPa
topen Opening

 

time 0.013 0.024 s



Conclusions

•
 

For both

 

cases examined:
•

 

the inlet

 

pressure loss

 

is well

 

over 3 %
•

 

the Inlet

 

line is too

 

long according

 

to the dynamic

 

criteria

 

of Cremers

 

et al
•

 

we

 

cannot

 

rely

 

on the relief valve as a protection layer
•

 
Possible solutions:

1.Change the inlet

 

piping

 

geometry?
2.Fit oscillation dampers?
3.Reduce

 

the value of the reseat

 

pressure?
•

 
We

 

welcome

 

problems!
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Background

• Body bowl choking occurs when the pressure safety valve body 
causes a critical flow condition at the valve body outlet.

• This behavior was first noted in 1983 by Huff*

• “A secondary pressure in excess of the external back pressure 
can develop in the body of safety valves if the maximum flow 
condition is attained in the body outlet……..the contribution of 
this choking effect to the true back pressure on the disk of 
unbalanced valves with closed bonnets is not generally 
recognized”

* Huff, J., (1983). “Intrinsic Backpressure in Safety Valves”, API Proceedings - 48th 
Midyear Meeting of the Division of Refining - Los Angeles, California
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Valve Schematic
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Pressure Profile

Typical 
Situation

Discontinuity
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Key Concept

The minimum body bowl exit pressure Pe
*

 

is:

• Intrinsic to the valve geometry

• Dependent on the stagnation pressure only

• Independent of the tailpipe

• Not necessarily equal to the back pressure
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Definitions

Ps

 

= service set pressure

Pc

 

= superimposed backpressure

∆Ps

 

= differential set pressure = Ps

 

- Pc

F0

 

= fractional overpressure = 
s

s

P
PP


0

  cs PPFP  00 1
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Criteria for Stability

se PPP 0For full lift and stable valve operation:

 
0

00

1 F
PPFPP c

ce 


Therefore:

The valve will begin to close rapidly when the valve body exit 
pressure becomes equal to or greater than the pressure given 
by the above equation.
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Flow Analysis

nnee AGAG 

*2
nnn PkG 

1

0

*

1
2 












k
k

n

kP
P

Steady State Mass Balance

Isentropic Choked Flow to Valve Nozzle

Consider an ideal gas with:

• Steady isentropic choked flow from stagnation to the valve nozzle

• Steady adiabatic flow from the valve nozzle to the valve outlet
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Flow Analysis
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Flow Analysis

Combining
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Flow Analysis + Stability Criteria

  0

1

0

0

1
21 F

kA
AF

PP
k
k

e

n

c
















For stable operation stagnation pressure should be less than 
the value given by the following equation
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Example Calculation

Consider a gas with a k of 1.3 flowing to atmosphere through an 
8T10 valve with a nozzle to discharge area ratio of 1/3.

 

   
psiaP

F
kA

AF

PP
k
k

e

n

c

9.146

1.0
13.1

2333.01.01

7.14
1

21

13.1
3.10

0

1

0

0
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Stability Test for 6R10



 

Pset = 26.2 psig with and without inlet piping



 

Calculated Inlet Pressure Losses < Blowdown

Stability Test for Refrigeration Relief Valves



 

Pset = 300 psig with and without selector valve



 

Calculated  Inlet Pressure Losses with Selector Valve 
@ Stamped Capacity > Blowdown
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Definitions

Stamped Capacity (Nameplate Capacity)
The stamped capacity is 90% of the actual capacity at a 

pressure which does not exceed the set pressure by 
more than 10% or 3 psi., whichever is greater. 

(ASME Section VIII, div. 1)

Blowdown pressure
Pressure at which the relief valve closes
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#1 Introduction 6R10 tests

Revalidation project identified Farris 6R10 pressure safety valve with 
excessive pressure drop: 


 

Pset = 26.2 psig, vessel MAWP = 30 psig


 

Piping / vessel modifications would have had significant impact on 
schedule due to special materials of construction



 

Decision was made to test valve stability as alternative solution to 
extensive piping / vessel changes



 

Valve was removed and tested at Anderson Greenwood Test Facility 
in El Campo, TX



 

Tested with and without piping stack
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Calculated Inlet Pressure Losses for 
6R10 + Piping Stack



 

Case 1:  0.94 psi or 3.77% (>3%) Component A  (Hydrocarbon, 
Cp/Cv lower value)



 

Case 2:  0.95 psi or 3.80% (>3%) Component A 



 

Case 3:  1.10 psi or 4.39% (>3%) Component B 



 

Case 4:  1.01 psi or 4.05% (>3%) Component A and C (Hydrocarbon, 
Cp/Cv lower value)



 

Average inlet pressure loss for four cases is 4.01%  (Actual fluid at 
stamped capacity)
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Valve on Test Vessel 
without Piping Stack



 

Valve set pressure: 26.2 psig


 

Inlet pressure loss was 
measured at 3 psi overpressure 
(29.2 psig)  and at 20% 
overpressure (31.4 psig)



 

Measured inlet pressure loss is 
0.5 psi or 1.9% of set pressure



 

Measured blowdown pressure is 
22.4 psig giving a blowdown 
pressure percentage of 14.5%
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6R10 PSV

Pitot Tube

6”X8” Reducer



Pressure Readings for 
Test without Piping Stack
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Valve inlet pressure

Tank pressure

Inlet pressure loss

> 3 %



Actual Piping Arrangement

• 6R10 PSV

• Pitot Tube
• Pipe Spool with 

6”X8” Reducer

• Rupture Disc
• Pipe Spool 8”
• Gate Valve 8”

There were four overpressure 
scenarios identified:

•External Fire

•Coolant Failure

•Instrument Failure

•Chemical Reaction. 

In all cases the inlet pressure 
loss was calculated near 4%.
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Valve on Test Vessel with Piping Stack



 

Valve set pressure: 26.2 psig


 

Inlet pressure loss was measured 
at 20% overpressure (31.4 psig)



 

Measured inlet pressure loss is 1.6 
psi or 6.1% of set pressure



 

Measured blowdown pressure is 
22.4 psig giving a blowdown 
pressure percentage of 14.5%
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Valve on Test Vessel with Piping Stack

• Valve was installed on tank with gate 
valve, rupture disc and pipe spools.

• Raised inlet pressure.

• Rupture disc burst at 19 psig.

• Stamped capacity 10,600 scfm.

• Flow capacity at 3 psi overpressure 
(29.2 psig tank pressure) was 7692 
scfm.

• At 20% overpressure (31.4 psig tank 
pressure) the flow rate was 12,878 
scfm.



 

Valve did not exhibit any instability 
with or without piping stack.
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Pressure Readings for 
Test with Piping Stack
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Valve inlet pressure

Tank pressure

Inlet pressure loss

> 3 %



Conclusions for 6R10 Test

 Inlet pressure loss measured during the valve test without 
the stack was 0.5 psig or 1.9% of set pressure

 Inlet pressure loss measured during the valve test with the 
stack was 1.6 psig or 6.1% of set pressure

There was no observed unstable behavior during any of 
the test protocol.
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#2 Introduction Refrigeration Valves

Revalidation project identified Parker H3 relief valves installed on 
selector valves with unknown Cv.  Manufacturer would not certify Cv of 
their selector valve: 


 

Pset = 300 psig with ±3% tolerance


 

Uncertain selector valve Cv’s meant the capacities of installed relief 
valves could not be verified.



 

Calculated inlet pressure loss was 53% based on stamped capacity


 

Decision was made to test selector valves with relief valves at the 
Dresser Consolidated facility in Alexandria, LA.



 

Two Parker H3 valves were tested with two sizes of selector valves at 
the Dresser Consolidated facility in Alexandria, LA.
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Refrigeration Relief Valves

PSV Capacity Tests for a Parker H3 (3/4” x1.1/4”) on an M3 (1”x1”x1”) and on an 
M4 (1.1/4”x1.1/4”x1.1/4”) dual stop manifold.

page 14 • Stability Tests, June 2011



Test Results 
Refrigeration Valves



 

Excessive pressure drop effected capacity of tested valves but not 
stability. 
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Case Description
Actual capacity 
(required capacity 
= 2408 scfm air)

Actual inlet 
pressure loss / 
Set pressure

Blowdown 
pressure 

percentage

Stability 
Behavior

#1 V1 2841.5 38.5% stable

#2 V2 2819.6 37.9% stable

#3 V1 on M3R 2099.6 31.8% 38.5% stable

#4 V1 on M3L 2301.0 38.5% stable

#5 V2 on M3R 2078.4 31.5% 37.9% stable

#6 V2 on M3L 2292.5 37.9% stable

#7 V1 on M4R 2491.5 38.5% stable

#8 V1 on M4L 2592.5 38.5% stable

#9 V2 on M4R 2474.7 37.9% stable

#10 V2 on M4L 2561.4 37.9% stable



Summary

Farris 6R10 tests
No instability at an actual 6.1% inlet pressure loss (calculated 4% at 
stamped capacity)

Parker H3 Refrigeration with and without selector valves:
No instability at an actual 32% inlet pressure loss ( calculated > 53% at 
stamped capacity) but capacity issues
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Outlook discussion

Current results support one methodology discussed in the past:
 Calculate the inlet pressure drop at Stamped Capacity*.
 If inlet pressure drop is less than Blowdown, then the valve is stable.

*The actual relieving capacity at closing conditions is not greater than the 
stamped capacity.
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Old Native American wisdom teaches that when one discovers that one is 
riding a dead horse, one should dismount and find a fresh horse.
However, modern business wisdom has developed many alternative courses 
of action.  Among these are:
Get a bigger whip.
Change riders.
Appoint a committe to study the dead horse.
Visit other sites to see how  ride dead horses.
Develop new training methods to increase dead horse riding skills.
Harness several dead horses together to improve performance.
Study alternative uses for the dead horse.
Promote the dead horse to a higher management position.
Develope motivational slogans and mission statements such as;
              Our horse is better, faster, and cheaper dead.
              No horse is too dead to whip.
              This is the way we have always ridden horses.

they



Some Background



 
Berwanger

 
et. al,. Proc. Safety Prog.; Vol. 19, No. 3  

`````reported the following:



 
1072 PSVs

 
in a 13049 item sample pool had >3% 

`````inlet pressure drop (8.2%)



 
1606 PSVs

 
in the same sample pool had excess outlet 

````pressure drop, (12.3%)



 
“----various experts in this area hold very strong yet 

````contradictory opinions on this topic.”



Some Background
• My own comments on the above:

• For older plant sites, my guess that only 8% of PSVs
 ```have >3% inlet delta P is not typical.  I have seen 

```variations from 10% to over 80% in specific 
```instances.

• The existence of contradictory opinions is not good 
````and should be addressed

• The existing 3% API guideline is not sufficiently 
```robust but does leave open the option for 
```“engineering analysis”

 
to justify exceptions to the 3% 

```guideline.

• This effort is an attempt to outline such an analysis



Relief Valve Inlet Pressure Loss

LET :
DelPinlet  x Pset _ g where 0  x  0.1

and
Po  1.1 Pset _ g  Patm

Then

DelPinlet 
1
2

Rho U 2 L1
* where L1

*  Kent  KRD  4 f (L / D)eq

but

Rho U 2 
1

Rho
Cd AoGnoz

A1
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Relief Valve Inlet Pressure Loss 
(continued)

Now :

DelPinlet 
1
2

Cd Ao

A1











2
Gnoz

2

Rho
L1

*  x Pset _ g

also define

A1
* 

A1

Cd Ao

So that
L1

*

( A1
*)2 

2 Rho x Pset _ gage

Gnoz
2

P

ΔPinle
t



Relief Valve Inlet Pressure Loss 
(summary table)



C D
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API Relief Valve Nozzle Letter Code
R

at
io

 In
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t-t
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no
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le
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re
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sq
ua

re
d

C D E F G H J K L
M N P Q R T

These are A* values for 
conventional safety relief 
valves with 150# flanges

Relief 
Valve 
Nozzle 

Nozzle
Area Inlet Area Outlet

Area

[sq. inch] [sq. inch] [sq. inch] [-] [-]
C 0.074 0.533 0.864 57.54 151.14
D 0.110 0.864 3.356 68.40 1031.12
E 0.196 0.864 3.356 21.54 324.77
F 0.307 2.036 3.356 48.73 132.38
G 0.503 2.036 4.909 18.15 105.53
H 0.785 2.036 7.393 7.45 98.27
J 1.287 3.356 7.393 7.53 36.56
K 1.838 7.393 12.730 17.93 53.15
L 2.853 7.393 12.730 7.44 22.06
M 3.600 12.730 28.890 13.86 71.36
N 4.340 12.730 28.890 9.53 49.10
P 6.380 12.730 28.890 4.41 22.72
Q 11.050 28.890 50.027 7.57 22.71
R 16.000 28.890 50.027 3.61 10.83
T 26.000 50.027 78.540 4.10 10.11

Note we use C_d = 0.95

2
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d o

A
C A
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d o
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C A
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Approximation for:

Non-Flashing Flow

Approximation for:

Flashing Flow



Example Illustrations



Inlet Loss Limits Matrix 
Pset = 40 psig; 3% inlet loss

Sq
ua

re
-c

ut
  e

nt
ra

nc
e

K
e 

= 
0.

5

PSV P_set Del P / P_set
Nozzle [psig] [-]

"E" 40 0.03 HEXANE
1" inlet Liquid air 2-phase (f)
L_star 0.49 1.72 16.8
L[inch] 0 87 816
PSV P_set Del P / P_set
Nozzle [psig] [-]

"P" 40 0.03 HEXANE
4" inlet Liquid air 2-phase (f)
L_star 0.12 0.42 4.1
L[inch] 0 0 713



Inlet Loss Limits Matrix 
Pset = 150 psig; 3% inlet loss

Sq
ua

re
-c

ut
  e

nt
ra

nc
e

K
e 

= 
0.

5

PSV P_set Del P / P_set
Nozzle [psig] [-]

"E" 150 0.03 HEXANE
1" inlet Liquid air 2-phase (f)
L_star 0.49 2.11 11
L[inch] 0 115 525
PSV P_set Del P / P_set
Nozzle [psig] [-]

"P" 150 0.03 HEXANE
4" inlet Liquid air 2-phase (f)
L_star 0.12 0.51 2.7
L[inch] 0 3 432



Inlet Loss Limits Matrix 
Pset = 150 psig; 5% inlet loss

Sq
ua

re
-c

ut
  e

nt
ra

nc
e

K
e 

= 
0.

5

PSV P_set Del P / P_set
Nozzle [psig] [-]

"E" 150 0.05 HEXANE
1" inlet Liquid air 2-phase (f)
L_star 0.81 3.5 18.4
L[inch] 22 215 892
PSV P_set Del P / P_set
Nozzle [psig] [-]

"P" 150 0.05 HEXANE
4" inlet Liquid air 2-phase (f)
L_star 0.2 0.85 4.4
L[inch] 0 100 786



Inlet Loss Limits Matrix 
Pset = 40 psig; 5% inlet loss

Sq
ua

re
-c

ut
  e

nt
ra

nc
e

K
e 

= 
0.

5

PSV P_set Del P / P_set
Nozzle [psig] [-]

"E" 40 0.05 HEXANE
1" inlet Liquid air 2-phase (f)
L_star 0.81 2.87 28
L[inch] 22 169 1377
PSV P_set Del P / P_set
Nozzle [psig] [-]

"P" 40 0.05 HEXANE
4" inlet Liquid air 2-phase (f)
L_star 0.2 0.69 6.8
L[inch] 0 55 1255



Takaway Observations
(a)

 

Some inlet pipe configurations of the same diameter as the 
relief valve inlet will not work with a “square cut”

 

vessel inlet 
or the presence of a rupture disk or both.  A larger diameter 
inlet pipe may be required.  The problem increases in 
severity with increasing PSV size.

(b)

 

All Liquid flow is more restrictive than all gas flow which is

 
more restrictive than “flashing”

 

two phase flow.  Therefore 
evaluation for all gas flow is sufficient for two-phase flow at 
the same set pressure.

(c)

 

There is a significant difference between allowance for 5% 
inlet pressure loss and 3%.



Example General Applications
Set-up Parameters

x  = 0.03  (3% rule)

ε = 0.65 (useful in most cases)

Patm = 14.7 psia

Pset_g = 50 psig

For Flashing Two-Phase Flow:

.ω = 20 and ηc = 0.895

(ω / ηc
2 ) = 25  (compare with 

ω+2)

For Non-Flashing Two-Phase Flow:
.ω = 0.4 and ηc = 0.4
(ω / ηc

2 ) = 1.25 (compare with eω

 
= 1.4)

Case L1 */(A1
*)2

Must be < =

Gas 0.102

Liquid 0.0273

2-P 
Flashing

1.076

2-P Non- 
Flashing

0.054



Example Application (continued)
Now, Extend 
Example to 4P6 or 
8T10

Relief valves with

(A1
*)2

 

= 4.4 & 4.1

Respectively,

At 50 psig

Set pressure

Case L*
Must be < =

(L/D)eq
Must be < =

Gas ≈

 
0.43 0 With 

Kent =0.5
Liquid ≈

 
.12 0 With 

Kent =0.5
2-P Flashing 3.7 106

2-P Non- 
Flashing

≈

 
.33 0 With 

Kent =0.5



Entrance Configurations and Entrance Loss Coefficients

Square Cut 
Entrance
K  = 0.5e

Re-entrant 
Entrance
K  = 0.8e

Rounded
Entrance
K  = 0.04e

One could be dead in the water with either 
square-cut or re-entrant configuration.  

Further, in older plants one finds many 
reentrant nozzles on relief valve ports.



Relief Valve Tail Pressure Loss

DelPtail 
1
2

Cd Ao

A2











2
Gnoz

2

Rho
L  y Pset _ g

where " y" is typically 0.10
also define

A2
* 

A2

Cd Ao

So that

L2
*

( A2
*)2 

2 Rho y Pset _ gage

Gnoz
2

P

ΔPinle
t

ΔPtail



Relief Valve Outlet Pressure Loss 
(summary table)

Note: “y” typically = 0.1,  for conventional relief valves.

CASE Gnoz

LIQUID

GAS

Two-Phase

/
o

o

ε P
z R T Mw

_2 1.1 set gageρ P

2
c

φ o
η ρ P
ω

 _ _ (( 1)/ )
2

2 11 /
2

set g set g k k
atm o

atm atm

y P y P
P P

ε P P
            

       

1.1
y

  

_
2

2

2
_

12 1
2

1 / 1 1.1

set g

c

atm
o

set g

y Pω y
η P

Pω P P
P

         
     

 
        

* * 2
2 2/ ( )L A



Outlet Loss Limits Matrix 
Pset = 40 psig; 10% tail loss

PSV P_set Del P / P_set
Nozzle [psig] [-]

"E" 40 0.1 HEXANE
2" outlet Liquid air 2-phase (f)
L_star 30 44 14
L[ft] 364 545 121
PSV P_set Del P / P_set
Nozzle [psig] [-]

"P" 40 0.1 HEXANE
6" outlet Liquid air 2-phase (f)
L_star 2 3 1
L[inch] 75 112 25



Outlet Loss Limits Matrix 
Pset = 150 psig; 10% tail loss

PSV P_set Del P / P_set
Nozzle [psig] [-]

"E" 150 0.1 HEXANE
2" outlet Liquid air 2-phase (f)
L_star 30 32 9
L[ft] 364 399 77
PSV P_set Del P / P_set
Nozzle [psig] [-]

"P" 150 0.1 HEXANE
6" outlet Liquid air 2-phase (f)
L_star 2 2.3 choked at
L[inch] 75 82 22 psig



Entrance Loss due to 3-Way Valve
Relief 
Valve 
Nozzle 
Letter 

Size Code

API
Nozzle
Area

Ao

inlet x outlet  
flange pipe size

Brand#1
3-way
valve

Inlet Del P
P

Brand#2
3-way
valve

Inlet Del P
P

[sq. inch] 150# Cv [%] Cv [%]
C 0.074 3/4 x 1 7 3.49 14 0.87

D 0.110 1 x 2 20 0.94 22 0.78

E 0.196 1 x 2 20 3.00 22 2.48

F 0.307 1 1/2 x 2 40 1.84 57 0.91

G 0.503 1 1/2 x 2 1/2 40 4.94 57 2.43

H 0.785 1 1/2 x 3 40 12.02 57 5.92

J 1.287 2 x 3 70 10.55 110 4.27

K 1.838 3 x 4 100 10.54 260 1.56

L 2.853 3 x 4 100 25.41 260 3.76

M 3.600 4 x 6 175 13.21 446 2.03

N 4.340 4 x 6 175 19.20 446 2.96

P 6.380 4 x 6 175 41.49 446 6.39

Q 11.050 6 x 8 350 31.11 - -

R 16.000 6 x 8 350 65.23 - -

T 26.000 8 x 10 475 93.52 - -



3% Rule Summary:

• Many entrance configurations won’t work with 
the vessel nozzle size the same as the relief 
valve inlet size.

• Many 3-way valves won’t work with the 3- 
way valve size the same as the relief valve 
inlet size.

• So how important is the 3% rule?
• What has this to do with relief valve on-off 

instability?



Relief Valve Instability 
or 

ON-OFF OPERATION ( O3
 

)

• O3
 

can occur if valve is oversized for the demand
• O3

 
can occur with excess inlet pressure loss

• It is generally believed that O3
 

can be harmful to the 
relief valve if such leads to cyclic on-off operation at 
the relief valve natural frequency – or, for extended 
periods or repeated actuations without maintenance.

• Controlled tests as reported in the available literature 
are remarkably silent on this point.



Is relief valve
oversized at P_set

Yes

Is Del P  > yinlet

Yes

High Frequency
O3

Chattering

No

Low Frequency
O3

may or may not 
be harmful

No

P_ves likely to 
exceed 1.1 P_set
, but O3 will not
go away.

P_ves will not 
exceed 1.1 P_set
, but O3 will not
go away.

PSV undersized at P_set

See LHS 
Diagram
(next slide)

Possible Valve Sizing Outcomes

Note that “y” is the blowdown

As a fraction or % of P_set

And one does not really know what the value of 
“y” is.

Assume P_set is 

the same as 
MAWP



Relief Valve 
Nozzle Letter 

Size Code

API
Nozzle
Area

Ao

Area ratio increase
 to the next larger size

[sq. inch]
C 0.074

D 0.110 1.486

E 0.196 1.782

F 0.307 1.566

G 0.503 1.638

H 0.785 1.561

J 1.287 1.639

K 1.838 1.428

L 2.853 1.552

M 3.600 1.262

N 4.340 1.206

P 6.380 1.470

Q 11.050 1.732

R 16.000 1.448

T 26.000 1.625

Most pressure 
relief area 
sizing

Calculations –

 that are 
properly 
executed

End up with 
oversized relief 
devices upon 
selection.  This 
enhances the 
opportunity 
for O3



Moderately Oversized Relief Valves are likely 
to Operate between P_set and P_bd

0

0.2

0.4

0.6

0.8

1.0

Flow as
"K", a
Ratio to
Rated Flow
at 1.1 P_set

PsetP_
=y P_

bldn

set

1.1 x Pset

Relief Valve Flow
Kpop

Kbd

Effective Relief Valve Stagnation Pressure
= P_o - Del P_inlet

stable ?

O3
What is this 
value ?

Note: This is one 
situation where valve 
damping would likely be 
beneficial



Possible Valve Sizing 
Outcomes (cont.)

Is relief valve
oversized at P_set

Is P_set  < MAWPt

YesNo

No

Is Del P  > yinlet

Yes

High Frequency
O3

Chattering
may or may not be

harmful

No

No
O3

P_set = MAWP
Valve Undersized
Not Acceptable 
Operating 
Regime

P_ves likely to 
exceed 1.1 MAWP
, but O3 
will go away.

P_ves will 
exceed 1.1 MAWP

Is Del P  > yinlet

Yes

High Frequency
O3

Chattering
may or may not be

harmful

No

No O3

P_ves likely to 
exceed 1.1 P_set
, but O3 will go away.
P_ves may not exceed
1.1 MAWP

P_ves will not 
exceed 1.1 MAWP

PSV undersized at P_set

P_set < MAWP

This is an interesting
operating region

A Very Good
Configuration:
Avoids O3 due to 
Oversizing



Three Case Illustrations



0

0.2

0.4

0.6

0.8

1.0

Flow as
"K", a
Ratio to
Rated Flow
at 1.1 P_set

PsetP_
=y P_

bldn

set

1.1 x Pset

Relief Valve
Flow Kpop

Kbd

Effective Relief Valve Stagnation Pressure
= P_o - Del P_inlet

1a

1b

Case # 1  Relief Valve is just-right sized – with P_set = MAWP

Q_required  =  Q_rated  so that K = 1.0 at P_set

Case 1a:  Del P_inlet < y P_set

Case 1b: Del P_inlet > y P_set



Case # 2  Relief Valve is over sized – with P_set = MAWP

Q_required  < Q_rated  so that K < 1.0 at P_set

Case 2a:  Del P_inlet < y P_set at K=1  Case 2a i: Could be stable if K_required > 
K_bd        Case 2a ii: Could be cyclic if K_required < K_bd

Case 2b:  Del P_inlet > y P_set at K=1

The difference between 2a ii and 2b is one of frequency.  There is 2b operating point 
similar to 2ai if  Del P_in at K_required does reach P_bd

Here damping would help

0

0.2

0.4

0.6

0.8

1.0

Flow as
"K", a
Ratio to
Rated Flow
at 1.1 P_set

PsetP_
=y P_

bldn

set

1.1 x Pset

Kpop

Kbd

Effective Relief Valve Stagnation Pressure
= P_o - Del P_inlet

2a i

2a ii
2b

Possible
2bi

2b



Case # 3  Relief Valve is under sized at P_set.  But P_set <  MAWP

Q_required  > Q_rated  at P_set so that K > 1.0 at some P,  < MAWP

Case 3a:  Del P_inlet < y P_set at K=1, but we require K = 1.2  

Case 3b:  Del P_inlet > y P_set at K=1, but at K=1.2,

(1.2)2 * yP_set > P_bd

0

0.2

0.4

0.6

0.8

1.0

Flow as
"K", a
Ratio to
Rated Flow
at 1.1 P_set

PsetP_
=y P_

bldn

set

1.1 x Pset

Kpop

Kbd

Effective Relief Valve Stagnation Pressure
= P_o - Del P_inlet

3a1.2

MAWP

3b
ends up
here

3b starts
 here



Case # 3  Example:

MAWP = 100 psig

P_set = 80 psig

y* P_set = 8 psig  (10% Del P_in)

P_bd = 74 psig

At 1.2 x 80 psi = 96 psi  Del P_in = 1.22

 

x 8 = 11.5 psi

96 -11.5 = 84.5 psig   Very comfortably above the 74 psig 
blowdown pressure.

0

0.2

0.4

0.6

0.8

1.0

Flow as
"K", a
Ratio to
Rated Flow
at 1.1 P_set

PsetP_
=y P_

bldn

set

1.1 x Pset

Kpop

Kbd

Effective Relief Valve Stagnation Pressure
= P_o - Del P_inlet

3a1.2

MAWP

3b
ends up
here

3b starts
 here



We have Thus Far Touched 
on 3 Ways to Address O3

(a) Increase inlet nozzle and pipe size or increase 
valve body inlet size by design change, so as to 
force the use of large diameter – low 
impedance inlet configurations

(b) Employ damping features in the relief valve 
moving parts

(c) Reduce set pressure relative to MAWP such 
that valve is undersized at P_set but adequate at 
MAWP



Some Conjectures
So let us define “truth”

 
as being a correct statement for 

most circumstances.(1)

 

Then we conjecture that the 
following statements are true:

(a) Del Pinlet

 

< 0.03 Pset   is a sufficient condition for 
avoiding high frequency O3 -

 
but not a necessary 

condition

(b) Del Pinlet

 

< 0.03 Pset  is neither sufficient or necessary 
for avoiding O3 for an oversized relief valve.

(c)
 

Del Pinlet

 

> 0.03 Pset or even > y Pset can be safely 
accomodated by reucing the set pressure below MAWP 
with the valve undersized at Pset but right sized at 
MAWP

(1)  Note: this also being an election year, this criterion for “truth” exceeds all 
threshold levels for truth in current political discourse.



Relief Valve Operation as a 
Spring –Mass System

Implicit in the preceding comments is the 
notion that high frequency O3 is related 
to resonance with the relief valve natural 
frequency. And we turn to this issue next.



Relief Valve Operation as a 
Spring –Mass System

Note Stop

Spring
The mass is there, but not in 
one lump.  There is the 
valve cap, a slider piece, the 
spring rod, a restraining 
button and some part of the 
spring itself.



Textbook Spring – Mass – Damper 
System

MASS

S
P

R
IN

G

D
AM

PE
R

y

cam

y

m d 2 y
dt2  c dy

dt
 k y  Fo sin(a t)

has solution
y  Y sin(a t  b)
where the amplitude factor Y

Y 
Fo / k

1 ma2

k







2


c a
k







2











1/ 2m – mass

c – damping coefficient

k – spring constant

Fo - force



MASS

S
P

R
IN

G

D
AM

PE
R

y

cam

y
The phase shift angle

phi  tan1 c a
k  m a2







and the natural frequency is

an
2 

k
m

The dimensionless damping factor is

DF 
c

man


c
k m

Now let

Y*  Y
Fo / k

So that

Y*  1

1 a
an








2











2

 DF a
an








2















1/ 2

m – mass

c – damping coefficient

k – spring constant

Fo - force
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Amplitude Response for 
Spring – Mass  System 
with and without damping
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Frequency of the forcing function to the system natural frequency

Damping Factor = 
0.2 in illustration

If the 
damping 
factor is 
0.2, the 
phase shift 
angle is 
less than 
4°



Summary of this Part:

If one wishes to avoid the resonant frequency, or if 
one wishes to determine whether O3 will be near 
the resonant frequency, one can do so without any 
further coupling of the spring mass system to the 
rest of the problem.  

However, one needs to know the spring constant
 (k), and the mass

 
(m), in order to identify the 

natural
 

frequency
 

(an )

This we take up next.



Helical Springs

Free Length
Lo

Mean Diameter
D

d

Wire
Diameter

Pitch

Coil
Angle
   α

Relief Valves typically

have springs with closed 
ends ground such that the 
number of active coils is 
Na = Nt –

 

2

Where Nt is the total 
number of coils



Helical Springs

Free Length
Lo

Mean Diameter
D

d

Wire
Diameter

Pitch

Coil
Angle
   α

Nomenclature:

Na

 

is the number of active 
coils

G is the modulus of 
torsion or rigidity

C is the diameter 
modulus; C= D/d

D is the mean diameter

d is the coil diameter

Spring Constant k

38 a

G dk
C N





Young’s Modulus (E) and Modulus of Torsion (G)

Metal Poisson's
Ratio

E
[109 Pa]

G
[109 Pa]

Aluminum 0.330 69 27
Copper 0.360 117 43
Ni-Steel 0.310 213 76
Stainless Steel
18-8 0.300 201 73

Carbon Steel 0.303 202 79
High Carbon Steel 0.295 210 81
Inconel 0.290 214 79

2(1 )
EG
ν




Poisson’s Ratio



Temperature Effect on 
Spring Materials

35
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(1) - Carbon Steel, C<0.3%

(2) - Nickel Steels, Ni 2% - 9%

(3) - Cr Mo Steels, Cr 2% - 3%

(4) - Copper

(5) - Leaded NI-Bronze

(6) - Nickel Alloys - Monel 400

(7) - Titanium

(8) - Aluminum



Real Example:

Free Length
Lo

Mean Diameter
D = 1.469"

d = 0.281"

Wire
Diameter

Pitch

Coil
Angle
   α

Spring from
Farris 26 FA 10 - 120
180 psig set

N  = 8
C = D/d = 5.288
Assume:
E = 205 GPa or 29.7x10  psi
 = 0.31

G =  

a

6


78.2 GPa or 11.35x10  psi6

3

11.35 6 0.281 349
8 5.288 8

E x lbfk
x x in

 



Real Example: (continued)

Free Length
Lo

Mean Diameter
D = 1.469"

d = 0.281"

Wire
Diameter

Pitch

Coil
Angle
   α

Spring from
Farris 26 FA 10 - 120
180 psig set

Wgt. of Spring = 360 gm
Wgt. of other 
parts in motion = 435 gm
Assume mass in motion is
435gm + 360 / 3  =  555 gm
or approximately 1.22 lb



Real Example: (continued)

So now we have 

k  =  350 lbf

 

/ inch or 61294 N / meter

And

m  =  0.555 kg

Therefore the natural frequency is:

1 1 61294 53
2 2 0.555n

kf Hz
π m π

  



Can we do better ??

0.
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By examining the geometry of 
the nozzle and cap and doing a 
little calibration with the known 
example one can arrive at the 
following relations:

1.08

0.025

set redbook
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valve
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y

and
m M







See PDF File on desktop



Relief Valve Spring Constant Estimate
Crosby JOS
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Relief Valve Spring Constant Estimate

Farris 2600
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Relief Valve Spring Constant Estimate
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Relief Valve Natural Frequency Estimate
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Relief Valve Natural Frequency Estimate
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Relief Valve Natural Frequency Estimate
Consolidated 1900

0

20

40

60

80

100

0.1 1.0 10.0 100.0
API Area, [sq inch]

N
at

ur
al

 F
re

qu
en

cy
, [

 H
z 

]
fn_50psi fn_100psi fn_250



Kastor’s Tests 

Air
Source

Po

P1

Valve calibrated
to give a C  factorv

Relief Valve:

Consolidated 1905 E  (1 E 2)

Pset

 

= 50 psig

E nozzle:  0.196 sq in API;  
0.2279 sq in ASME

Rated Flow at 50 psig (1.1op);  
1115 lb/hr air

Reference Test Air Flow:

1200 lb/hr air



Initial 
Observations :

Air
Source

Po

P1

Valve calibrated
to give a C  factorv

Relief Valve:

Redbook Valve Lift: 0.147 inch

From previous material, we 
estimate the spring constant 
and natural frequency as

k = 84 lbf / in

fn

 

= 29 Hz

Kastor’s data show chattering 
at 30 Hz and his lift vs pressure 
data show kavg

 

= 87 lbf / in



Observations : Relief Valve:

Redbook Valve Lift: 0.147 inch

From previous material, we 
estimate the spring constant 
and natural frequency as

k = 84 lbf / in

fn

 

= 29 Hz

Kastor’s data show chattering 
at 30 Hz and his lift vs pressure 
data show kavg

 

=87 lbf / in
5 calibration data points for

Approx method for “fn” and “k”
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]

E-50psi k E50

Also Stated:

Avg Opening Pressure    50.6 psig

Avg Reclosing Pressure  44 psig

Damping coefficient 0.2

Note: Blowdown, Pbd is over 10% relative 
to Pset



Objectives

• To extend the work initiated Kastor and 
others, and to point out some potential 
means for anticipating O3 and minimizing 
the adverse consequences.

• We take it as self-evident that O3 can be 
provoked by either excessive inlet or tail 
pipe pressure loss.  However, for now, to 
keep matters simple, we will focus on inlet 
pressure loss.



Summary of this Part (i):

• Even close the fn , the lift amplitude 
overshoot, is severely limited by the 
“stops” as defined by the valve nozzle and 
the cap stem guide.

• Further, even though we do not know the 
damping factor, evidence suggests that it 
is currently small, and any resulting phase 
shift is not of first order significance.



Summary of this Part (ii):

• Therefore if we know the natural frequency 
of the valve – (not currently a published 
property) – all we have to do is to know 
how to stay away from it or to get away 
from it.

• This leads to the suggestion of replacing 
the valve SMD equation with the valve 
steady state response represented by the 
following figures.



Relief Valve Lift

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Lift as
"L"
Factor

Pbd

LIFT

(1) (1)

(2)

(4)

(5)

(3)

Pset

P +DPset os

1.1 x Pset

Los

Lp

Lbd



Relief Valve Flow

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Flow as
"K"
Factor

Pset

P +DPset os

Pbd 1.1 x Pset

FLOW

(1) (1)
(2)

(5)

(3)Kp

Kos

Kbd

(4)

K=1.0 is the rated

flow for the relief valve



We have constructed the relief valve “lift” and 
“flow” figures to be internally consistent

(1) The valve will start to open at Pset

 

and “pop”
 

at 
Pset

 

+ DP
 

os

 

, an offset pressure difference , which may 
be zero

(2) The valve “pops”
 

at Pset

 

+ DP os to a specified lift, Lp, 
alleged to be ≈

 
65% to 75% of full lift,

(3) The valve reaches full lift and full flow at 1.1 x Pset

(4) The valve flows ≈
 

90% of rated flow at Lp or after 
“popping”.

(5) The minimum flow at Pbd

 

is estimated to be ≈
 

25% 
of rated flow.  Pbd

 

is the blowdown pressure

(6)The Pbd

 

value is estimated to be 93% of Pset but this 
can vary.



Operating the Lift and Flow function

(1) We have programmed the valve “Lift”
 

amd “Flow”
 curve.  (Even in Excell).

(2) It’s response to a forcing function is shown below.
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Brief Description of Model
(1) We start with a model schema that appears similar 

to that which might be similar to the Kastor 
modeling approach –

 
see Ref [K1] 

Po

P2

Vo

D  & L2 2

D  & L1 1

P1

We lump the segments (1) and (2) into 
a single equivalent volumes and assign 
the flow resistance to an overall flow 
coefficient according to conventional 
rules.



This leads to an Equation Set:

0 1
0 0 1 0

11
1 0 1 0 1
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The Source Flow

The relief valve 
Flow

Vessel

Inlet Pipe



Notes

• K(P1 ) is the flow coefficient from the valve 
lift and flow curves at P1

• B is a dimensionless source flow term, a 
multiple of the valve rated flow:

B < 1    Valve is over sized: Source flow is less than valve 
rated flow at Pset

B = 1   Valve is “just right “ sized with source flow = valve 
rated flow.

B > 1  Valve is under sized at Pset ,  source flow is > rated flow 
at Pset



Notes
• The segment volume pressure response time 

constants are:

1
1

( )

( )

d o
o

o

d o

C Aλ RT
V

C Aλ RT
V







Notes
• The time constants determine the transient 

response of the vessel and the piping segments
• The system is “stiff” but will do O3 operation and 

progress to a steady state solution if there is one.
• We can actually learn much from the steady state 

solution
• The steady state solution is contained in the 

terms in brackets only with the P* terms set =0



Some Assumptions & Findings
(1) It is assumed that the fastest the relief valve can 

close is 1/(2fn

 

).  Ex.: fn

 

= 50 Hz; del t
 

close  = 10 ms

(2) If B = 0.8;  Del P_in
 

=7%; Po = 100 psigand
 

one has 
a 10 m3 vessel volume; an 8 L inlet volume and put 
this together we find

(3)The valve can close in 10 ms, the inlet line can 
depressurize in about 4 ms, but the acoustic 
response time is ≈

 
40 ms.  Therefore the acoustic 

time rules.  Then we find that the recovery time is 
coincidentally ≈

 
35 ms

 
, so we have an ≈

 
80

 
ms cycle 

time or on / off at about 12 hz



Some Assumptions & Findings
(3) Quite coincidentally –

 
in 2004 Melhem and Fisher 

showed results of their code(s) producing valve 
oscillations at 10 to 12 Hz. 

(4) In the previous case these oscillations go on 
indefinitely, but if we Change to B=1.2 (valve 
undersized by 20%, we can estimate the valve 
oscillation time to get out of O3.

(5)We assume Po must increase 15 psig with a set 
pressure of 80 to 85 psig.  We find the time to get out 
of chatter at about 10 sec ---

 
or about 120 on/off 

cycles.



Some Assumptions & Findings
(6) Fundamentally, I see no reason why Melhem and 

Fisher are not in excellent position to treat on/off 
relief valve performance in an effective manner. 



Implications for 3% rule
(1) The present 3% rule does not consider the positive 

effects of reducing the set pressure relative to the 
MAWP.  Depending on the set pressure reduction, 
the inlet pressure loss can be much greater than 3% 
and relief flow will be entirely stable

(2)If the 3% rule is excessively conservative, it should 
be changed.  We have shown that a 5% allowance 
can make a large difference



Implications for 3% rule
(3) Reducing the relief valve set pressure below the 

vessel design pressure can also have the same 
positive effect on allowance for larger inlet pressure 
loss

(4) A very good situation is to have the relief valve 
“undersized”

 
at the relief set pressure and properly 

sized for some defined overpressure.  In this case 
3% or even 10% inlet pressure loss is irrelevant if 
the relief valve design properly considers the actual 
inlet pressure loss in the sizing calculation.  
Undersized at the relief set pressure is common

 recommended practice for runaway tempered 
reactions as a class.



Things one would like to see from Relief 
Valve Manufacturers

(1) Valve spring constants and natural frequency data 
–

 
if not in the general catalog at least with the 

purchased valve certification sheets

(2)Better relief valve Lift and Flow curves.

(3)Better data and guidance on relief valve blowdown

(4) Mechanical data on the number of on/off cycles that 
can be safely tolerated.  Is this number 10 or 106

 

; It 
makes a profound difference



mag

Final Thoughts:  The 3% rule should not 
become a rule without exceptions – we have 
indicated several possible alternative routes 
to stable operation with greater than 3% inlet 
pressure loss.



There is  still more 
to this story, but 
for now

That’s All Folks!!
C

T
I
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Definitions.

•
 

We will define any relief valve ON-OFF-
 OPERATION,  (O3), as a form of relief 

valve operating instability –
 

regardless of 
frequency.

•
 

We will consider “Chattering”
 

as a form of 
higher frequency O3 –

 
that may be closely 

associated with the relief valve natural 
frequency, fn



Background.

•
 

There exists some interesting data for O3 
for small relief valves

•
 

Ref [K1] strongly suggests that the 3% 
inlet pressure loss rule is a poor guide to 
either the occurrence or avoidance of O3

•
 

It is undoubtedly the case that repeated 
and extended periods of O3 of any kind, 
can lead to relief valve damage.



Background.

•
 

However, it is interesting to note that Refs. [K1 
and [I1] report extensive tests with small relief 
valves with no mention of relief valve damage.

•
 

Ref [G1] pointed out reasons that O3 caused 
relief valve damage may be more likely for large 
valves at high set pressure with the converse 
also likely.

•
 

Many prior references have proposed criteria for 
avoiding relief valve instability with varying 
degrees of success.



Background.

•
 

This reviewer finds no existing method that 
is either easy to use at all or easy to use 
without parameter values that are not 
readily available.



Objectives

•
 

To extend the work initiated in Ref. [G1] 
and point out some potential means for 
anticipating O3 and minimizing the 
adverse consequences.

•
 

We take it as self-evident that O3 can be 
provoked by either excessive inlet or tail 
pipe pressure loss.  However, for now, to 
keep matters simple, we focus on inlet 
pressure loss.



Relief Valve Operation as a
 Spring –Mass System

Note Cap 
displacement 
stops at nozzle 
and stem guide

Spring
The mass is there, but not in 
one lump.  There is the 
valve cap, a slider piece, the 
spring rod, a restraining 
button and some part of the 
spring itself.



Textbook Spring –
 

Mass –
 

Damper
 (SMD) System
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If one wishes to avoid the 
resonant frequency, one can do 
so without any further coupling 
of the spring mass system to the 
rest of the problem.  

However, to avoid resonance, 
one needs to know the spring 
constant (k), and the mass (m), in 
order to identify the natural 
frequency (ωn )



Summary of this Part (a):

•
 

There is nothing unique regarding the 
mechanical SMD equation.  The solutions 
are well known.

•
 

The response function for the relief valve, 
viewed as a SMD system, shows that for 
excitation frequencies less than 50% of fn 
(natural frequency), the valve is “passive”, 
i.e., it responds to the forcing function with 
no overshoot.



Summary of this Part (b):

•
 

Even close to the fn
 

, the lift amplitude 
overshoot is severely limited by the “stops”

 as defined by the valve nozzle and the cap 
stem guide.

•
 

Further, even though we do not know the 
damping factor, evidence suggests that it 
is small and any resulting phase shift is 
not of first order significance.



Summary of this Part (c):

•
 

Therefore if we know the natural frequency 
of the valve –

 
(not currently a published 

property) –
 

all we have to do is to know 
how to stay away from it.

•
 

This leads to the suggestion of replacing 
the valve SMD equation with the valve 
steady state response represented by the 
following figures.



Relief Valve Lift

0
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0.3
0.4
0.5
0.6
0.7
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0.9
1.0

Lift as
"L"
Factor

Pbd

LIFT

(1) (1)

(2)

(4)

(5)

(3)

Pset

P +DPset os

1.1 x Pset

Los

Lp

Lbd



Relief Valve Flow

0
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1.0

Flow as
"K"
Factor

Pset

P +DPset os

Pbd 1.1 x Pset

FLOW

(1) (1)

(2)

(5)

(3)Kp

Kos

Kbd

(4)

K=1.0 is the rated

flow for the relief valve



We have constructed the relief valve “lift”
 

and 
“flow”

 
figures to be internally consistent

(1) The valve will start to open at Pset

 

and “pop”
 

at 
Pset

 

+ DP
 

os

 

, an offset pressure difference, which may 
be zero

(2) The valve “pops”
 

at Pset

 

+ DP os

 

to a specified lift, Lp, 
alleged to be ≈

 
65% to 75% of full lift,

(3) The valve reaches full lift and full flow at 1.1 x Pset

(4) The valve flows ≈
 

90% of rated flow at Lp
 

or after 
“popping”

(5) The minimum flow at Pbd

 

is estimated to be ≈
 

25% 
of rated flow.  Pbd

 

is the blowdown pressure

(6) The Pbd

 

value is estimated to be 93% of Pset, but 
this can vary



Operating the Lift and Flow function

(1) We have programmed the valve “Lift”
 

and “Flow”
 curve  (Even in Excel)

(2) It’s response to a forcing function is shown below
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Brief Description of Model
(1) We are intrigued by the Kastor modeling approach

(2) This is roughly described in Ref. [K1]

(3) We attempt to recreate the Kastor
 

model.

Po

P2

Vo

D  & L2 2

D  & L1 1

P1

We lump the segments (1) and (2) into 
equivalent volumes and assign the flow 
resistance to an overall flow coefficient 
according to conventional rules



This leads to an Equation Set:
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The Source Flow

The relief valve 
Flow



Notes

•
 

K(P2

 

) is the flow coefficient from the valve 
lift and flow curves at P2

•
 

B is a dimensionless source flow term, a 
multiple of the valve rated flow:
B < 1    Valve is over sized: Source flow is less than valve 
rated flow at Pset

B = 1   Valve is “just right “
 

sized with source flow = valve 
rated flow.

B > 1  Valve is under sized at Pset

 

,  source flow is > rated flow 
at Pset



Notes
•

 
F(k) P~

set

 

is a
 

reduced parameter representing 
the relief valve rated flow. 

•
 

The segment volume pressure response time 
constants are:
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Notes
•

 
The time constants determine the transient 
response of the vessel and the piping segments

•
 

The system is “stiff”
 

but will do O3 operation and 
progress to a steady state solution if there is one

•
 

We can actually learn much from the steady state 
solution

•
 

The steady state solution is contained in the 
terms in brackets only with the P* terms set =0



Consider the following cases
Case B Inlet Pressure 

Loss
Pset Operation

1 1.0 0.03 x Pset Pset

 

=MAWP No O3
Pset

 

< Po <1.1 
MAWP

2 0.8 0.03 x Pset Pset

 

=MAWP No O3
Po ≈

 
Pset

3 1.0 0.1 x Pset Pset

 

=MAWP See case 3 note

4 1.3 0.1 x Pset Pset

 

=0.75 x 
MAWP

See case 4 note

5 0.5 0.1 x Pset Pset

 

=MAWP See case 5
 

note



Case Notes

•
 

Cases 1 & 2 are ordinary good 3% Rule 
compliant cases with no O3

•
 

Cases 3, 4, & 5 are the most interesting
•

 
Case 3: Valve and source flow are right 
sized, but inlet pressure loss is greater 
than Pbd

 

Vessel pressure will rise until P2

 > Pbd

 

. Vessel pressure exceeds 1.1 
MAWP



Case Notes

•
 

Case 4: We have excess inlet pressure 
loss, but we reduce the relief valve set 
pressure so that it is undersized at the set 
pressure, but adequate at 1.1 MAWP.  At 
this point the 10% inlet pressure loss –

 fully adjusted for the higher pressure and 
flow is safely above the valve Pbd

 

.  The 
valve performs satisfactory.  There is a 
short period of O3 amounting to a few 
cycles.  This is determined by λo



Case Notes

•
 

Case 5: This is the worst case. An 
oversized valve with excess inlet pressure 
loss.  Will do O3 indefinitely.  Will “chatter”

 indefinitely with frequency depending on 
λo



Summary

•
 

These operating condition can be figured 
out from the system “steady state”

 
solution

•
 

In some cases O3 will lead to vessel 
pressure increase to greater than 1.1 
MAWP –

 
to seek a stable operating 

condition with P2

 

> Pbd



Summary
•

 
However, when confronted with excess inlet 
pressure loss, there is a viable “solution”

 
to be 

obtained by reducing the relief valve set 
pressure relative to MAWP.  The result is that 
the vessel pressure can rise to MAWP and the 
excess inlet pressure loss will still be well above 
Pbd

 

with the reduced set pressure
•

 
The written paper will provide additional 
explanatory details.  A copy will be submitted to 
the meeting minutes.  To receive a copy email; 
ctimag@hughes.net



Implications for 3% Rule
(1) An alternative and technically superior way of 

avoiding O3

 

and chatter is to require inlet pressure 
loss to be related to Pbd

 

.  That is, if Pbd

 

is 7% of Pset

 

, 
then inlet pressure loss should not get one any closer 
than 2 percent points to shutoff.  We need to have 
better and reliable information for the blowdown or 
reclosing pressure.

(2) The present 3% Rule does not consider the positive 
effects of allowance for overpressure.  For example 
the fire case allowance for 21% overpressure should 
allow for at least 10% to 15% inlet pressure loss as 
long as this effect is properly included in the sizing 
calculations



Implications for 3% Rule
(3) The present 3% Rule does not consider the positive 

effects of reducing the set pressure relative to the 
MAWP.  Depending on the set pressure reduction, 
the inlet pressure loss can be much greater than 3% 
and relief flow will be entirely stable



Things one would like to see from Relief 
Valve Manufacturers

(1) Valve spring constants and natural frequency data 
–

 
if not in the general catalog at least with the 

purchased valve certification sheets

(2) Better relief valve Lift and Flow curves

(3) Better data and guidance on relief valve blowdown

Final Thoughts:  The 3% Rule should not 
become a rule with no exceptions – we have 
indicated several possible alternative routes 
to stable operation with greater than 3% inlet 
pressure loss



Implications for 3% Rule
(3) Reducing the relief valve set pressure below the 

vessel design pressure can also have the same 
positive effect on allowance for larger inlet pressure 
loss

(4) A very good situation is to have the relief valve 
“undersized”

 
at the relief set pressure and properly 

sized for some defined overpressure.  In this case 
3% inlet pressure loss is irrelevant if the relief valve 
design properly considers the actual inlet pressure 
loss in the sizing calculation.  Undersized at the 
relief set pressure is common practice for runaway 
tempered reactions as a class
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There are several technical issues that are currently the subject of debate and some y j
controversy amongst relief systems experts including but not limited to:

The use of actual (best estimate) flow vs. required flow for (a) inlet pressure loss, 
(b) backpressure, and (c) sub-header/header flare hydraulics

The use of 3 % requirement for inlet pressure loss vs. use of blowdown minus 2 % 
for new and old installations

The correct usage of a two phase discharge coefficient

How to estimate two phase density where slip is involved

The use of fire flux for dynamic simulations and the issue of decreasing wetted 
surface area for all gas flow as well as use of total vessel surface area for two-
phase flowp

Fire exposure of gas filled vessels

How much documentation is sufficient to meet the OSHA PSI requirements Do API

Slide 1

How much documentation is sufficient to meet the OSHA PSI requirements. Do API 
Standards apply to chemical facilities?
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What is Recognized & Generally Accepted Good Engineering Practice (RAGAGEP)?What is Recognized & Generally Accepted Good Engineering Practice (RAGAGEP)?

Simply stated RAGAGEP is a consensus code, standard or guideline that 
documents the engineering practices for the evaluation, design, fabrication, 
installation maintenance and/or inspection and testing of equipment RAGAGEPinstallation, maintenance, and/or inspection and testing of equipment. RAGAGEP 
can be (a) Mandatory (i.e., regulatory or contract related), (b) suggested, and/or (c) 
common practice.

Moreover RAGAGEP defines the standard of care expected of companies by 
regulatory agencies, government, and society in operating chemical manufacturing 
(and other) businesses.

RAGAGEP is specifically referenced in Federal Regulations from Occupational 
Safety and Health Administration (OSHA) and the Environmental Protection Agency 
(EPA), and is also mentioned in the American Chemistry Council’s (ACC) 
Responsible Care® Process Safety Code.

Recommended Reading:
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G. A. Melhem, “Relief System’s Last Line of Defense, Only Line of Defense?”, Process Safety 
Progress, Volume 25, No. 4, December 2006.



For pressure relief systems design the definition of RAGAGEP is very broadFor pressure relief systems design, the definition of RAGAGEP is very broad 

RAGAGEP includes (but is not limited to):

Recommended engineering practices such as API-520, API-521, API-2000, g g p
NFPA-30, 

More than fifty CCPS Guidelines, 

Numerous Responsible Care publications,Numerous Responsible Care publications, 

Design Institute for Emergency Relief Design (DIERS) methods for two-phase 
flow, 

ASME StandardsASME Standards, 

Corporate Engineering Guidelines and internal corporate standards, 

Contractors engineering standards, training manuals, 

Guidance documents provided by relief systems manufacturers, 

Authoritative open literature publications on pressure relief systems evaluations 
and design, 

Slide 3

etc.
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There are several issues associated with fire exposure that need to be consideredThere are several issues associated with fire exposure that need to be considered

Wetted surface area – All wetted surface area should be used for multiphase flow

Flame emissive power Existing API/NFPA 30 fire flux is not conservative for poolFlame emissive power – Existing API/NFPA-30 fire flux is not conservative for pool 
fires of light hydrocarbons (< C6)

Flame height limitation to 25 or 30 ft is only adequate for very small leaks – typically g y q y yp y
flame height is between 2 to 4 times the burning pool diameter

Heat transfer into vessel should be based on actual heat transfer dynamics for 
those who use computer codes Heat input decrease with wetted surface area forthose who use computer codes – Heat input decrease with wetted surface area for 
all gas flow

Fire duration

Fire exposure of gas filled vessels

Fire exposure for vessels containing reactive chemicals

Slide 4

Fire exposure for vessels containing reactive chemicals
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Existing guidance by NFPA and API regarding fire heat input into vessels may not be 
conservative for fuels < C6

Flame emissive power

Heat inp t is nderestimated for light

100000

r f
t2 )

Fire test data from API 520 Part I
Sixth Edition

Heat input is underestimated for light 
hydrocarbon fuels

Wetted surface area

10000

H
ea

t F
lu

x 
(B

TU
/h

r

API 520 Part I Equation D-1
Sixth edition

NFPA-30

The wetted surface area is 
underestimated when two-phase flow 
occurs

1000
1 10 100 1000 10000 100000

Wetted Area (ft2)

D

Flame height

Eliminating heat input for structures 
elevated above 25 or 30 ft implies a 30 feet (C)elevated above 25 or 30 ft implies a 
pool fire diameter of less than 10 ft

Fire Duration
T.L.

Grade

L

30 feet
maximum (C)
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The actual fire duration is assumed Vertical column
or tower with
dished heads

© 2009, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 



Let’s consider a 1 hour release of liquid cyclohexane on a concrete surface at different 
flow rates

Vary flow rate from 0.1 kg/s 
to 100 kg/s

Assume ignition occurs 1 
minute after the release 
starts

Assume the wind speed is 
2 m/s and the relative 
humidity is 70 % at a visualhumidity is 70 % at a visual 
range of 6,600 ft

Spill surface is concrete
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This simple example clearly illustrates that the NFPA/API flame height restriction only 
applies to small leaks
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MASS FLOW RATE. lb/ h
1 10 100 1,000 10,000 100,000 1,000,000

Source: SuperChems Expert v5.98mp
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The maximum pool diameter and flame height depend on the ignition time and fuel 
burning rate

150

Pool shrinks and reaches equilibrium

100
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Pool shrinks and reaches equilibrium
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TIME. h
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

0

Source: SuperChems Expert v5.98mp
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Many useful correlations were published to estimate the flame emissive power for y p p
hydrocarbon fuels

117 0 313E T
Ep = Flame Emissive Power (kW/m2) ≥ 20

117 0.313p NBPE T= −

FUEL Carbon 
Number

Normal 
Boiling 
Point (F)

Estimated Flame 
Emissive Power 
(kW/m2)

TNBP = Normal Boiling Point (F)

Methane C1 -258.68 198

Ethane C2 -127.48 157

Propane C3 -43.67 131

Butane C4 31.10 107

Pentane C5 96.92 87

Hexane C6 155.71 68

Heptane C7 209.17 52

Octane C8 258.22 36

Nonane C9 303.48 22

Decane C10 345.48 20
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We can do much better than just using NFPA 30 or API fire fluxWe can do much better than just using NFPA-30 or API fire flux

Fire Flux

Fluid Wall Insulation Surroundings

Water Spray

( ) ( )ins
ll ll ll fl id ll fl id ll ll i

kd Ax C T h A T T A T T⎡ ⎤ = − − −⎣ ⎦ ( ) ( ), ,wall p wall wall fluid wall fluid wall wall ins
ins

Ax C T h A T T A T T
dt x
⎡ ⎤⎣ ⎦

1 kd ( ) ( ), ,
1
2

ins
ins p ins ins wall ins ins surr ins surr

ins

kd Ax C T A T T h A T T
dt x
⎡ ⎤ = − + −⎣ ⎦
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We will first examine the origin and implications of the 3 % rule for inlet pressure lossWe will first examine the origin and implications of the 3 % rule for inlet pressure loss

ASME

APIAPI

CCPS

API is the so rce ASME adopted the 3 % r le in the mid 1980’sAPI is the source, ASME adopted the 3 % rule in the mid 1980’s

Recommended Reading:
N E Sylvander and D L Katz "The Design and Construction of Pressure RelievingN. E. Sylvander and D. L. Katz, The Design and Construction of Pressure Relieving 
Systems", Engineering Research Bulletin No. 31, University of Michigan Press, Ann 
Arbor, April 1948.

G. A. Melhem and H. G. Fisher, "Practical Guidelines for Dealing with Excessive 
Pressure Drop in Relief Systems" D-32-160-1 DIERS Users Group Fall MeetingPressure Drop in Relief Systems , D-32-160-1, DIERS Users Group Fall Meeting, 
2003. 

Ed Zamjec, “Origin of the 3 % Rule”, Presentation at the Fall 2007 API Refining 
Meeting, San Antonio, Texas.
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M. A. Grolmes, "Odd and Ends - Relief Valve Stability and Inlet Pressure Loss", 
DIERS Users Group Spring Meeting, 2008.
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A large fraction of existing relief device installations suffer from excessive pressureA large fraction of existing relief device installations suffer from excessive pressure 
loss (inlet and/or outlet)

Excessive pressure loss can lead valve instability and possibly valve failure

Operating companies are faced with significant upgrade/mitigation costs

We examine key factors leading to valve instability and provide some practical 
guidance on mitigation optionsguidance on mitigation options
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There is a difference between chatter flutter and simmeringThere is a difference between chatter, flutter, and simmering

Chatter is an abnormal rapid reciprocating motion of the movable parts of a 
pressure relief valve in which the disc contacts the seat

The impact on the seat is usually very strong, and therefore can damage the valve. 
Chatter can occur in either vapor or liquid service

Flutter is the same reciprocating motion but the disc does not contact the seatFlutter is the same reciprocating motion, but the disc does not contact the seat

Simmering is the audible or visible escape of fluid between the seat and disc at an 
inlet static pressure below the popping pressure and at no measurable capacity

Blowdown is the difference between the popping pressure and reseating pressure 
expressed either as a percentage of the popping pressure or in pressure units
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A Typical Relief Valve Model : Force Dynamics During FlowA Typical Relief Valve Model : Force Dynamics During Flow

Pressure relief valve Operation: Vapor/Gas Service. Source API RP 520
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A Typical Relief Valve Model : Force Dynamics During FlowA Typical Relief Valve Model : Force Dynamics During Flow
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Source API RP 520



It is not a perfect valveIt is not a perfect valve

2Chatter
Lt ≈Chatter
oc

Blowdown P P P≈ Δ + Δ + Δ

For short pipe lengths, tchatter may be

nozzle safetymarginBlowdown fP P P≈ Δ + Δ + Δ

Relief

Device

Pi

ΔPf
L

For short pipe lengths, tchatter may be 
smaller than the actual valve 
opening or closing time

Device

Inlet

Pv

The valve can close due to 
excessive inlet pressure loss or 
excessive backpressure
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Vessel
excessive backpressure 
developmentΔPnozzle



The momentum exchange between the fluid impinging on disk surface and the disk isThe momentum exchange between the fluid impinging on disk surface and the disk is 
an important factor

If the fluid characteristic chatter time is less than the valve closure time, the valve 
will flutter and not chatter

If the fluid characteristic chatter time is more than the valve closure time, the valve 
will chatter

If the fluid characteristic chatter time is equal to the valve closure time, the valve will 
chatter with increased severity due to acoustic coupling

Note that damage to the valve and piping can occur as the pressure in the vessel 
increases to 10 % or 21 %
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ASME is often the referenced source of the 3% inlet pressure loss rule ASME SectionASME is often the referenced source of the 3% inlet pressure loss rule.  ASME Section 
VIII, Div 1 (2008), non-mandatory Appendix M-6(a) states:

“(a) The nominal pipe size of all piping, valves and fittings, and vessel components 
between a pressure vessel and its safety safety relief or pilot operated pressurebetween a pressure vessel and its safety, safety relief, or pilot operated pressure 
relief valves shall be at least as large as the nominal size of the device inlet, and 
the flow characteristics of the upstream system shall be such that the cumulative 
total of all non-recoverable inlet losses shall not exceed 3% of the valve set 

Th i l t l ill b b d th l l t itpressure. The inlet pressure losses will be based on the valve nameplate capacity 
corrected for the characteristics of the flowing fluid.” 

ASME Section VIII, Div 2 (2008), informative annex 9.A.3 provides similar , ( ), p
guidance. Additional guidance is not provided in ASME Section VIII, Div 3 (2008). 

Note the use of the word “shall” above.  Also note that Appendix M is a non-
mandatory appendix that is for information and thus this is a suggested notmandatory appendix that is for information and, thus, this is a suggested, not 
mandatory standard.  ASME Section VIII, Div 1 (2008) Section U-1 Scope formally 
defines non-mandatory appendices as:

“The Non mandatory Appendices provide information and suggested good

Slide 18

The Non-mandatory Appendices provide information and suggested good 
practices.” 
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A review of prior versions of ASME Section VIII, Div 1 indicates that the 3% ruleA review of prior versions of ASME Section VIII, Div 1 indicates that the 3% rule 
became part of the code in the early to mid 1980’s. 

ASME Section VIII, Div. 1, 1986, M-7(a) has the same wording as in the 2008 
edition, M-6(a). ( )

The 1980 edition of ASME Section VIII, Div. 1 Appendix M makes no other mention 
of the 3% criterion or any other general guidance on inlet piping design. 

Neither inlet piping design guidance nor pressure loss criteria are given in the 1977, 
1974, 1968, 1965, or the 1962 editions of ASME Section VIII, Div 1 Appendix M. 
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ASME Section VIII, Div. 1 provides mandatory guidance on general inlet piping design p y g g p p g g
without addressing pressure loss.  This mandatory guidance has not significantly 
changed since 1962. 

“The opening through all pipe and fittings between a pressure vessel and its 
pressure-relieving device shall have at least the area of the pressure-relieving 
device inlet, and in all cases shall have sufficient area so as not to unduly restrict 
the flow to the pressure-relieving device. The opening in the vessel wall shall be 
designed to provide direct and unobstructed flow between the vessel and itsdesigned to provide direct and unobstructed flow between the vessel and its 
pressure-relieving device.” 

The 3% criterion was introduced into ASME Section VIII, Div. 1 non-mandatory 
A di M i th l t id 1980’Appendix M in the early to mid 1980’s

ASME does not provide a basis for why the 3 % rule was included.  
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ASME S ti I ( b il ) d t id li it i l t lASME Section I (power boilers)  does not provide limits on inlet pressure loss.  

ASME Section I (2008), section PG-72.1 states:

“Safety valves and safety relief valves shall be designed and constructed toSafety valves and safety relief valves shall be designed and constructed to 
operate without chattering, with a minimum blowdown of 2 psi (15 kPa) or 2% of 
the set pressure, whichever is greater, and to attain full lift at a pressure not 
greater than 3% above their set pressure.” 

ASME Section I (2008), section PG-71.2 states: 

“The safety valve or safety relief valve or valves shall be connected to the boiler 
independent of any other connection, and attached as close as possible to the p y , p
boiler or the normal steam flow path, without any unnecessary intervening pipe 
or fitting. Such intervening pipe or fitting shall be not longer than the face-to-
face dimension of the corresponding tee fitting of the same diameter and 
pressure under the applicable ASME Standard listed in PG-42 and shall also 

l ith PG 8 d PG 39 ”comply with PG-8 and PG-39.”

ASME Section I implies qualitative guidance on minimizing inlet pressure loss 
rather than limiting the inlet pressure loss to any defined value.

Slide 21

rather than limiting the inlet pressure loss to any defined value. 
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The current edition of API RP-520 Part 2 5th Ed (2003) uses the word “should” whichThe current edition of API RP-520 Part 2, 5th Ed (2003) uses the word should  which 
suggests rather than mandates the 3% criterion.

“When a pressure-relief valve is installed on a line directly connected to a vessel, 
the total non-recoverable pressure loss between the protected equipment and thethe total non recoverable pressure loss between the protected equipment and the 
pressure-relief valve should not exceed 3 percent of the set pressure of the valve 
except as permitted in 4.2.3 for pilot-operated pressure relief valves.”

“Wh li f l i i t ll d li th 3 t li it“When a pressure-relief valve is installed on a process line, the 3 percent limit 
should be applied to the sum of the loss in the normally non-flowing pressure-relief 
valve inlet pipe and the incremental pressure loss in the process line caused by the 
flow through the pressure-relief valve. The pressure loss should be calculated using g p p g
the rated capacity of the pressure-relief valve.”

“An engineering analysis of the valve performance at higher inlet losses may permit 
increasing the allowable pressure loss above 3 percent ”increasing the allowable pressure loss above 3 percent.” 

The type and form of engineering analysis is to be selected by the user. 
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The 3 % rule appeared in the API RP 520 2nd edition (1963) section 2.2(b): 

“For gas, vapor, or flashing-liquid service, it is recommended that the inlet piping 
between the protected equipment and the inlet flange of the pressure relief valve be 
designed so that the total pressure loss in the line shall be the sum total of the inlet 
loss, line loss, and valve loss and shall not exceed 3 percent of the set pressure, in 
pounds per square inch gage, of the valve. This pressure loss should include any 
stop valve loss It should be calculated using the maximum rated flow through thestop valve loss. It should be calculated using the maximum rated flow through the 
pressure relief valve. Such losses can be reduced materially by rounding the 
entrance to the inlet piping or by the use of larger inlet piping.” 

API RP 520 1st edition (1955) does not provide guidance regarding inlet piping. 
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API sponsored work at the University of Michigan relating to pressure relief system p y g g p y
design in the 1940s

See N.E. Sylvander and D.L. Katz and entitled “The Design and Construction of 
Pressure Relieving Systems”, University of Michigan Press Engineering Research 
B ll ti 31 A il 1948 P 72 73Bulletin 31, April 1948, Pages 72-73:

“Pressure drop through inlet piping has a two-fold importance in relief 
system design. First, flow capacity varies with the pressure drop 
available Second the operating characteristics of many relief devicesavailable. Second, the operating characteristics of many relief devices 
indicate that improper pressure drop on the inlet side may cause 
intermittent operation. Conventional spring-loaded relief valves have the 
rate of flow affected by the inlet pressure drop, since the pressure at the 
inlet to the valve will then be below the vessel pressure. If an excessive 
pressure drop occurs through the inlet piping, the valve tends to close 
prematurely. As the valve closes, pressure within the protected 
equipment builds up rapidly and the valve is forced open again. This q p p p y p g
action results in what is commonly referred to as "chattering." 
Chattering creates serious vibrational disturbances and can result in 
damage to the relief valve parts and possible failures of piping 
connections “
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connections.  
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Sylvander and Katz also provide simple qualitative guidance on minimizing inlet 
pressure loss: 

“The design of inlet piping to relief devices need not be complicated. Careful 
attention to the principles outlined here should result in satisfactory installations. 
Frequently increased capacity can be obtained by using a well rounded approach inFrequently increased capacity can be obtained by using a well-rounded approach in 
the nozzle leaving the protected equipment. This well-rounded approach becomes 
increasingly important when the ratio of the actual area of the relief device to the 
actual area of the inlet piping approaches unity.“ p p g pp y
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The total allowable inlet pressure drop recommended by Sylvander and Katz is 3% of y y
the allowable pressure for capacity relief for a relief valve with a 4 % blowdown

“Rupture discs and pilot operated valves are not susceptible to intermittent 
operation. The rate of flow may be decreased by large pressure drops through the 
inlet connections. “

“For a relief valve having approximately 4 per cent blowdown (that is, the valve will 
snap shut when the pressure has decreased to 4 per cent below the opening or setsnap shut when the pressure has decreased to 4 per cent below the opening or set 
pressure), these recommendations are made: 

The pressure drop due to friction should not exceed 1 per cent of the allowable 
pressure for capacity relief.  

The pressure drop due to the conversion of pressure to kinetic energy, 
commonly referred to as velocity head loss, should not exceed 2 per cent of the 
allowable pressure for capacity relief.” 

The Sylvander and Katz  document appears to be the source for the 3% rule.

This a reasonable conclusion since the Sylvander and Katz document served as a 
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primary source for guidance in the first editions of API 520 and 521.
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The recoverable inlet pressure loss is no longer considered

Sylvander and Katz

Inlet pressure loss considers both friction and recoverable loss (dynamic 
pressure)

The CCPS “Guidelines for Pressure Relief and Effluent Handling Systems” section g y
2.4.2.2.1 states:

“Note that the non-recoverable pressure loss from the vessel to the valve is less 
than the pressure drop, since the drop includes the change in velocity head 
f l t l Thi l it h d i bl ( t f th lifti ffrom vessel to valve. This velocity head is recoverable (part of the lifting force 
on the disk), and thus is not included in the determination of inlet loss.”
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Meeting the 3 % rule does not guarantee that a pressure relief valve will alwaysMeeting the 3 % rule does not guarantee that a pressure relief valve will always 
operate in a stable state and without problems associated with the valve or inlet piping. 

Operating close to the set pressure can result in continuous or intermittent leakage across the 
valve leading to potential intermittent vibration on the piping or valve internals leading to a 
potential for fatigue failure and loss of containmentpotential for fatigue failure and loss-of-containment. 

Installation of the pressure relief valve near locations of high turbulence or pulsation can result 
in fatigue failure of the inlet piping or premature lifting/failing open of the pressure relief valve. 

Relieving at a much lower flow rate than the rated capacity (< 25 %) can cause heavy 
cycling/chatter of the valve with consequent fatigue failure of the inlet piping or the pressure 
relief valve failing open.

Relieving an incompressible liquid through a vapor trim valve, especially at a much lower rate 
than the capacity of the valve, can cause heavy cycling/chatter of the valve with subsequent 
fatigue failure of the inlet piping or failing open of the pressure relief valve due to repeated 
mechanical liquid-hammermechanical liquid-hammer. 

Extended relief duration can cause fatigue failure of the inlet or outlet piping if the piping is 
inadequately supported and/or has a thinner wall diameter.
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Plugging, degradation, corrosion, abnormal wear-and-tear, etc. of the valve or inlet piping can 
also lead to a multitude of other problems.
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The API Joint Industry Project (JIP) on spring-loaded pressure relief valve stability is e Jo t dust y oject (J ) o sp g oaded p essu e e e a e stab ty s
still ongoing. The findings of this project will most likely result in less stringent new 
guidance regarding inlet pressure loss.

JIP planning started in 1998JIP planning started in 1998

Goal of providing a thorough technical review and testing of pressure relief valve 
stability.  

Phase 1 - Literature Review - Completed

Phase 2 - Industry Survey - Completed

Ph 3 D l t f th ti l d l C l t dPhase 3 - Development of a mathematical model - Completed

Phase 4 - Measurements of Opening Time - Completed. 

Phase 5 - Model Validation – Ongoing – Developed by Prof. Ron Darby

Model is to predict conditions and piping configurations where  chattering 
will occur 

Model conditions and piping configurations will be used to perform full-scale
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Model conditions and piping configurations will be used to perform full scale 
tests for validation
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Results from the JIP program are currently only available to the project sponsorsResults from the JIP program are currently only available to the project sponsors

Most of the project documents will be released to the general public some time after 
the project is completed.  

The results from this project will most likely replace the 3% criteria in both API and 
ASME with a comprehensive approach to pressure relief valve stability.  

For more information on the JIP program, please contact API
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Relief Valve Spring Constant Estimates Taken From GrolmesRelief Valve Spring Constant Estimates – Taken From Grolmes
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Relief Valve Spring Constant Estimates Taken From GrolmesRelief Valve Spring Constant Estimates – Taken From Grolmes
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Relief Valve Spring Constant Estimates Taken From GrolmesRelief Valve Spring Constant Estimates – Taken From Grolmes
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Relief Valve Natural Frequency Estimates Taken From GrolmesRelief Valve Natural Frequency Estimates – Taken From Grolmes
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Relief Valve Natural Frequency Estimates Taken From GrolmesRelief Valve Natural Frequency Estimates – Taken From Grolmes
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Relief Valve Natural Frequency Estimates Taken From GrolmesRelief Valve Natural Frequency Estimates – Taken From Grolmes
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Typical causes of chatterTypical causes of chatter

PRV oversized for installation

Flow is < 25 % of rated capacityp y

Valve is handling widely different rates

Inlet piping has excessive length. Pinlet = Pvessel – ΔPloss <= Pblowdown

Inlet piping is undersized for PRV (Starving PRV)

Outlet piping has excessive lengthOutlet piping has excessive length

Outlet piping is undersized for PRV

Upper adjusting ring too high

Slide 37 © 2009, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 



Chatter SolutionsChatter Solutions

Avoid turns, elbows and sharp area reductions in inlet and outlet lines

Use long radius elbowsUse long radius elbows

Use larger piping

If you cannot change the piping
Increase blowdown (for example, 5 % inlet loss can be tolerated if blowdown is set at 7 
%)

Install a smaller PRV or use a restricted lift valve

Install a different type of PRV (for example, a modulating pilot valve)

Use multiple valves with staggered set pressures when the lowest requiredUse multiple valves with staggered set pressures when the lowest required 
contingency rate is less than 25% of highest rate
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Quick Rules for Discharge PipeQuick Rules for Discharge Pipe

Enlarged inlet pipe diameter is almost always required for:

4P6, 6R8, 6R10, and 8T10

All safety valves used in series with rupture disks

1.5H3, 2J3, 3L4, and 6Q8 with shutoff valve and L/D=5

Enlarged outlet piping is almost always required for:

6R8 safety valves

C ti l f t l 3L4 4P6 d 8T10 ith t 100 iConventional safety valves 3L4, 4P6, and 8T10 with a set pressure > 100 psig 
and discharge pipe length more than 10 ft
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Where necessary, and with proper analysis, limit the irreversible inlet pressure loss to 
blowdown minus 2 %

For spring loaded relief valves, the recommended irreversible inlet pressure drop 
maximum limit in ASME VIII (non-mandatory ) and API-RP-520 for compressible 
fluid flow is 3% of the relief valve set pressurefluid flow is 3% of the relief valve set pressure. 

For existing installations, verify relief valve history and inspection records to ensure 
chatter damage has never been present.  

Blowdown settings range from 7-14% of a relief valve set pressure. Often times the 
blowdown settings are unknown and difficult to specify / set properly.

It is good practice to allow a 2% safety factor between the calculated irreversible 
inlet line loss and the blowdown setting (see Darby, Melhem, Fisher, and Grolmes); 
if the blowdown setting is 7%, limit the inlet pressure drop to 5% of the set pressure.

There are many publications and flow test data dating to the early 1990s that clearly 
demonstrate valve stability at high inlet pressure loss and decreased blowdown. 
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There are many practical installations where the 3 % rule cannot be met even with 
a very short inlet line. 
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Where necessary, and with proper analysis, limit the irreversible inlet pressure loss to 
blowdown minus 2 % - Continued

A safety margin of 2 %, is recommended in order to allow for uncertainties in flow 
calculations, physical properties, two-phase flow, setting the valve blowdown, and 
increased surface roughness of piping for older existing installations.

Valve instability becomes a significant safety concern for large valves due to the 
amount of force that can be exhibited by valve components and associated pipingamount of force that can be exhibited by valve components and associated piping 
when the valve closes rapidly.  

It is important to note that higher inlet pressure loss leads to lower flow rates and 
hil thi b l ti t id l t bilit i th d d fl twhile this may be a solution to avoid valve stability issues, the reduced flow rate 

has to be sufficient to protect the vessel/equipment from overpressure. 

Increased blowdown also leads to longer discharge durations and more product g g p
loss and may not be desirable if the material discharged in highly toxic or a known 
carcinogen.

Adjust relief device blowdown and set points with care using a qualified shop
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Adjust relief device blowdown and set points with care using a qualified shop.
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About ioMosaic Corporation

Founded by former Arthur D. Little Inc. executives and senior staff, ioMosaic is the leading 
provider of safety and risk management consulting services. ioMosaic has offices in Salem, 
New Hampshire Houston Texas and Minneapolis Minnesota

About ioMosaic Corporation

New Hampshire, Houston, Texas, and Minneapolis, Minnesota.

Since the early 1970's, ioMosaic senior staff and consultants have conducted many landmark 
studies including an audit of the Trans-Alaska pipeline brought about by congressional whistle 
blowers, investigation of the Bhopal disaster, and the safety of CNG powered vehicles in 
tunnels. Our senior staff and consultants have authored more than ten industry guidelines and 
effective practices for managing process safety and chemical reactivity and are recognized 
industry experts in LNG facility and transportation safety. 

ioMosaic Corporation is also the leading provider of pressure relief and flare systems designioMosaic Corporation is also the leading provider of pressure relief and flare systems design 
services and solutions. Its pressure relief system applications are used by over 300 users 
worldwide. It holds key leadership positions in the process industries' most influential and active 
pressure relief system design, and chemical reactivity forums, and plays a pivotal role in 
defining relief system design selection and management best practicesdefining relief system design, selection, and management best practices.

SALEM OFFICE
93 Stiles Road
Salem  New Hampshire  03079

HOUSTON OFFICE
2650 Fountain View, Suite 410
Houston  Texas  77057

MINNEAPOLIS OFFICE
401 North 3rd Street, Suite 410
Minneapolis  Minnesota  55401
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Salem, New Hampshire  03079
Tel: 603-893-7009

Houston, Texas  77057
Tel: 713-490-5220

Minneapolis, Minnesota  55401
Tel: 612-338-1669
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This presentation will cover three major topicsThis presentation will cover three major topics

Flare hydraulics

Flare hydraulics checksFlare hydraulics checks

Flare systems risk
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We solve flare hydraulics problems by first decomposing each flare node in order to 
guarantee convergence

A backpressure curve is first calculated for each individual relief device including 
the inlet line, relief device, and discharge line

A backpressure curve is also calculated for each sub-header connecting into the 
main flare header

The main flare header isometric is defined

Nodes are identified for specific piping segments

Nodes can be turned on or off from the main flare header modelNodes can be turned on or off from the main flare header model

The final pressure profile in the main flare header is estimated starting from the 
flare tip

Pressures are then propagated into each connecting node

Summary tables are then produced to determine the impact of flare header 
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pressure on flow rate for each node
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We consider the following simple example to illustrate the flare hydraulics concepts 
outlined earlier

Flare Tip

Balanced Bellows Rupture Disk

CCAA

p

Conventional

BB
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The AA relief line consisting of a balanced bellows PRV is illustrated belowThe AA relief line consisting of a balanced bellows PRV is illustrated below
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A backpressure curve is calculated for AAA backpressure curve is calculated for AA
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A backpressure curve is calculated for BB PRV is set at 100 psigA backpressure curve is calculated for BB, PRV is set at 100 psig
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The CC relief line consisting of a rupture disk is illustrated belowThe CC relief line consisting of a rupture disk is illustrated below
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A backpressure curve is calculated for CCA backpressure curve is calculated for CC
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Create the flare header and attach the nodesCreate the flare header and attach the nodes
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Execute the flare hydraulics using the batch queue with dependenciesExecute the flare hydraulics using the batch queue with dependencies

Check summary report

Check detailed flare hydraulics reportCheck detailed flare hydraulics report

Check the flare pressure, temperature, and 
Mach number profilesp

Check reaction forces and vibration risk

Check flare thermal radiation and noiseCheck flare thermal radiation and noise

Check dispersion estimates in case of 
flame out

Check backpressure on flowing and non-
flowing devices
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Check the hydraulics summary reportCheck the hydraulics summary report
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Check the flare hydraulics detailed reportCheck the flare hydraulics detailed report
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Check the hydraulics detailed report for each inputCheck the hydraulics detailed report for each input
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Check the flare pressure profileCheck the flare pressure profile
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Check header and piping temperaturesCheck header and piping temperatures

Determine if the temperature in the collection system or effluent handling equipment 
is lower than the minimum design metal temperature (MDMT) or greater than the 
design temperature at that locationdesign temperature at that location

Temperatures outside of these limits may challenge the mechanical integrity of the 
piping or vesselsp p g

Use -20°F as a screening criterion for the MDMT

Check for condensation along the header and sub headerCheck for condensation along the header and sub-header

Check hydraulics for cold ambient temperature conditions
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Check the flare temperature profileCheck the flare temperature profile
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Check the header and piping flowing velocitiesCheck the header and piping flowing velocities

Determine whether or not the velocities within the collection system exceed your 
established criteria, typically  60  to 70 % of the Mach Number
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Check the flare Mach Number profileCheck the flare Mach Number profile
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Always check reaction forces and vibration risk for piping, especially for de-pressuring y p p g, p y p g
systems
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It is all about backpressure! Check backpressure for flowing devicesIt is all about backpressure! Check backpressure for flowing devices

For conventional type relief valves, back pressures greater than 10% result in 
effective back pressure correction factors of 0. 

For pilot-operated relief valves, back pressures greater than the choked flow 
pressure ratio (typically 55-65%) will cause subsonic flow and flow reduction.

For bellows type relief valves, back pressures greater than 30% will result in a back 
pressure correction factor less than 1, depending on the allowable overpressure 
and model of relief valve.

Back pressure correction factors are not generally reliable above back 
pressures greater than 50% of the set pressure. 

Compare the calculated flow rate vs. relief requirement to ensure adequateCompare the calculated flow rate vs. relief requirement to ensure adequate 
overpressure protection for the scenario under evaluation

For multiple relief devices providing overpressure protection as a system, 
compare the total calculated flow rate to the total required relief rate. 

Slide 20 © 2009, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 



It is all about backpressure! Check backpressure for non flowing relief devicesIt is all about backpressure! Check backpressure for non-flowing relief devices

Each pressure relief device is designed to withstand a maximum amount of 
superimposed backpressure when it is not flowing.

The API Standard 526 limits for flanged pressure relief valves are typically used as 
the screening criterion for the allowable superimposed backpressures.

The manufacturer of the pressure relief device also publishes tested limits, which 
can be used as the criterion for whether or not the superimposed backpressure is 
acceptable. 
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It is all about backpressure! Check backpressure for non flowing rupture disksIt is all about backpressure! Check backpressure for non-flowing rupture disks

If the superimposed back pressure in a header approaches the bursting pressure of 
a rupture disk that is not relieving, the disk may burst

Identify any superimposed back pressures greater than 75% of the burst pressure 
of a rupture disks
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It is all about back pressure! Check back pressure for bellows type pressure relief 
valves

Significant superimposed back pressures on bellows type relief valves may lower 
the opening pressure of the relief valve and cause the relief valve to open.  

In some cases where the header pressure exceeds the set pressure of a bellows 
type relief valve, especially for those relief valves with very low set pressures, the 
relief valve may open and introduce the header fluid back into the vessel being y p g
protected by the relief valve. 

Identify any superimposed back pressures greater than 75% of the set pressure of 
bellows type relief valvesbellows type relief valves. 
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It is all about back pressure! Check back pressure impact on other connected systemsIt is all about back pressure! Check back pressure impact on other connected systems

Check if the back pressure on other interface points will impact the operation of that 
source

Determine if the pressure in the collection system or effluent handling equipment 
exceeds the design pressure at that location
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Check the purge gas requirementsCheck the purge gas requirements

Vendor specifications

Requirements to prevent air ingress due to physical effects such as wind densityRequirements to prevent air ingress due to physical effects such as wind, density, 
and diffusion effects

Requirements to prevent air ingress due to thermal contractionq p g

Requirements for minimum heating value

Steamout of equipment during maintenance activities

Minimum heating value requirements during maintenance modes of operation

Slide 25 © 2009, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 



Consider using a pressure drop for the flare tip of at least 2 psiConsider using a pressure drop for the flare tip of at least 2 psi

Pressure drop is typically the 
result of a flame retainer at the 
flare tip that restricts the flowflare tip that restricts the flow 
area from 2 to 10 %

Represent the flare tip using a p p g
piping segment with a user 
specified pressure drop, or

Estimate a velocity head lossEstimate a velocity head loss 
using flare tip data obtained 
from the manufacturer
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Check the flare tip velocityCheck the flare tip velocity

API recommended limit of ½ Mach for low velocity (subsonic) flares 

EPA criteria from 40 CFR 60 18 based on the net heating value of the fluid beingEPA criteria from 40 CFR 60.18 based on the net heating value of the fluid being 
sent to the flare
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Check the thermal radiation impact at ground level and for elevated structuresCheck the thermal radiation impact at ground level and for elevated structures
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Estimate the distance to ½ LFL at low wind speed and stable atmospheric conditions in p p
case of a flame out
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Estimate the distance to ERPG-1, 2, or 3 at low wind speed and stable atmospheric , , p p
conditions in case of a flame out
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Consider using a piping surface roughness coefficient up to 10 times that of new pipeConsider using a piping surface roughness coefficient up to 10 times that of new pipe
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Check the suitability of all knockout drumsCheck the suitability of all knockout drums

Operating pressure

Design pressureDesign pressure

Retention time

Path length or superficial vapor velocity required to achieve the required separation

Hot and cold knockout drums
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The ideal gas equation of state is often used in flare hydraulics studies to simplify the 
calculations (not recommended by ioMosaic for high pressure systems)
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A Simple Case Studyp y
Using 

SuperChems Expertp p
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The use of high integrity pressure protection systems (HIPPS) can help you maximizeThe use of high integrity pressure protection systems (HIPPS) can help you maximize 
the use of your existing flare structures

Due to the design vintage of many petroleum refineries and petrochemical plants, 
existing pressure relief and flare systems may be overloadedg p y y

Prior unit expansions/upgrades have increased the load on the flare for combined 
flaring scenarios beyond the original design intentions

The desire to connect atmospheric relief valves to the flare for environmental and 
safety consideration and to eliminate blow down drums

The addition of new process units that need access to flaring capacity
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Many companies are connecting atmospheric relief systems to existing flare structuresMany companies are connecting atmospheric relief systems to existing flare structures
Which existing atmospheric relief devices 
present vapor cloud explosion and 
thermal radiation hazards and need to go
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configured to achieve the required safety 
integrity level (SIL)?
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How do I maximize the use of existing flare structures using a risk based approach?

Dynamic simulation of relieving vessels 
and flare piping networks to identify 

How do I maximize the use of existing flare structures using a risk based approach?

capacity constraints

Risk tolerability criteria related to vessel 
overpressure hazardsoverpressure hazards

Risk assessment and reliability analysis to 
properly select and configure the HIPPS
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HIPPS SIS and SILS What are they?HIPPS, SIS, and SILS, What are they?

The ISA/ANSI Standard S84.01 96 defines a Safety Instrumented System (SIS) as 
a system composed of sensors, logic solvers, and final control elements for the 
purpose of taking the process to a safe state when predetermined conditions arepurpose of taking the process to a safe state when predetermined conditions are 
violated

A SIS acts independent of the basic process control systemp p y

The term high integrity protective instrumented system is used in Section 2.2 of API 
RP 521 Guide to Pressure-Relieving and Depressuring Systems, as an alternative 
in some scenarios for preventing overpressure and over temperature conditionsin some scenarios for preventing overpressure and over-temperature conditions

A HIPPS is a SIS that is designed to provide overpressure and over-temperature 
protection that is at least equivalent in reliability to a mechanical relief device
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HIPPS SIS and SILS What are they?HIPPS, SIS, and SILS, What are they?

HIPPS have traditionally been used for rapid depressurization of hydrocrackers and 
acetylene hydrogenators in runaway conditions, to simultaneously reduce pressure 
and remove heat where a safety valve is ineffectiveand remove heat, where a safety valve is ineffective

More recently, HIPPS have been employed to remove the heating supply to 
fractionation columns to avoid activation of the pressure relief device and causing a p g
release to atmosphere or a flare system

HIPPS can be used as a secondary overpressure protective system for the purpose 
of optimizing the design of the flare header systemof optimizing the design of the flare header system 

The Safety Integrity Level (SIL) is the discrete integrity level (SIL 1, SIL 2, SIL 3) of 
the SIS defined in terms of Probability of Failure on Demand (PFD) as presented in 
the table below:

Safety Integrity Level Probability of Failure on Demand Average Range
(PFDavg)

1 10-1 to 10-2

2 10-2 to 10-3
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2 10 2 to 10 3

3 10-3 to 10-4
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Most flare systems evaluations require the development of flare hydraulicsMost flare systems evaluations require the development of flare hydraulics

Establish worst credible global overpressure scenarios: 

Typically driven by general power or cooling failureyp y y g p g

Instrument air failure 

Consider cascading failures

Consider basic process control elements

Consider other properly designed safeguarding systems

Generate an inventory of all the individual flare loads pertaining to each global y p g g
scenario including relief devices, control valves, depressuring valves, etc. 

Establish a design flare hydraulics base case 
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Most flare systems evaluations require the development of flare hydraulicsMost flare systems evaluations require the development of flare hydraulics

Verify capacity and stability for activated relief devices:

Check inlet and outlet pipingp p g

Incorporate valve characteristics for accurate flow representation

Multi-component representation of stream compositions

Multiple choke points

Condensation

Relief device flow and opening characteristics for accurate representation of p g p
peak flow

The presence of multiphase, supercritical, high-viscosity, and/or reacting flows 
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Most flare systems evaluations require the development of flare hydraulics

Analyze Flare Systems Hydraulics:

Analyze backpressure, flow reduction, and pressure accumulation (% MAWP) 

Most flare systems evaluations require the development of flare hydraulics

y p p ( )
in protected equipment (base case system profile)

Identify devices and sub-headers that are deficient 

Exclusion zones for thermal radiation and noise restrictionsExclusion zones for thermal radiation and noise restrictions 
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Typical flare systems design constraints include flow velocity and backpressure limits

Design Criteria VALUE DESCRIPTION

Maximum Flow Velocity Mach  ≤ 0.6 Maximum value for header and subheaders design

Typical flare systems design constraints include flow velocity and backpressure limits

ρu2 ≤ 100,000 Pa Maximum value for discharge piping, header, and subheader design for gas 
flow

ρu2 ≤ 50,000 Pa Maximum value for discharge piping, header, and subheader design for 
two-phase flow

NRe ≥ 15,400 ρf/ρa
Mach ≥ 0.2

Minimum exit velocity required for gas flow from vapor stacks to ensure 
good mixing and dispersion

Flow rate Rated Capacity Value for subheaders and relief discharge piping design

Required Capacity Value for main header design

Backpressure ≤ 0.1 Pset Conventional relief valves

≤ 0.3 Pset Balanced relief valves. Balanced relief valves may be accepted for 
backpressures up to 0.5 Pset with prior consultation with manufacturer and 
ioMosaic

≤ 0.5 Pset Pilot operated valves. Pilot relief valves will be accepted for backpressures 
up to 0.7 Pset with prior consultation with manufacturer and ioMosaic
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Typical flare systems design constraints include thermal radiation and noise limits

Design Criteria VALUE DESCRIPTION

Radiation Intensity

Solar radiation component

500 BTU/h ft2 1.57 kW/m2 Value at any location where personnel with appropriate clothing 
may be continuously exposed

630 BTU/h ft2 1 98 kW/ 2 M i l f d t i tSolar radiation component 
should be added and can 
be as high as 317 Btu/h ft2
in some geographical 
locations like the middle 
east and south America

630 BTU/h ft2 1.98 kW/m2 Maximum value for pressured storage equipment

1000 BTU/h ft2 3.15 kW/m2 Maximum value for atmospheric storage equipment

1500 BTU/h ft2 4.72 kW/m2 Heat intensity in areas where emergency actions lasting several 
minutes may be required by personnel without shielding but with 
appropriate clothingappropriate clothing. 

Maximum value for Process equipment.

2000 BTU/h ft2 6.30 kW/m2 Heat intensity in areas where emergency actions up to 1 minute 
may be required by personnel without shielding but with 
appropriate clothingappropriate clothing.

Maximum value for Knock Out Drum.

3000 BTU/h ft2 9.45 kW/m2 Heat intensity at any location to which people have access; 
exposure should be limited to a few seconds, sufficient for 

lescape only.

Emergency Flaring 
Noise (working areas)

85 dBA At maximum flaring load

Emergency Flaring 
Noise (residential areas)

80 dBA At maximum flaring load
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Noise (residential areas)

Normal operation Flaring 
Noise (residential areas)

68 dBA At maximum flaring load
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Always use the right combination of relief device area and discharge coefficient

Device Type Determine Required Relief 
Capacity

Determine Pressure Drop, 
Relief Device Stability, and 
Effluent Handling Systems 

Always use the right combination of relief device area and discharge coefficient

g y
Performance

PRV alone ASME Area
ASME Kd

ASME Area
ASME Kd/0.9

API Area
API Kd

API Area/0.9
API Kd

RD alone Use as a pipe fitting with KR
Multiple the entire system

Use actual piping without a 
derating factorMultiple the entire system 

relief capacity by 0.9 
derating factor

RD/PRV Combination ASME Area
ASME Kd x CCF
RD K

ASME Area
ASME Kd/(0.9 x CCF)
RD KRD KR RD KR

API Area
API Kd x CCF
RD KR

API Area/0.9
API Kd/CCF
RD KR
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Use a CCF of 0.9 if actual 
value is not available
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Consider the following simple fixes before using HIPPSConsider the following simple fixes before using HIPPS

Automate shutdowns and/or isolation systems currently 
requiring operator intervention

If possible, Maximize use of bellows/pilot valves

If possible, make reasonable header size and relief device 
adjustments to correct deficiencies

With Fl I d B k
j

Review timing of loads (e.g., automated de-pressuring 
systems) 5

6

g/
cm

2g

At 0.4 kg/cm2g

With Flare Imposed Backpressure
1.08 x MAWP

Model vessel dynamics and establish actual pressure 
accumulation based on flare pressure profiles:

Reduced set points less than MAWP 3

4

PR
ES

SU
R

E.
 k

g At 0.4 kg/cm2g
Backpressure

Reboiler maximum steam 
temperature reached

Required flow rate vs. excess relief capacity

To MAXIMIZE the use of the existing flare collection 
system these aspects need to be thoroughly defined and 1

2

0 0 5 1 1 5
P temperature reached

TOWER PRESSURE
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system, these aspects need to be thoroughly defined and 
evaluated TIME. h

0 0.5 1 1.5
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Typically HIPPS are considered for de-bottlenecking existing flare collection systems in

Flare tip and/or sub-header connection Mach Number > 0.6

Typically HIPPS are considered for de bottlenecking existing flare collection systems in 
order to address one or more of the following conditions

Excessive PSV backpressure

Excessive vessel accumulation/overpressurep

High flare thermal radiation levels on/off site

High flare noise levels on/off siteHigh flare noise levels on/off site

Adding atmospheric relief devices to the existing flare collection system
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The use of HIPPS for flare systems was first outlined by CCPS and Williams

Select HIPPS candidates

Define HIPPS configurations

Confirm HIPPS design flare loads

Verify required SIL

AIChE/CCPS,  “Guidelines for Safe Automation of Chemical Processes” , AIChE, 1993.

Willi d D “R li bilit b d A h R d Fl D i R li f L d” Oil d G J l D b 15 1997

Recommended Reading:
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Williams and Donavan, “Reliability-based Approach Reduces Flare Design Relief Load”, Oil and Gas Journal on December 15, 1997.

Williams, “Reliability for Safety Instrumented Systems” appeared in Chemical Engineering Progress Magazine on September of 2004.

© 2009, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 



Ma imi ing the se of e isting flare str ct res sing HIPPS is a s stematic processMaximizing the use of existing flare structures using HIPPS is a systematic process

Evaluate and optimize all individual relief lines

Evaluate and optimize all individual sub-headers

Evaluate the flare hydraulics for a base case (no credit for Safeguards, Global 
Scenario)Scenario)

Evaluate the flare hydraulics for a best case assuming all Safeguards work as 
designed (Global Scenario)g ( )

Evaluate the flare hydraulics for worst possible failure combination of the 
safeguards yielding the largest flare load back into the flare system (Global 
Scenario)Scenario)

Evaluate and establish the tolerable safeguard failure frequencies based on the 
concepts developed by Williams and Donavan
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HIPPS Selection MethodologyHIPPS Selection Methodology
Using base case flare loads 
established earlier:

Id tif l t l d fIdentify largest loads for 
elimination or mitigation

Develop preliminary configuration 
of HIPPS candidates and SILs forof HIPPS candidates and SILs for 
each sub-header

Apply risk-based approach for 
selecting number of HIPPS and 

i d SILrequired SILs

Run flare network simulation to 
check backpressure, overpressure, 
flow rates

Largest loads for elimination may 
include vessels that have adequate flow rates

Perform iterative design of HIPPS 
configurations and simulations to arrive 

t t t ff ti d t l bl i k

relief but are good candidates such 
as columns using steam reboilers, 
for example
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at most cost effective and tolerable risk
solution
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HIPPS Selection Methodology Overpressure Event Risk Matrix*HIPPS Selection Methodology

The risk tolerability of an overpressure 
condition in a vessel should be 

i d b d

Overpressure Event Risk Matrix*

assigned based on:

The consequences of the 
overpressure in terms of vessel 
integrityintegrity 

The frequency of occurrence of the 
undesirable outcome

Using recognized vessel overpressure 
effect characteristics, a system of  
consequence and frequency criteria 
can be established

* Based on aligning a vessel rupture with a 1 in a million year tolerable event

Accumulation Frequencycan be established 

135% accumulation has no effect 
on steel vessels

400 500% Accumulation results in

q y

< 135 1 in 100 years

135-165 1 in 1000 years

165-200 1 in 10,000 years

200-300 1 in 100 000 years
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400-500% Accumulation results in 
rupture, an unacceptable event

200-300 1 in 100,000 years

>300 Not allowed
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Sample: Tolerable Event Frequency Targets Based on Level of AccumulationSample: Tolerable Event Frequency Targets Based on Level of Accumulation 

Flare Sub-
header

Problem PSVs Overpressure 
Ratio

Tolerable Event 
Frequency 
Target

Comments

g
Occurrence/yr

S-100 PSV-103 1.43 x MAWP 10-3/yr

S-200 PSV-203 1.69 x MAWP 10-4/yr

S-300 PSV-302 1.5 x MAWP 10-3/yr

PSV-304 1.39 x MAWP 10-2/yr

S-400 None < 1.1 x MAWP 0 No HIPPS required

S-500 PSV-502 1.47 x MAWP 10-3/yr

Notes: (1) SuperChems Expert calculates vessel accumulation as part of the header analysis
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A Simple HIPPS Risk Analysis ExampleA Simple HIPPS Risk Analysis Example

General Power Failure Occurrence is 2/yr based on refinery experience

Probability of failure on demand (PFD) for SIL:y ( )

o SIL 1 = 10-1 /yr

o SIL 2 = 10-2 /yr

o SIL 3 = 10-3 /yr
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HIPPS Risk Analysis ExampleHIPPS Risk Analysis Example 

Arrange HIPPS candidate loads in decreasing order starting with largest

Assign SIL levels to loads to minimize the number of large loads that have to fail toAssign SIL levels to loads to minimize the number of large loads that have to fail to 
meet the target event frequency 

Consider effect of different failure sequences on header design load and converge q g g
on a solution
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How Many HIPPS are Enough?How Many HIPPS are Enough?

There are sufficient HIPPS when the following criteria are satisfied:

All vessels comply with code requirements for overpressure accumulation if all p y q p
HIPPS function as designed on demand, and

It is not possible for any simultaneous failures of one or more HIPPS to cause 
code violations at a frequency > the established target tolerability frequency

Code violations include thermal radiation and noise impacts

SILs need to be selected to satisfy the above criteria
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Sub Header S 300 Example: Target Tolerability Frequency = 10-3/YR

Header Load
Combined w/Subsequent

Sub-Header S-300 Example: Target Tolerability Frequency  = 10 3/YR

Combined w/Subsequent

PSV Flow Rate. Specified Failure Freq. HIPPS Failures Number 
Item # Tag No. Kg/hr SIL Occur/yr Kg/Hr Failures

4835 none4835 none

1 PSV-304 74231 2 2.00E-02 79066 1

2 PVS-303 72458 2 2.00E-04 151524 2

3 PSV-302 70443 3 2.00E-07 221967 3

4 PSV-306 21326 1 2.00E-08 243293 4

5 PSV-305 13590 1 2.00E-09 256883 5

6 PSV-307 4835

256883
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Sub Header S 300 ExampleSub-Header S-300 Example

If all HIPPS function on demand, the problem loads from PSV-302 and 304 will be 
eliminated and code compliance is obtained

Using the failure sequence of PSV-304 and PSV-303 results in the largest design 
load on the flare that also achieves the target event frequency:

No other failure combination sequence will add back as much load to the flareNo other failure combination sequence will add back as much load to the flare 
(151,524 Kg/h)

By making the PSV-302 HIPPS a SIL 3, the frequency of accumulation exceeding 
d i 2 10 3/ f i l f il (if i f il fi )code is 2x10-3/year from a single failure (if it fails first)

With the other HIPPS loads removed, the pressure is < 1.35xMAWP and the 
revised target frequency of 1x10-2/year is met
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Sample OutputSample Output
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Sample SuperChems InputSample SuperChems Input
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Sample Output

Note that SuperChems estimates what fraction of actual relief 
device and/or sub-header flow capacity is possible instead of 
providing a pass/fail answer. This data is used by dynamic 

d l i S Ch t d t i if ifi l l fmodels in SuperChems to determine if specific levels of concerns 
of vessel MAWP/MAWT are exceeded.
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Main Flare Header Pressure ProfileMain Flare Header Pressure Profile
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Main Flare Header Temperature ProfileMain Flare Header Temperature Profile
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Main Flare Header Velocity ProfileMain Flare Header Velocity Profile
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Flare Thermal Radiation Impact Ground Level ImpactFlare Thermal Radiation Impact – Ground Level Impact
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Source: SuperChems Expert v5.91
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Flare Thermal Radiation Vertical ProfilesFlare Thermal Radiation – Vertical Profiles 
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Source: SuperChems Expert v5.91
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Flare Flammability Hazard Zones In Case of Flame OutFlare Flammability Hazard Zones In Case of Flame Out 
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Source: SuperChems Expert v5.91
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Flare Noise Estimates Ground Level ImpactFlare Noise Estimates – Ground Level Impact
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Source: SuperChems Expert v5.91
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Flare Noise Estimates Vertical ProfilesFlare Noise Estimates – Vertical Profiles
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Source: SuperChems Expert v5.91
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The ioMosaic risk analysis approach utilizes pragmatic criteria to comply with 
recognized and generally accepted good engineering practices

Analyzing flare header constraints typically involves addressing capacity 
limitations at each sub header before combining into the overall system:limitations at each sub-header before combining into the overall system: 

There are a manageable number of sub-header HIPPS to evaluate

Appropriate solutions can be devised utilizing experience without resorting 
t “ d lk” t h i f d t i i HIPPS f ilto “random walk” techniques for determining HIPPS failure sequences

The ability of the simulation model to calculate vessel dynamics (pressure and 
temperature conditions) as well as flow capacity is critical for an optimized and p ) p y p
cost effective solution:

It determines the target frequency before and after the addition of HIPPS 

It is the ultimate determinant (not backpressure) of whether a relief deviceIt is the ultimate determinant (not backpressure) of whether a relief device 
is acceptable or not
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About ioMosaic Corporation

Founded by former Arthur D. Little Inc. executives and senior staff, ioMosaic is the leading 
provider of safety and risk management consulting services. ioMosaic has offices in Salem, 
New Hampshire Houston Texas and Minneapolis Minnesota

About ioMosaic Corporation

New Hampshire, Houston, Texas, and Minneapolis, Minnesota.

Since the early 1970's, ioMosaic senior staff and consultants have conducted many landmark 
studies including an audit of the Trans-Alaska pipeline brought about by congressional whistle 
blowers, investigation of the Bhopal disaster, and the safety of CNG powered vehicles in 
tunnels. Our senior staff and consultants have authored more than ten industry guidelines and 
effective practices for managing process safety and chemical reactivity and are recognized 
industry experts in LNG facility and transportation safety. 

ioMosaic Corporation is also the leading provider of pressure relief and flare systems designioMosaic Corporation is also the leading provider of pressure relief and flare systems design 
services and solutions. Its pressure relief system applications are used by over 300 users 
worldwide. It holds key leadership positions in the process industries' most influential and active 
pressure relief system design, and chemical reactivity forums, and plays a pivotal role in 
defining relief system design selection and management best practicesdefining relief system design, selection, and management best practices.

SALEM OFFICE
93 Stiles Road
Salem  New Hampshire  03079

HOUSTON OFFICE
2650 Fountain View, Suite 410
Houston  Texas  77057

MINNEAPOLIS OFFICE
401 North 3rd Street, Suite 410
Minneapolis  Minnesota  55401
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Vendor Supplied Flow Relations:

[ ]

[ ]∆
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P
Q C

sg
=

Standard for Liquids



Vendor Supplied Flow Relations:

Incompressible Gas Flow

[ ]
[ ] [ ]∆

22.67
psia psi

v

Rankine

P P
Q scfm C

sg T
=

Limitations not always stated, but  ∆ P/P should be 
less than 0.1



Vendor Supplied Flow Relations:

Compressible Gas Flow

This is not a very good approximation and leads to 
overestimating flow capacity.

Set

[ ]∆ 1/ 2 psiaP P=

In previous equation



Vendor Supplied Flow Relations:

Fisher / Emerson Universal Gas Sizing Relation:

Unusual form, but very good if one has Cg and 

C1 factors.
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Vendor Supplied Flow Relations:

Fisher / Emerson Universal Steam Sizing Relation:

Also very good but same as previous relation 

with Cs = Cg / 20 and unit conversion factors
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General Finding

All vendor data and Cv or Cg & C1 factors lead to the 
same result:

This is an interesting and useful result

2 0.0262
d v

C A in C  = 



General Relation in Cv (only)

The previous result permits a general Cv flow formula 

In SI units

Can be used for any case.  Even 

Fisher/Emerson lists consistent Cv factors that 

can be used in this relation
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Liquid Flow
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Gas Flow
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The Appropriate Mass Flux Relations Are:



Two Phase Flow
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x x
G

G G

−

= =

 −
= + 
  

( 0)
c

x

η L P Mw
G

z RT CT
=

=

2[ / ]

[ 1]

( , )

/

N m

x

F k η P
G

RT Mw
=

=

This is the 
Fauske

Universal two-
phase flow 

relation

See Ref. 8 for 

details



Some Comparisons
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Observation

• One can see by comparing the Fisher 
/Emerson equation and the CTI Cv gas 
flow relation that there is a good 
correspondence between the terms,

• F (k,η) and SIN [(59.64/C1) (1-η)]1/2
rad. 

• The latter is a well-constructed 
approximation for the former

• See text for exact form of F(k.η)



Some Comparisons
Steam Flow
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Warning
• The fact that Cd•A[in2] = 0.0262 Cv for both liquid 

and gas flow is curious.

• This implies that Cd is the same for both liquid 

and compressible gas flow.

• We know this is not the case for good relief 

valves

• Further exploration suggests that most if not all 

gas flow ratings for flow control articles are 

based on tests in the incompressible flow regime 



Summary

• We have a good universal method for providing 
a general formula for flow control articles using 
only Cv.

• We do not know enough regarding how Vendors 
rate flow control devices for gas in the sonic flow 
regime.

• The details are in the text document for the 
record 

• We hope this is helpful and leads to further 
clarification

• Feedback would be appreciated.
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General Notes on the Use 
of 

Control Valve Flow Coefficients 
 

Centaurus Technology, Inc. 
 

M. A. Grolmes 
 
1.0 INTRODUCTION 
 
The flow vs. pressure drop performance for various flow control devices (ball valves, 
control valves, pressure regulators, etc.), for which the actual flow area is not easy to 
specify, is determined by various vendor supplied flow coefficients; Cv – for liquid, Cg – 
for gas, and Cs - for steam.  The objective of this technical note is to clarify the use of Cv, 
Cg and Cs factors and the various flow relations appropriate to vendor catalog tabulations 
of these items.  We address two issues.  The first is that some vendors list only Cv factors 
for various flow control articles, while others will list a Cv factor for liquid flow, and Cg 
factor for gas flow and a Cs factor for steam flow.  So the question becomes; Can one 
reliably use a single Cv factor for both incompressible, and compressible fluids?  The 
second, and related issue, is the identification of the appropriate flow relation for use in 
correctly evaluating the flow vs pressure drop performance for a given device.  This is 
especially relevant for the treatment of compressible single and two phase flows.  
Without a clear understanding of vendor customs and certain application fundamentals, it 
is possible to improperly mix flow relations and flow coefficients and produce inaccurate 
results. 
 
2.0 INCOMPRESSIBLE LIQUID FLOW 
 
 2.1 Standard Relation 
 
We start with considerations of incompressible liquid flow.  This is the least difficult and 
least confusing case.  All vendors of flow control devices list Cv factors for liquid flow vs 
pressure drop performance calculations.  It is noted that the first use of the flow 
coefficient referred to as “Cv” can be attributed to Masoneilan Valves in 1944, Ref. [1].  
The concept evolved to standard usage.  As a measure of flow capacity, Cv, typically 
refers to the full or “wide open” flow capacity of control valves, regulators and similar 
devices.  The Cv coefficient is also frequently given for ball, and 3-way valves.  In many 
cases, Cv is the only device flow coefficient that has been verified by direct testing.  The 
standard formula for liquid flow is: 
 

[ ]
[ ]∆ psi

vgpm

P
Q C

sg
=           (1) 

 
Q is the liquid flow in [us gpm]: 1 usg = 3.785 L 
Cv is the flow coefficient 
∆P is the pressure drop across the flow device (control valve, etc.) in [psi] 
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sg is the specific gravity relative to water at 60oF or 15.55oC. 
 

3 3
, . , ./ 62.42 / 999.5 /l water std water stdsg ρ ρ where ρ lb ft or kg m= =  

 
Obviously Cv is a dimensional flow coefficient, representing the flow rate in usgpm for 1 
psig pressure drop referenced to standard water.  (Note this topic is a mess of mixed units 
which will be retained here as representative of standard US vendor catalog usage).  
Attempts to present flow relations in sufficient generality to address multiple unit 
conventions, such as can be found in Ref. [1], are often more confusing than helpful.  In 
this note we will use both conventional US catalog units and in some cases SI units.  In 
most instances, units will be indicated in [ ]. 
 
It may be assumed that most flow control articles have been calibrated at some low-to-
moderate pressure drop with water.  Even so, Cv factors are rarely listed to more that two 
significant figures. 
 
 2.2 Relation of Cv to Flow Area 
 
The obvious utility of the Cv factor is that flow control devices do not always have a 
readily identifiable flow area, or even if this were the case, the internal geometry is such 
that the flow loss, or discharge coefficient is similarly difficult to identify. 
 
However, it will be instructive to consider an equivalent flow relation based upon an 
assumed knowledge of the effective device full-flow area, which will be referred to as the 
product Cd A.  For this we use the relation 
 

[ ] 2 2 1/ dw kg s C A m G kg m s− −⎡ ⎤ ⎡ ⎤= ⎣ ⎦ ⎣ ⎦       (2) 
 
where 
 
w is the liquid mass flow rate in [kg/s] 
CdA is the effective device flow area in [m2] 
G is the liquid mass flux in [kg m-2s-1] 
 
The above relation is given in consistent SI units.  The liquid mass flux relation is 
 

2 ∆G ρ P=          (3) 
 
where ρ is the liquid density in [kg/m3] and ∆P is the pressure drop in [N/m2].   
 
As an intermediate step one can divide by the density ρ to obtain Equation (4a).  
 

2
3 2

3

2 ∆ /
/

/d

P N m
Q m s C A m

ρ kg m

⎡ ⎤⎣ ⎦⎡ ⎤ ⎡ ⎤=⎣ ⎦ ⎣ ⎦ ⎡ ⎤⎣ ⎦
      (4a) 
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Then with unit conversion factors: 
 
1 m3/s = 15850 usgpm 
1 m2 = 1550 in2 
1 psi = 6894.73 N/m2 
 
And the replacement with the ‘sg’ factor 

,water stdρ ρ sg=          (4b) 
where 

3
, 999.5 /water stdρ kg m=  

 
one can combine Equations (4a) and (4b) to yield the relation, 
 

[ ] [ ]2 ∆
37.98 d

P psi
Q gpm C A in

sg
⎡ ⎤= ⎣ ⎦       (5) 

 
The important result to be obtained by comparing Equations (1) and (5) is 
 
 2 0.0263d vC A in C⎡ ⎤ =⎣ ⎦         (6) 
 
Equation (6) provides a means of estimating the effective flow area for a liquid flow 
control device, based on the specified Cv factor. 
 
We will extend the above comparison to gas flow relations. 
 
 
 
3.0 GAS FLOW RELATIONS 
 
 3.1 Incompressible Gas Flow 
 
Incompressible gas flow is similar to the incompressible liquid flow case considered in 
Section 2.2.   Again if one assumes knowledge of an effective flow area, CdA, then one 
can write 
 

[ ] 3 2
2

/ /
/ 2 ∆d kg m N m

w kg s C A m ρ P⎡ ⎤ ⎡ ⎤
⎣ ⎦ ⎣ ⎦

⎡ ⎤= ⎣ ⎦      (7) 

 
For gas flow, additional relations required are, 
 

P Mwρ
R T

=           (8) 

 
 



CTI 09- 525 rev 2 Control Valve Cv Factor Usage Page 5 of 19 
 

where in SI units 
 
ρ is the gas density in [kg/m3] 
P is the pressure in [N/m2] 
Mw is the molecular weight of the gas [kg/kg mol]
R is the gas constant, [8314.47 J/kg mol K] 
T is the absolute temperature in [K] 
 
One also uses, 
 

,std air stdρ sg ρ=          (9) 
 
and 
 

/g airsg Mw Mw=          (10) 
 
where Mwair = 28.84 
 
Now, the standard air density is evaluated from Equation (8) at P = 101325 N/m2 (14.696 
psia) and 60oF or 15.55oC or 288.7 K, is 
 

3
,

101325 28.84 1.217 /
8314.47 288.7air stdρ kg m= =       (11) 

or 
 

30.076 /lb ft . 
 
On dividing Equation (7) by ρstd, and using Equation (8), one obtains 
 

3 2 ∆
/ gd

std K

P P MwC AQ s m s
ρ R T

⎡ ⎤ =⎣ ⎦       (12) 

 
Then using Equations (9), (10) and (11) one obtains 
 

[ ] 2

∆865.46 d in
R

P PQ scfm C A
sg T⎡ ⎤

⎣ ⎦
=       (13) 

 
The above Equation (13) gives the volume flow rate in [scfm] of a gas with Mw = Mwg 
for an effective flow area Cd A [in2].  Other terms are 
 
P is the absolute upstream pressure in [psia] 
∆P is the flow control device pressure drop in [psi] 
sg is the specific gravity relative to air at standard conditions, sg = Mwg/28.84 
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TR is the absolute upstream gas temperature in [R], TR = 1.8 TK. 
 
The above Equation (13) is valid only for incompressible gas flow. 
 
A common formula given in Refs. [1 through 4] and other places, for gas flow is 
 

[ ] ∆22.67 v
R

P PQ scfm C
sg T

=        (14) 

 
(Note that one often finds Equation (14) with Q given in [scfh] with the constant term 
1360.  The Equation (14) constant, 22.67 = 1360/60.) 
 
As before, with the liquid flow case, one can compare Equations (13) and (14) and 
establish 
 

2 0.0262d vC A in C⎡ ⎤ =⎣ ⎦         (15) 
 
Equation (15) for incompressible gas, is identical with Equation (6) for liquid.  This 
author has never seen a discussion of the source of the constant 22.67 (or 1360) in 
Equation (14).  The value could arise from direct gas flow calibration, or from an 
assumption that the underlying device flow area should be the same for either liquid or 
gas flow.  The results of Equations (6) and (15) show that in practice, the latter is 
confirmed.  The former is also likely true.  (See Section 5.) 
 
 3.2 Compressible Gas Flow 
 
Many flow control device catalogs suggest Equation (14) may be applied to compressible 

gas flow up to the point where 1∆
2

P P≥ .  After which, the term ∆P is set equal to ½ P. 

 
We recast this discussion by defining the pressure ratio 
 

1 /η P P=           (16) 
 
where 
 
P is the absolute upstream pressure, [psia] 
P1 is the absolute downstream pressure, [psia] 
 
Then one can define 
 

( )1∆ 1P P P P η= − = −         (17) 
 
Using Equation (17) in Equation (14) one obtains 
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[ ] ( )1/ 2 [ ]22.67 1 psia
vscfm

R

P
Q C η

sg T
= −       (18) 

 
In Equation (18) subsonic gas flow is assumed to be represented by 0 ≤ η ≤ 0.5, with 
sonic flow defined by η = 0.5 for any value of ∆P > ½ P. 
 
For sonic flow conditions, (η = 0.5), this would lead to an equation of the form 
 

[ ] 16.03 v
R

PQ scfm C
sg T

=
       (19) 

 
Ref. [5] , (internet site Engineering Toolbox),  provides a similar relation for sonic flow 
as 
 

[ ] 11 v
R

PQ scfm C
sg T

=
        (20) 

 
We will compare these two forms later. 
 
Exact Formulation – If one again assumes knowledge of an effective device flow area, 
CdA, then using conventional compressible gas flow relations, and appropriate unit 
conversion factors, one can establish an “exact” compressible flow relation as, 
 

[ ] [ ]2
( , )

612 psia
d

R

F k η P
Q scfm C A in

sg T
⎡ ⎤= ⎣ ⎦      (21) 

 
In Equation (21) F (k, η) provides the exact treatment for both subsonic, and sonic flow. 
 
For subsonic flow; 
 

1 / cη P P η= ≥          (22a) 
 
where 
 

( )/ 1
2

1

k k

cη k

−
⎡ ⎤

= ⎢ ⎥+⎣ ⎦
         (22b) 

 
and 
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( ) ( )
( )( )

1/ 2

1 / 2/2, 1
1

k k kkF k η η η
k

−⎡ ⎤
= −⎢ ⎥−⎣ ⎦

      (22c) 

 
 
Then  for sonic flow, where one would find 
 

1 / cη P P η= ≤          (23a) 
 
The term F (k, η) is given by; 
 

( ) ( )
( ) ( ) 1/ 21 / 1

2,
1

k k

F k η F k k
k

+ −⎧ ⎫⎡ ⎤⎪ ⎪= = ⎨ ⎬⎢ ⎥+⎣ ⎦⎪ ⎪⎩ ⎭
      (23b) 

 
In the above Equations (23a) and (23b), 
 
k is the gas specific heat ratio 
ηc is the critical pressure ratio 
 
Table 1, provides some typical values. 
 
Table 1 Select values of k, ηc and F(k)for common gasses. 
 

Specie Mw sg k ηc F(k) 
Air 28.84 1.00 1.400 0.528 0.685
N2 28.02 0.97 1.400 0.528 0.685
O2 32.0 1.11 1.400 0.528 0.685
CO2 44.01 1.526 1.300 0.546 0.667
Iso butane 58.12 2.015 1.110 0.583 0.630
H2O 18 0.624 1.31 0.544 0.669

 
Example:  Consider as an example, either Air, N2, O2, all diatomic gasses for which  
F (k) = 0.685.  With this value, Equation (21) for sonic flow becomes 
 

[ ] [ ]2419.2 d
R

P psia
Q scfm C A in

sg T
⎡ ⎤= ⎣ ⎦       (24) 

 
We now compare Equation (24) with previous Equations (19) and (20) for sonic flow, 
and find the following. 
 
Comparing Equations (24) and (19) one obtains 
 

2 0.0382d vC A in C⎡ ⎤ =⎣ ⎦         (25) 
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Comparing Equation (24) and (20) one obtains 
 
       (26) 
 
 

The result in Equation (26) is again identical with previously established relations 
between Cd A [in2] and Cv and suggests the Ref. [5] sourced Equation (20) is the more 
accurate of the simplified approximate relations for sonic flow.  (There are of course 
other fundamental reasons to expect that Equation (19) would overestimate sonic flow by 
the approximation given.) 
 
 
 3.3 Fisher/Emerson Relations 
 
To this point, we have considered flow control device relations for gas flow utilizing only 
the vendor supplied Cv factor.  By and large, satisfactory results may be obtained using 
the Cv factor if one employs Equations (24) and (26).  However, the arbitrary numerical 
constant 22.67, in the approximate relation of Equation (14), along with certain other 
considerations led Fisher/Emerson (F/E) to develop a different relation for gas flow, Refs. 
[4,5]. 
 
In 1963 Fisher Controls introduced a relation which they referred to as their “Universal 
Gas Sizing Equation”, given below as: 
 

[ ]
1

520 59.64 ∆
60

g

R rad

C P PQ scfm SIN
C Psg T

⎧ ⎫⎪ ⎪= ⎨ ⎬
⎪ ⎪⎩ ⎭

    (27a) 

 
Equation (27a) addresses two issues perceived to be significant by Fisher Controls.  The 
first is the introduction of Cg a gas flow coefficient different from Cv.  In this way the 
numerical coefficient 520 / 60 0.381=  is related to defined numerical values for, 520 R, 
the standard 60oF gas temperature, and the unit conversion 60 min/hr.  The second issue 
of better representation of gas compressibility is achieved by the SIN ( ) term.  This term 
accounts for the compressibility of the gas throughout the subsonic range.  This will be 
illustrated shortly.  The additional constant C1 is defined by Fisher as the ratio of Cg to 
Cv, that is, C1 = Cg/Cv.  Values of C1 are such that 16 ≤ C1 ≤ 37.  The Fisher Catalog, Vol. 
10, Ref. [6], provides a complete tabulation of Cv, Cg, C1 and Cs for all Fisher flow 
control devices. 
 
If we proceed further by using Equation (17), one finds that Equation (27a) takes the 
form 
 

[ ]
1

59.640.3801 1g

R rad

C P
Q scfm SIN η

Csg T
⎡ ⎤

= −⎢ ⎥
⎣ ⎦

    (27b) 

 

2 0.0262d vC A in C⎡ ⎤ =⎣ ⎦



CTI 09- 525 rev 2 Control Valve Cv Factor Usage Page 10 of 19 
 

where again η = P1/P.  The argument of the SIN term in [  ] is to be taken as radians.  If 
the SIN function is to be evaluated in degrees then one must multiply the argument by 
180/π and obtain 
 

[ ]
1 deg

34170.3801 1g

R rees

C P
Q scfm SIN η

Csg T
⎡ ⎤

= −⎢ ⎥
⎣ ⎦

    (27c) 

 
To consider an alternative form of an exact compressible flow formulation, let us 
combine Equations (21) and (26) to obtain 
 

[ ] ( )16.03 ,v

R

C PQ scfm F k η
sg T

=       (28) 

 
One can see by comparing Equations (28) and (27b) that there is a correspondence 
between the terms, F (k,η) and SIN[(59.64/C1) 1 η− ]rad.  Now recall the incompressible 
relation for gas flow as first given in Equation (14) and restated here as 
 

[ ] ( )1/ 222.67 1v

R

C PQ scfm η
sg T

= −       (29) 

 
Comparison – We now have three possible relations for gas flow through a control 
device.  Let us select a set of parameters from Ref. [6 – Cat 10 – pg 1-134.8.3], for a 
V150, 1 inch ball valve, at full open conditions. 
 
The parameters are: 

Cv = 5.23  Cs = 7.95
Cg = 159  C1 = 30.4

 
So as to illustrate the compressible nature of the three relations we further define a Q* 
term as 
 

[ ]

[ ]

* Rscfm

psia

Q sg T
Q

P
=         (30) 

 
 
We now summarize the forms of the Q* term as given in Table 2. 
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Table 2 Q* term for gas flow. 
 

Source 
Equation 

 
Name 

 
Function 

(29) Subsonic, Ref. [1]  (SS) Q* = 22.67 Cv ( )1 η−  
(28) Exact, This work  (CTI) Q* = 16.03 Cv F (k,η) 

 
(27b) 

 
Fisher/Emerson Universal
Ref. [4]  (F/E) 

Q* = 0.3801 Cg SIN ( )
1

59.64 1 η
C

⎡ ⎤
−⎢ ⎥

⎣ ⎦

 
Figure 1 shows results obtained with the above equations (27b), (28) and (29), as a 
function of the pressure ratio term (1 – η) = ∆P/P.  Note the close agreement between the 
(CTI) and (F/E) solution forms. 
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Fig. 1 Generalized gas flow relations for control valves, (per Table 1). 

 
For sonic or choked flow conditions, the rules for each of the various equations are given 
in Table 3. 
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Table 3 Rules for sonic conditions – gas flow. 
 

Source 
Equation 

 
Name

Sonic 
Condition 

Choked Flow 
Limiting Condition 

(29) SS η = 0.5 Q* = 16.03 Cv 
(28) CTI η = ηc Q* = 10.98 Cv 

(27b) F/E SIN [  ] = 1.0 Q* = 0.3801 Cg 
 
The example for Equation (28) is based on air for which k = 1.4 and ηc = 0.528, and F (k, 
ηc) = 0.6847.  One should also note that for the example illustration with Equation (27b) 
Cg = C1 x Cv  or Cg  = 30.4 Cv, so that for Equation (27b) in Table 2, it would also be the 
case that Q* = 11.55 Cv being equivalent to the indicated 0.3801 Cg. 
 
Now, recall Fig. 1 and observe that results using Equations (28) and (27b) are virtually 
identical.  Equation (28) reaches the sonic or choked flow condition at ∆P/P = 0.472.  
Equation (27b) reaches the same condition at SIN [  ] = 1.0, or ∆P/P ≈ 0.41. 
 
The Fisher/Emerson literature would suggest that this difference better reflects device 
specific pressure recovery captured by the additional C1 parameter.  It is also evident that 
the SIN [ ] function does an excellent job of capturing the exact F (k,η) behavior in the 
subsonic ∆P/P range.  Further, in Fig. 1, it is also apparent that extension of the 
incompressible gas flow Equation (29) into the compressible range, over predicts the 
device flow.  One could observe that Equation (29) over predicts flow for any ∆P/P > 0.1. 
 
4.0 STEAM FLOW RELATIONS  
 
Flow control devices are ubiquitous in utility power plants where steam is the working 
fluid for electricity generation and process heat.  While steam is in reality just another 
gas, general practice has resulted in special formulae for steam flow in control devices. 
 
 4.1 Incompressible Steam Flow  
 
Ref. [2] also gives the following relation for steam flow. 
 

[ ]
3

[ ]

/

∆
/ 63 psi

stm v

ft lb

P
w lb hr C

v⎡ ⎤
⎣ ⎦

=        (30) 

 
For Equation [39]; 
 
wstm is the steam flow rate in [lb/hr] 
Cv is the same flow coefficient used for liquid and gas when the vendor provides 
 only one value – under the label “Cv” 
∆P is the flow control device pressure drop in [psig] 
v is the steam specific volume at the upstream absolute pressure P[psia], with units 
 [ft3/lb]. 
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As before, when ∆P exceeds P/2, ∆P is taken as P/2.  We will illustrate that similar to the 
counterpart of Equation (30) for gas, Equation [30] is accurate only for the subsonic flow 
case with ∆P/P ≤ 0.1.  For larger ∆P up to P/2, Equation (30) will over estimate the 
device flow. 
 
For further use, we convert Equation (30) to a more convenient form by employing the 
previously used relation  
 

( )∆ 1P P η= −          (31) 
 
and 
 

[ ]

3 447.8/
psia

v ft lb
P

⎡ ⎤ =⎣ ⎦          (32) 

 
Equation (32) provides an acceptably accurate correlation of the specific volume for 
saturated steam as a function of absolute pressure.  With Equations (31) and (32), 
Equation (29) becomes 
 

[ / ] 2.98 1stm vw lb hr C P η= −        (33) 
 
With η = 0.5, the sonic, or choked flow form of Equation (33) is 
 

[ / ] 2.1stm vw lb hr C P=         (34) 
 
  

4.2 Compressible Steam Flow Relations 
 
For Fisher/Emerson products Ref. [3] provides the following relation 
 

1 deg

3417 ∆[ / ]
1 0.00065

s
stm

SH rees

C P Pw lb hr SIN
T C P

⎡ ⎤
= ⎢ ⎥+ ⎣ ⎦

    (35) 

 
The term in the denominator on the RHS of Equation (35), (0.00065 TSH), is related to the 
degrees of superheat in oF, and can be safely ignored in all but cases of exceptionally 
large superheat.  Now, with previously defined substitutions, Equation (35) can be 
written. 

1 deg

3417[ / ] 1stm s
rees

w lb hr C P SIN η
C

⎡ ⎤
= −⎢ ⎥

⎣ ⎦
     (36) 

 
Note that Fisher/Emerson arbitrarily define Cs = Cg/20, so that Cs is not a new or 
independent flow coefficient.  (Note this is consistent with physical principles.)  Choked 
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flow conditions are again defined as SIN [   ] = 1.0, so that Equation (36) for choked flow 
becomes 

[ ] [ ][ / ]
20

g
stm s psia psia

C
w lb hr C P P= =       (37) 

 
Recall that for Fisher/Emerson products Cg ≈ 30 Cv, and the leading flow coefficient in 
Equation (37) is ≈ 1.5 Cv.  (Compare this observation with Equation (34).) 
 
As has been done previously, an “exact” flow relation of the form 
 

[ ]
2

2

/
( , )

/
8314
18

N m

stm d m

R

F k η P
w kg s C A

T

⎡ ⎤
⎣ ⎦

⎡ ⎤
⎣ ⎦

=       (38) 

 
Again with unit conversion factors used previously Equation (38) becomes 
 

[ ] [ ]
2/ 2203.8 ( , ) psia

stm d in
R

P
w lb hr C A F k η

T⎡ ⎤
⎣ ⎦

=      (39) 

 
Further simplification can be obtained by (a) noting that for steam, RT  ≈ 27, and (b) 
assuming that the relation 2 0.0262d vin

C A C⎡ ⎤
⎣ ⎦

= , also holds for the steam case.  These 

considerations lead to 
 

[ ] ( ) [ ],/ 2.1385stm v k η psiaw lb hr C F P=       (40) 
 
The sonic, or choked flow case for steam is defined by; k = 1.31, and 

( ) ( ), 0.685k η kF F= = .  Therefore, for sonic conditions Equation (40) becomes 
 

[ ] [ ]/ 1.46stm v psiaw lb hr C P=        (41) 
 
Now, compare this result again with Equation (34), and also with the discussion under 
Equation (37). 
 
 
Comparison  -  Using the same set of example flow coefficients: 
 

Cv = 5.23 Cs = 7.95
Cg = 159 C1 = 30.4

 
and restating Equations (33), (36) and (40) in the form of wstm/P[psia] and referring to this 
term as w*

stm we have forms given in Table 4. 
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Table 4 Reduced w*
stm terms for steam flow.      

 
Source 
Equation 

 
Name 

 
Function 

(33) Subsonic (SS) * 2.98 1stm vw C η= −  
(40) Exact (CTI) * 2.139 ( , )stm vw C F k η=  

 
(36) 

 
Fisher/Emerson (F/E)

*

1

3417 1stm sw C SIN η
C

⎡ ⎤
= −⎢ ⎥

⎣ ⎦
 

 
Figure 3 shows results obtained with the above equations as a function of the pressure 
ratio term (1 – η) = ∆P/P.  For sonic or choked flow conditions the rules for the various 
equations are given in Table5. 
 
 

0

5

10

15

0.0 0.2 0.4 0.6 0.8 1.0

[DelP/P]  = 1-eta

w* st
m

SS F/E CTI

 
Fig. 3  Generalized steam flow relations for control valves, (per Table 3). 
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Table 5 Rules for choked steam flow. 
 

Source 
Equation 

 
Name

Choked Flow  
Limiting Conditions 

(33) SS * 2.1stm vw C=  
(40) (CTI) * 1.46stm vw C=  
(36)  (F/E) * 0.05 1.5stm s g vw C C C= = ≈  

 
Figure 3 shows the same qualitative results as Fig. 2.  The subsonic steam flow relation is 
not accurate beyond ∆P/P ≈ 0.1.  The “CTI” and the “F/E” relations are in very close 
agreement, and may be used interchangeably. 
 

 
 
 

5.0 THE RELATION     2 0.0262d vC A in C⎡ ⎤ =⎣ ⎦  

 
Thus far it has been shown that most good US vendor data and flow vs. pressure drop 
relations for single phase incompressible, and compressible flow lead to the same relation 
between the flow coefficient Cv and the effective full flow area in [in2] given by 
 

2 0.0262d vC A in C⎡ ⎤ =⎣ ⎦         (42) 
 
This is surely a useful relation and it has been shown that it can be used reliably with only 
the Cv factor, even for Fisher/Emerson products. 
 
There is one troublesome unresolved detail that is uncovered by this finding.  Consider is 
safe to assume that the full flow area for any device characterized by a Cv factor is the 
same regardless of whether the flow is incompressible or compressible.  The finding 
summarized by the result expressed by Equation (42) would suggest that the effective 
discharge coefficient is the same for both compressible and incompressible flow.  This 
implication is suspicious.   
 
One knows from relief valve literature that the relief valve device discharge coefficient is 
different for the same relief valve in compressible versus incompressible flow.  For a well 
configured relief valve a factor Cd = 0.95 would be recommended for sonic gas flow and 
a factor Cd = 0.9 might be recommended for incompressible liquid flow.  For sonic gas 
flow, choking at the nozzle minimum area eliminates the flow resistance of the remainder 
of the valve body flow path.  One might be inclined to expect similar considerations for 
control valves and other flow regulating devices. 
 
This concern is further developed by noting that US flow testing standards for control 
valves such as ANSI/NFPA T3.21.3-1990 permit measuring the Cv factor for gas flow at 
low pressure drops (not greater than 2 psi), thus assuring incompressible flow.  Under this 
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testing protocol, the result expressed in Equation (42) is not surprising.  Ref. [7] points 
out the Japanese test standard as one exception which calls for gas flow testing at sonic 
conditions.  Ref. [7] notes that different results are obtained. 
 
For now, all one has is vendor data leading to the results described in Sections 1 through 
4 of this document.  Until one has vendor specific data for compressible flow 
performance, one can only proceed with the results obtained thus far.  However, it would 
be prudent to anticipate somewhat higher (of the order of 10%) flow for sonic 
compressible flow.  This point however, remains as an issue of uncertainty. 
 

 
6.0 FLASHING TWO-PHASE FLOW 
 
No vendor literature treats two-phase flashing flow either at all, or with appropriate 
consideration of modern techniques.  The extension to two-phase flashing flow can be 
accomplished directly from material presented in this document.  We will assume that 
Equation (42) is applicable and on knowing the effective flow area all relevant two-phase 
flow relations are applicable.  Recall Equation (2), as restated below; 
 

[ ] 2 2 1/ dw kg s C A m G kg m s− −⎡ ⎤ ⎡ ⎤= ⎣ ⎦ ⎣ ⎦       (43) 
 
Since there are no precedent conventions, the use of SI units will be retained.  An 
expression for the mass flux for two-phase flashing flow from a saturated liquid source 
condition is given by 
 

cη L P MwG
z RT CT

=          (44) 

 
In Equation (43), 
 
ηc is the critical pressure ratio for two-phase flashing flow [-] 
L is the latent heat in [J/kg] 
P is the upstream absolute pressure in [N/m2] 
Mw is the molecular weight [kg/kg mol] 
z is a compressibility factor on the saturation line [-] 
R is the gas constant [8314 J/kg mol K] 
T is the upstream absolute temperature [K] 
C is the liquid heat capacity [J/kg K] 
 
One may assume with the expectation of  +/- 10% accuracy that ηc/z ≈ 0.9. 
 
Now if one invokes the previously established relation Cd  A[in

2] = 0.0262 Cv the direct 

counter part is 2 50.0262 1.69 10
1550d v vC A m C x C−⎡ ⎤ = =⎣ ⎦ . 
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Now combining terms into Equation (43) one obtains 
 

[ ]
5

/ 1.69 10 v
kg s

C L P Mww x
RT C T

−=        (45) 

 
The above result provides the necessary relation for using a Cv factor to determine a 
flashing two-phase flow with saturated liquid source conditions. 
 
Now, two-phase flow through a control valve can have any of the following 
characteristics: 
 
(a) Flashing flow with saturated liquid source conditions. 
(b) Flashing flow with inlet sub cooling. 
(c) Flashing flow with net steam quality at the source. 
(d) Geometry imposed non-equilibrium two-phase flashing flow. 
(e) Two component gas and liquid nonflashing flow. 
 
Given the difficulty of making the correct selection from among the possibilities listed 
above, plus the uncertainty in discharge coefficient discussed in Section 5, the general 
purpose two-phase sonic flow correlation method of Fauske, Ref. [8] would be 
recommended and is ideally suited for rapid calculations with .  In this correlation the 
mass flux term G for use in Equation (43) would be,  
 

( )
1/2

2 2
0 1.0

1

o o

o o

x x

x xG
G G

−

= =

⎡ ⎤−
= +⎢ ⎥
⎢ ⎥⎣ ⎦

        (45) 

 
For cases (a) and (c) above, Gx = 0 would be given by Equation (44) and Gx = 1.0 would be 
given by 
 

( )
1.0 /x

F k P
G

RT Mw= =          (46) 

 
For other cases, see Ref. [8]. 
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PROCESS / EQUIPMENT DESCRIPTION 

 

RAFFINATE SPLITTER TOWER 

 

THE RAFFINATE SPLITTER TOWER IS A VERTICAL ASME 

DISTILLATION COLUMN WITH 70 TRAYS, A MAWP OF 40 PSIG, AN 

INSIDE DIAMETER OF 12.5 FEET, AND AN OVERALL HEIGHT OF 

170.75 FEET INCLUDING TWO ASME 2:1 ELLIPTICAL HEADS.  THE 

APPROXIMATE LIQUID-FULL VOLUME IS 154,845 GALLONS. 

 



 

 



 

 



 

 



 
 

 

RAFFINATE SPLITTER OVERHEAD VAPOR LINE AND PIPING 

 

 THE OVERHEAD VAPOR LINE AND PROCESS PIPING FROM 

THE RAFFINATE SPLITTER TOWER TO THE OVERHEAD CONDENSER 

CONSISTS OF 24-, 18- AND 10-INCH DIAMETER PIPES WITH AN 

APPROXIMATE LIQUID-FULL VOLUME OF 5,460 GALLONS.  THE 24-

INCH DIAMETER OVERHEAD VAPOR LINE HAS AN APPROXIMATE 

HEIGHT OF 140.5 FEET FROM THE TOP OF THE TOWER AND 

OVERHEAD VAPOR LINE TO THE LOCATION OF THE BOTTOM-

MOUNTED SAFETY RELIEF VALVES. 

 





 
 

BLOWDOWN DRUM AND STACK 

 

THE BLOWDOWN DRUM IS A VERTICAL ASME PROCESS 

VESSEL WITH A MAWP OF 30 PSIG, AN INSIDE DIAMETER OF 10 

FEET, AN APPROXIMATE HEIGHT OF 27.0 FEET, A BOTTOM ASME 2:1 

ELLIPTICAL HEAD, AND A TOP CONICAL TRANSITION SECTION 

(FRUSTRUM OF A RIGHT CIRCULAR CONE) WITH AN APPROXIMATE 

HEIGHT OF 10.0 FEET AND INLET AND OUTLET DIAMETERS OF 10 

AND 2.71 FEET (32.5 INCHES), RESPECTIVELY.  THE APPROXIMATE 

LIQUID-FULL VOLUME OF THE BLOWDOWN DRUM IS 19,475 

GALLONS. 

 

A LIQUID LEVEL, NORMALLY WATER, OF APPROXIMATELY 

3,915 GALLONS IS MAINTAINED IN THE BOTTOM OF THE 

BLOWDOWN DRUM BY A GOOSENECK SEAL.  THE 6-INCH DIAMETER 

GOOSENECK PIPE IS OPEN AND DRAINS TO THE PROCESS SEWER. 

 

 THE BLOWDOWN DRUM STACK HAS AN INSIDE DIAMETER OF 

2.71 FEET (32.5 INCHES) AND A HEIGHT OF 76.5 FEET.  THE 

DISCHARGE TO THE ATMOSPHERE FROM THE TOP OF THE STACK 

OCCURS AT AN APPROXIMATE HEIGHT OF 119.3 FEET.  THE 

APPROXIMATE LIQUID-FULL VOLUME OF THE BLOWDOWN DRUM 

STACK IS 3,295 GALLONS.  THE APPROXIMATE LIQUID-FULL 

VOLUME OF THE BLOWDOWN DRUM AND STACK IS 22,770 

GALLONS. 

 



 
BLOWDOWN DRUM TRANSITION

 



 
RAFFINATE SPLITTER SRV HEADER ENTERING 

BLOWDOWN DRUM 
 
 
 
 
 
 

 
 

 

 



 
 
 

BLOWDOWN DRUM SEAL LEG TO SEWER 

 



 

 

 

 

 

TOWER OVERFILLS AND BLOWDOWN DRUM RELEASES 

HYDROCARBONS 



 

 

 

 

WEIGHT OF LIQUID IN OVERHEAD PIPING LEADS TO 

THE THREE SAFETY RELIEF VALVES OPENING 



 
PROCESS EQUIPMENT SUMMARY 

 A SUBCOOLED LIQUID DUE TO VAPOR-LIQUID 

FLASHING WITHIN THE RAFFINATE SPLITTER TOWER AND 

THERMAL EXPANSION FLOWED FROM THE RAFFINATE 

SPLITTER TOWER INTO THE OVERHEAD VAPOR LINE.  

HYDROSTATIC HEAD DUE TO THE LIQUID LEVEL IN THE 

OVERHEAD VAPOR LINE PROVIDED SUFFICIENT 

PRESSURE TO SUCCESSIVELY OPEN THE THREE 

BELLOWS SAFETY RELIEF VALVES PROTECTING THE 

TOWER.  SUBCOOLED LIQUID THEN FLOWED INTO THE 

RAFFINATE SPLITTER SAFETY RELIEF VALVE DISCHARGE 

PIPE HEADER, THE BLOWDOWN DRUM, TWO DISCHARGE 

PIPE HEADERS OF OTHER SAFETY RELIEF VALVES, AND 

THE BLOWDOWN DRUM STACK.  LIQUID HYDROCARBONS 

SIMULTANEOUSLY FLOWED TO THE SEWER WHILE FILLING 

THE BLOWDOWN DRUM AND STACK AND THE TWO OTHER 

SAFETY RELIEF VALVE DISCHARGE PIPE HEADERS.  THE 

HYDROCARBONS THAT FLOWED TO THE ATMOSPHERE 

FROM THE BLOWDOWN DRUM STACK FORMED THE VAPOR 

CLOUD THAT EXPLODED AND THE LIQUID POOLS THAT 

BURNED.  THE VOLUMES OF THE RAFFINATE SPLITTER 

TOWER, EACH PIECE OF ANCILLARY EQUIPMENT, THE 

BLOWDOWN DRUM AND STACK, AND THE THREE SAFETY 

RELIEF VALVE DISCHARGE PIPE HEADERS ARE SHOWN IN 

TABLE 1. 
 



 
 

 

Table 1 

VOLUMES OF THE RAFFINATE SPLITTER TOWER 

AND ANCILLARY EQUIPMENT 

 

Equipment       Volume (gal) 
 

Raffinate Splitter Tower    154,845 

Overhead Vapor Line (Total)     5,460 

Overhead Condenser       2,270 

Reflux Drum        6,430 

       Subtotal  14,160 

 

RS SRV Discharge Pipe Header     6,975 

Blowdown Drum and Stack            22,770 

Other SRV Discharge Pipe Headers*    6,300 

     Subtotal:  36,045 

 

Initial Volume at Gooseneck Pipe           (3,915) 

     Subtotal            32,130 

 

* @ 0.675 of actual volume due to inert gas compression 



 
 

 

 

EMERGENCY RELIEF SYSTEM EVALUATION 

(INCIDENT ANALYSIS) 

 

SUBCOOLED LIQUID FLOW FROM THE 

RAFFINATE SPLITTER TO THE BLOWDOWN DRUM 

 

 THE SAFETY RELIEF VALVES INSTALLED TO PROTECT 

THE RAFFINATE SPLITTER WERE MOUNTED ON THE 

OVERHEAD VAPOR LINE APPROXIMATELY 140.5 FEET 

BELOW THE TOP OF THE TOWER.  THE HEAD 

TEMPERATURE OF THE TOWER WAS LOW ENOUGH AND 

THE HYDROSTATIC HEAD OF THE LIQUID HIGH ENOUGH TO 

ENSURE THAT A SUBCOOLED LIQUID FLOWED THROUGH 

THE SAFETY RELIEF VALVES AND INTO THE BLOWDOWN 

DRUM.  THESE SAFETY RELIEF VALVE FLOWS ARE 

REDUCED BY THE BACKPRESSURE DUE TO THE 

DISCHARGE PIPE HEADER AND THE HYDROSTATIC HEAD 

OF THE BLOWDOWN DRUM STACK. 



 
 

 

 

SAFETY RELIEF VALVES 

 

THE THREE CONSOLIDATED BELLOWS SAFETY RELIEF 

VALVES PROTECTING THE RAFFINATE SPLITTER HAD 

COEFFICIENTS OF DISCHARGE AND ACHIEVE THEIR RATED 

CAPACITY FLOWS AS FOLLOWS: 

 

     VAPOR FLOW  LIQUID FLOW 

 Kd     0.95    0.74 

 RATED CAPACITY    1.1 PSET    1.25 PSET 

 

A KP FACTOR IS APPLIED TO A SAFETY RELIEF VALVE 

WITH VAPOR TRIM WHEN FLOWING A LIQUID.  THE FLOW 

FROM THESE VALVES THEREFORE INCREASES FROM 0.6 

TO 1.0 OF THE RATED CAPACITY AS THE FLOWING 

PRESSURE INCREASES FROM 1.1 TO 1.25 PSET. 



 

 

 
 

SPECIFICATIONS OF SAFETY RELIEF VALVES INSTALLED 

ON THE RAFFINATE SPLITTER TOWER 

 

Safety 
Relief 
Valve 

Pressure 
Setting   
(psig) 

Inlet 
Pipe 

Diameter 
(inches)

Discharge 
Pipe 

Diameter 
(inches) 

4P6 40 6 6 

8T10 41 10 10 

8T10 42 10 10 

 



 

 

 

FLOW FROM THE SAFETY RELIEF VALVES 

ON THE RAFFINATE SPLITTER 

 

 

NO DISCHARGE PIPE 
HEADER 

 

14-INCH 
DISCHARGE PIPE 

HEADER 

 

20-INCH DISCHARGE 
PIPE HEADER 

 
Tower             
 
 

 
Flow 
Rate 
(pph) 

 
Flow 
Rate 
(pph) 

 
% Back 

Pressure 

 
Flow Rate 

(pph) 

 
% Back 

Pressure 

 
Vapor Flow  
 

 
416,465 

 
213,340 

 
60.8 

 
378,860 

 
37.0 

 
Liquid Flow 
 

 
5,216,830 

 
3,358,340

 
90.0 

 
- 

 
- 

 



 
 

 

 

SAFETY RELIEF VALVE Kb AND Kw 

 

WHEN THE FLOWING AND CONSTANT SUPERIMPOSED 

BACKPRESSURES ON THE SAFETY RELIEF VALVES 

EXCEED CERTAIN VALUES, KB AND KW FACTORS ARE 

ALSO APPLIED TO REDUCE THE VAPOR OR LIQUID FLOWS, 

RESPECTIVELY, TO ACCOUNT FOR THE VALVES GOING 

OUT OF FULL LIFT.  THE KB AND KW VALUES IN API RP 520 

ARE CONSENSUS VALUES OF VARIOUS MANUFACTURERS.  

EACH MANUFACTURER ALSO PUBLISHES KB AND KW 

CURVES FOR THEIR OWN VALVES.  A SINGLE CURVE IS 

USED TO REPRESENT THE PERFORMANCE OF ALL 

MODELS IN A MANUFACTURER’S LINE OF VALVES.  THESE 

VALUES WERE SUPPOSEDLY MEASURED, BUT MOST OF 

THE DATA ARE NOT NOW AVAILABLE TO JUSTIFY THE 

PUBLISHED CURVES.  THE PUBLISHED VALUES OF THE 

VARIOUS MANUFACTURES DO NOT AGREE. 



 
 

 

 

SAFETY RELIEF VALVE Kb AND Kw 

 

SAFETY RELIEF VALUES WITH MODIFIED LIQUID TRIM 

ARE NOW REQUIRED BY THE ASME CODE TO HAVE THEIR 

RATED CAPACITY FLOW CERTIFIED AT 1.1 PSET.  THE 

MANUFACTURERS, HOWEVER, HAVE NEVER CHANGED 

THE KW CURVES PUBLISHED FOR THEIR OLDER MODEL 

LIQUID VALVES WITH THE RATED CAPACITY CERTIFIED AT 

1.25 PSET.  DUE TO THE HIGH OVERPRESSURE OF THE 

LIQUID FLOW FROM THE SAFETY RELIEF VALVES, A KW 

VALUE OF 1.0 WAS FOUND TO BEST REPRESENT THE 

INCIDENT INFORMATION. 
 



 



 



 



 



 



 



 



 



 
 

EMERGENCY RELIEF SYSTEM EVALUATION 

(DESIGN ANALYSIS) 
 

THE THREE BELLOWS SAFETY RELIEF VALVES ON THE 

TOWER REMAINED OPEN FOR APPROXIMATELY SIX 

MINUTES AND FLOWED APPROXIMATELY 32,120 GALLONS 

OF A SUBCOOLED LIQUID THAT FILLED THE RAFFINATE 

SPLITTER BLOWDOWN HEADER, BLOWDOWN DRUM AND 

BLOWDOWN DRUM STACK ASSEMBLY AND TWO 

ADDITIONAL SAFETY RELIEF VALVE HEADERS.  

ADDITIONAL SUBCOOLED LIQUID SIMULTANEOUSLY 

FLOWED FROM THE BOTTOM OF THE BLOWDOWN DRUM 

THROUGH A 6-INCH DIAMETER GOOSENECK PIPE TO THE 

CLOSED SEWER WHILE THE VESSEL WAS FILLING. 

 

A “GEYSER”, REPORTED BY EYEWITNESSES TO BE 

APPROXIMATELY 20-FEET IN HEIGHT AND HAVING THE 

32.5-INCH DIAMETER OF THE BLOWDOWN DRUM STACK, 

FLOWED TO THE ATMOSPHERE AT AN ELEVATION OF 

APPROXIMATELY 119.3 FEET.  EYEWITNESSES REPORTED 

A TIME LAG FROM THE INITIAL VENTING TO THE IGNITION 

OF THE VAPOR CLOUD OF 15 SECONDS TO TWO MINUTES. 



 
 

 

 

SUBCOOLED LIQUID FLOW 

 

THE SUBCOOLED LIQUID FLOW THROUGH THE 

SAFETY RELIEF VALVES DISCHARGE PIPE HEADER IS 

BERNOULLI FLOW.  THE AVAILABLE PRESSURE 

DIFFERENTIAL FOR FLOW DECREASES AS THE 

BACKPRESSURE IN THE PIPE INCREASES.  THE SAFETY 

RELIEF VALVES ON THE RAFFINATE SPLITTER ARE 

MOUNTED APPROXIMATELY 50 FEET ABOVE THE GROUND 

LEVEL.  ONCE THE BLOWDOWN DRUM FILLS AND THE 

LIQUID LEVEL RISES INTO THE STACK, THE HYDROSTATIC 

HEAD INCREASES DUE TO THE INCREASE OF THE LIQUID 

LEVEL FURTHER DECREASING THE AVAILABLE PRESSURE 

DIFFERENTIAL.  THE FLOW FROM THE SAFETY RELIEF 

VALVES THEREFORE ALSO DECREASES. 



 

 

 

RAFFINATE SPLITTER –  

COMPOSITION USED TO MODEL THE INCIDENT 

 

Compound         Weight Fraction 

n-pentane     0.0383 

i-pentane (2-methyl butane)  0.0263 

n-hexane     0.1519 

i-hexane (2-methyl pentane) 0.2950 

n-heptane     0.3072 

n-octane     0.1300 

n-nonane     0.0409 

heavy (n-decane)   0.0104 

Total      1.0000 

 

 

Distillation Analysis 

Sample    IBP   5 % Recovery 

       °F °C  °F °C 

 Raffinate Overhead Product  149 65.0  158 70.0 

 Raffinate Feed    150 65.5  160 71.1 

 Raffinate Bottoms   155 68.3  164 73.3 
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BUNCEFIELD
MAJOR INCIDENT
INVESTIGATION
Initial Report to the Health and Safety Commission and
the Environment Agency of the investigation into the
explosions and fires at the Buncefield oil storage and
transfer depot, Hemel Hempstead, on 11 December 2005

Buncefield Major Incident Investigation Board



Formation of the vapour cloud

25 The Third Progress Report described extensive tests undertaken to model the
behaviour of fuel escaping from Tank 912 during overfilling. Tank 912 was fitted
with a deflector plate, installed to direct water from sprinklers on the tank’s top to
its sides to provide cooling in the event of fire. The tests demonstrated that the
deflector plate channelled some of the escaped fuel onto the tank wall, but the rest
ran over the top of the plate, fragmenting into droplets that cascaded through the
air. Most of the fuel running down the wall hit a wind girder (a structural stiffening
ring) and detached from the tank wall, creating a second cascade of droplets.

26 These conditions would promote the evaporation of the lighter components of
petrol, eg butanes, pentanes and hexanes. The free-fall of droplets leads to
entrainment of air and mixing between the air and fuel vapour, and the formation
of a rich fuel/air mixture. Cooling of the surrounding air, already saturated with
water vapour by the evaporation, would cause some of the water content to
precipitate as an ice mist, which is consistent with the cloud of mist visible on

12

Figure 2 The pattern of
fuel dispersion (for

illustration only) Not to scale



 
 

 

VAPOR CLOUD FORMATION 

 

MOST OF THE GROUND AREA NEAR THE BLOWDOWN 

DRUM IS COVERED BY VERTICAL OR HORIZONTAL 

EQUIPMENT, PIPE RACKS WITH MULTIPLE PIPES, 

CONCRETE PADS WITH CURBS, ETC.  THERE IS LIMITED 

FLAT, HORIZONTAL AREA IN WHICH A POOL OF LIQUID 

COULD FORM AND SPREAD IN A CONCENTRIC CIRCLE.  

CORRELATIONS, TYPICALLY USED BY OTHERS, TO 

DETERMINE THE MASS OF THE FLAMMABLE VAPOR CLOUD 

WITHIN A FIXED TIME PERIOD WILL NOT NECESSARILY 

APPLY.  ANOTHER MECHANISM, OTHER THAN A LARGE 

DIAMETER POOL, APPEARS TO BE REQUIRED TO ACCOUNT 

FOR THE AMOUNT OF LIQUID REQUIRED TO HAVE 

VAPORIZED BY EVAPORATION WITHIN A LIMITED TIME 

PERIOD TO FORM THE FLAMMABLE VAPOR CLOUD OF THE 

SIZE REQUIRED TO EXPLAIN THE PLANT DAMAGE. 



 
VAPOR CLOUD FORMATION 

 

A SUBSTANTIAL PORTION OF THE SUBCOOLED LIQUID 

THAT FLOWED FROM THE STACK ON THE BLOWDOWN 

DRUM FELL ONTO NEARBY PROCESS EQUIPMENT AND 

PIPES IN PIPE RACKS BASED ON THE WIND DIRECTION AT 

THE TIME OF THE INCIDENT.  SOME OF THE LIQUID WOULD 

ALSO HAVE FALLEN TO THE GROUND.  THE ONGOING 

INCIDENT INVESTIGATION ANALYSIS OF A RECENT 

GASOLINE SPILL [BUNCEFIELD] SUGGESTS THAT LIQUID 

CASCADING DOWN THE SIDE OF EQUIPMENT DIVIDES INTO 

SMALL DROPLETS.  SPLASHING UPON IMPACT OF FALLING 

LIQUID WITH EQUIPMENT, PIPES AND THE GROUND ALSO 

PROMOTES FRAGMENTATION INTO RELATIVELY SMALL 

DROPLETS AND EVAPORATION.  THE FREE FALL OF 

DROPLETS THROUGH AIR LEADS TO ENTRAINMENT OF AIR 

AND WATER VAPOR.  THESE CONDITIONS PROMOTE 

EVAPORATION AND FORMATION OF A VAPOR CLOUD.  THE 

VAPORIZATION (EVAPORATION) AND VAPOR CLOUD 

DISPERSION COULD APPROACH THAT RESULTING FROM 

THE MECHANICAL BREAKUP OF A HIGH MOMENTUM 

SUBCOOLED LIQUID RELEASE, WHICH IS TREATED BY 

EXISTING VAPOR CLOUD DISPERSION MODELS.  THERE 

WOULD ALSO BE SOME CONTRIBUTION TO THE VAPOR 



 
CLOUD DUE TO FORCED CONVECTION FROM THE GROUND 

LEVEL POOL.  VAPORIZATION OF THE LIQUID ON THE 

WETTED EQUIPMENT AND PIPES SURFACES AND THE AND 

GROUND DUE TO THE INITIAL FIREBALL AND EXPLOSION 

STAGES WOULD ALSO HAVE CONTRIBUTED TO THE 

FLAMMABLE VAPOR CLOUD THAT WAS INITIALLY 

PARTIALLY DISPERSED AND WAS THEN FURTHER MOVED 

AND ACCELERATED BY THE EXPLOSION AND PARTIAL 

CONFINEMENT AND CONGESTION OF THE UNIT. 

THE PORTION OF A FLAMMABLE VAPOR CLOUD 

BOUNDED BY THE LOWER AND UPPER FLAMMABLE LIMITS 

IS CALCULATED BY AN APPROPRIATE VAPOR DISPERSION 

MODEL.  SEVERAL OF THESE MODELS ARE BASED ON THE 

PREMISE THAT A VAPOR CLOUD EXPLOSION CAN OCCUR 

ONLY WITHIN THAT PORTION OF A FLAMMABLE CLOUD 

THAT IS CONGESTED OR PARTIALLY CONFINED. 

A FLAMMABLE LIQUID WAS ON THE GROUND IN THE 

VICINITY OF THE BASE OF THE RAFFINATE SPLITTER 

BLOWDOWN DRUM.  THE FLAME FROM THE VAPOR CLOUD 

IGNITED THE LIQUID.  A POOL FIRE RESULTED.  THE FIRE 

WAS OF SUFFICIENT DURATION AND PRODUCED 

SUFFICIENTLY HIGH TEMPERATURES IN COMBINATION 

WITH THE FIRE FIGHTING WATER SPRAY TO HAVE CAUSED 

THE CONCRETE OF THE PIPE RACK COLUMNS TO SPALL. 



 

 
 

 
 
SUBJECT: “GENERAL OBSERVATIONS” 
 
 AS THE BP INVESTIGATION CONCLUDES AND REPORTS 
ARE BEING WRITTEN, THE FOLLOWING OBSERVATIONS ARE 
OFFERED FOR CONSIDERATION BY THE CHEMICAL SAFETY 
BOARD: 
 

  



 

         
 

BUILDINGS (IN ADDITION TO CONTROL ROOMS AND 
TRAILERS) 
 

1. SECURITY VULNERABILITY ANALYSIS SUGGESTS 
INSTALLATION OF PLASTIC SHEETING ON WINDOWS TO 
PREVENT SHATTERING OF THE GLASS DUE TO A BLAST. 

 
2. REINFORCEMENT OF WINDOW FRAMES TO PROVIDE 

ADDITIONAL BLAST PROTECTION IS OFTEN DESIRABLE. 
 

3. THE APPLICATION OF CALIFORNIA EARTHQUAKE 
STANDARDS SHOULD BE CONSIDERED FOR 
STABILIZATION OF OVERHEAD FIXTURES (LIGHTING, 
PROCESS MONITORS, VENTILATION DUCT WORK, ETC) 
WITHIN BUILDINGS DURING A BLAST. 

 
4. THE WALLS OF METAL-SIDED BUILDINGS AND THEIR 

TYPICAL INTERNAL PARTITIONS WALLS PROVIDE VERY 
LITTLE PROTECTION AGAINST A BLAST AT VERY 
SIGNIFICANT DISTANCES. 

 
5. BARRIERS ARE TYPICALLY SUGGESTED TO PROVIDE 

OFFSET SEPARATION DISTANCES FOR BUILDINGS FROM 
MOBILE BLAST SOURCES.  THE MESSAGE MAY BE THAT 
SOME BUILDINGS CONTAINING NON-ESSENTIAL 
PERSONNEL SHOULD NOT BE LOCATED IN A PLANT 
WITHIN THE SIGNIFICANT DAMAGE DISTANCE OF A 
POTENTIAL BLAST. 

 
NOTE:  VAPOR CLOUDS MOVE AND CAN RESULT IN 
SIGNIFICANT DAMAGE AT LOCATIONS REMOTE FROM 
THE ORIGINAL SOURCE OF THE FLAMMABLE MATERIAL 
RELEASE. 

 

  



 

 

 
 
DISPERSION MODELS 
 

1. THE SIZES OF POOLS USED TO MODEL / EXPLAIN THE 
FORMATION OF FLAMMABLE VAPOR CLOUDS BY 
EVAPORATIVE VAPORIZATION MUST BE REALISTIC.  IF 
YOU DO NOT HAVE A LARGE OPEN AREA, YOU SHOULD 
NOT USE A LARGE DIAMETER POOL WHEN MODELING A 
FLAMMABLE MATERIAL RELEASE INCIDENT WITHIN A 
CONGESTED AREA. 

 
2. MODELS FOR SPLASHING AND EVAPORATION OF LOW 

MOMENTUM, SUBCOOLED LIQUID RELEASES DO NOT 
APPEAR TO BE ADEQUATELY TREATED IN THE 
LITERATURE OR INCLUDED IN THE DISPERSION MODELS 
TYPICALLY USED TO PREDICT VAPOR CLOUD 
DEFLAGRATIONS AND BLAST DAMAGE.  MORE 
RESEARCH IS NEEDED. 

 
 

  



 

         
 

PHRA REVALIDATIONS 
 

1. ORIGINAL PHRA PREPARATION AND REVALIDATION 
SHOULD BE THE WORK OF EXPERTS WITH EXPERTISE IN 
THE CRITICAL AREAS BEING EXAMINED.  
CALCULATIONS, RATHER THAN ENGINEERING 
JUDGMENTS, SHOULD BE THE BASIS FOR FINDINGS AND 
CONCLUSIONS. 

 
2. A PHRA REVALIDATION SHOULD NOT BE CONSIDERED 

TO BE COMPLETE UNLESS THE CALCULATIONS THAT 
SUPPORT THE ORIGINAL FINDINGS AND CONCLUSIONS 
ARE EXAMINED BY THE PRESENT TEAM. 

 
3. THE OCCURRENCE OF A MAJOR PROCESS HAZARD IS, 

HOPEFULLY, A RARE EVENT ON THE ORDER OF ONE IN 
THOUSANDS OF YEARS.  EXPERIENCE IS THEREFORE 
NOT A QUALIFIER OF EXPERTISE.  A RIGOROUS, 
SCIENTIFIC METHODOLOGY IS USUALLY REQUIRED TO 
QUANTIFY THE RISK (BOTH FREQUENCY AND 
CONSEQUENCE) OF RARE EVENTS. 

 
4. THE GREATER THE PERCEIVED CONSEQUENCE OF A 

POTENTIAL EVENT, THE MORE EFFORT THAT IS 
USUALLY REQUIRED TO ADEQUATELY EXAMINE THAT 
EVENT. 

 
5. PHRA REVALIDATIONS MUST NOT ONLY REVIEW THE 

FINDINGS OF THE ORIGINAL TEAM, BUT ALSO WHAT THE 
FIRST TEAM MISSED AND THE CHANGED 
CIRCUMSTANCES, TECHNOLOGY IMPROVEMENTS, AND 
PERCEPTION OF ACCEPTABLE RISK THAT OCCUR OVER 
TIME. 

 

  



 

 

 
 
SAFETY RELIEF VALVES 
 

1. SAFETY RELIEF VALVES ARE NOT PRESENTLY 
REQUIRED TO BE CERTIFIED FOR TWO-PHASE, VAPOR-
LIQUID FLOW BY THE NATIONAL BOARD OF BOILER AND 
PRESSURE INSPECTORS.  THE INTERNAL 
CONSTRUCTION DIFFERENCES BETWEEN THE VALVE 
MODELS OF VARIOUS MANUFACTURERS CAN RESULT IN 
A FLOW VARIATION OF A FACTOR OF TWO TO THREE.  
THE CALCULATION OF PIPE PRESSURE DROPS AND 
EFFLUENT FLOWS IS HIGHLY UNCERTAIN. 

 
2. THE KB AND KW BACKPRESSURE FLOW REDUCTION 

CURVES PUBLISHED FOR USE WITH BELLOWS SAFETY 
RELIEF VALVES BY THE MANUFACTURERS AND THE 
AMERICAN PETROLEUM INSTITUTE (API) ARE NOT 
BACKED BY PUBLISHED DATA, ARE TECHNICALLY 
INCONSISTENT, APPLY TO VALVES NOT LONGER 
PERMITTED FOR USE BY THE AMERICAN SOCIETY OF 
MECHANICAL ENGINEERS (ASME) CODE, AND DO NOT 
APPLY TO TWO-PHASE, VAPOR-LIQUID FLOW. 
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Relief Valve Inlet Pressure Loss
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Relief Valve Inlet Pressure Loss
(continued)
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Relief Valve Inlet Pressure Loss
(summary table)

CASE GAS LIQUID Two-Phase
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Relief 
Valve 
Nozzle 
Letter 

Size Code

API
Nozzle
Area

Ao

Inlet
Pipe
Area

A1

[sq. inch] [sq in] [-] [-]
C 0.074 0.533 7.791 60.69

D 0.110 0.864 8.494 72.15

E 0.196 0.864 4.767 22.72

F 0.307 2.036 7.169 51.40

G 0.503 2.036 4.376 19.15

H 0.785 2.036 2.804 7.86

J 1.287 3.356 2.819 7.95

K 1.838 7.393 4.348 18.91

L 2.853 7.393 2.801 7.85

M 3.600 12.730 3.823 14.61

N 4.340 12.730 3.171 10.06

P 6.380 12.730 2.157 4.65

Q 11.050 28.890 2.826 7.99

R 16.000 28.890 1.952 3.81

T 26.000 50.027 2.080 4.33

2

1

d o

A
C A
⎡ ⎤
⎢ ⎥
⎣ ⎦

1

d o

A
C A
⎡ ⎤
⎢ ⎥
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These are A* values for 
conventional safety relief 
valves.
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Example Application
Set-up Parameters

x  = 0.03  (3% rule)

ε = 0.65 (useful in most cases)

Patm = 14.7 psia

Pset_g = 50 psig

For Flashing Two-Phase Flow:

.ω = 20 and ηc = 0.895

(ω / ηc
2 ) = 25

For Non-Flashing Two-Phase Flow:
.ω = 0.4 and ηc = 0.4
(ω / ηc

2 ) = 1.25

Case K/(A*)2
Must be < =

Gas 0.102

Liquid 0.0273

2-P 
Flashing

1.076

2-P Non-
Flashing

0.054



Example Application (continued)

Now, Extend 
Example to 4P6

Relief valve with

(A*)2 = 4.65

Case K
Must be < =

(L/D)eq
Must be < =

0.474 30

8

312

16

.127

5.0

.251

Gas

Liquid

2-P 
Flashing
2-P Non-
Flashing

These are 3% rule

Limits for 4P6 at 
50 psig set 
pressure.



Entrance Configurations and Entrance Loss Coefficients

Square Cut 
Entrance
K  = 0.5e

Re-entrant 
Entrance
K  = 0.8e

Rounded
Entrance
K  = 0.04e

One could be dead in the water with either 
square-cut or re-entrant configuration



Entrance Loss due to 3-Way Valve
Relief 
Valve 
Nozzle 
Letter 

Size Code

API
Nozzle
Area

Ao

inlet x outlet  
flange pipe size

Brand#1
3-way
valve

Inlet Del P
P

Brand#2
3-way
valve

Inlet Del P
P

[sq. inch] 150# Cv [%] Cv [%]
C 0.074 3/4 x 1 7 3.49 14 0.87

D 0.110 1 x 2 20 0.94 22 0.78

E 0.196 1 x 2 20 3.00 22 2.48

F 0.307 1 1/2 x 2 40 1.84 57 0.91

G 0.503 1 1/2 x 2 1/2 40 4.94 57 2.43

H 0.785 1 1/2 x 3 40 12.02 57 5.92

J 1.287 2 x 3 70 10.55 110 4.27

K 1.838 3 x 4 100 10.54 260 1.56

L 2.853 3 x 4 100 25.41 260 3.76

M 3.600 4 x 6 175 13.21 446 2.03

N 4.340 4 x 6 175 19.20 446 2.96

P 6.380 4 x 6 175 41.49 446 6.39

Q 11.050 6 x 8 350 31.11 - -

R 16.000 6 x 8 350 65.23 - -

T 26.000 8 x 10 475 93.52 - -



3% Rule Summary:

• Many entrance configurations won’t work with 
the vessel nozzle size the same as the relief 
valve inlet size.

• Many 3-way valves won’t work with the 3-
way valve size the same as the relief valve 
inlet size.

• So how important is the 3% rule?
• What has this to do with relief valve on-off 

instability?



Relief Valve Instability
or

ON-OFF OPERATION ( O3 )

• O3 can occur if valve is oversized for the 
demand

• O3 can occur with excess inlet pressure loss
• It is generally believed that O3 can be harmful 

to the relief valve if such leads to cyclic on-off 
operation at the relief valve natural frequency



Possible Valve Sizing Outcomes

Is relief valve
oversized

Yes

Is Del P  > yinlet

Yes

High Frequency
O

Chattering
3

No

Low Frequency
O

may or may not 
be harmful

3

Is Del P  > yinlet

Yes

High Frequency
O

Chattering
may or may not be

harmful

3

No

No
O3

No

Note that only one out of four possible outcomes avoids O3

And one does not really know what the value of “y” is.



A Conjecture
So let us define “truth” as being a correct 
statement for most circumstances.(1) Then 
we conjecture that the following statements 
are true:

(a)Del Pinlet < 0.03 Pset is a sufficient 
condition for avoiding high frequency O3 -
but not a necessary condition

(b)Del Pinlet < 0.03 Pset is neither sufficient or 
necessary for avoiding O3 for an oversized 
relief valve.

(1)  Note: this being an election year, this criterion for “truth” exceeds all 
threshold levels for truth in current political discourse.



Relief Valve Operation as a
Spring –Mass System

Implicit in the preceding comments is the 
notion that high frequency O3 is related 
to resonance with the relief valve natural 
frequency. And we turn to this issue next.



Relief Valve Operation as a
Spring –Mass System

Note Stop

Spring
The mass is there, but not in 
one lump.  There is the 
valve cap, a slider piece, the 
spring rod, a restraining 
button and some part of the 
spring itself.



Textbook Spring – Mass – Damper
System
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Frequency of the forcing function to the system natural frequency



Summary of this Part:

If one wishes to avoid the resonant 
frequency, one can do so without any 
further coupling of the spring mass 
system to the rest of the problem.  

However, to avoid resonance, one needs 
to know the spring constant (k), and the 
mass (m), in order to identify the natural
frequency (ωn )

This we take up next.



Helical Springs

Free Length
Lo

Mean Diameter
D

d

Wire
Diameter

Pitch

Coil
Angle
   α

Relief Valves typically

have springs with closed 
ends ground such that the 
number of active coils is 
Na = Nt – 2

Where Nt is the total 
number of coils



Helical Springs Nomenclature:

Na is the number of active 
coils

G is the modulus of 
torsion or rigidity

C is the diameter 
modulus; C= D/d

D is the mean diameter

d is the coil diameter
Free Length

Lo

Mean Diameter
D

d

Wire
Diameter

Pitch

Coil
Angle
   α

Spring Constant k

38 a

G dk
C N

=



Young’s Modulus (E) and Modulus of Torsion (G)

Metal Poisson's
Ratio

E
[109 Pa]

G
[109 Pa]

Aluminum 0.330 69 27
Copper 0.360 117 43
Ni-Steel 0.310 213 76
Stainless Steel
18-8 0.300 201 73

Carbon Steel 0.303 202 79
High Carbon Steel 0.295 210 81
Inconel 0.290 214 79

2(1 )
EG
ν

=
+

Poisson’s Ratio



Temperature Effect on
Spring Materials
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(1) - Carbon Steel, C<0.3%

(2) - Nickel Steels, Ni 2% - 9%

(3) - Cr Mo Steels, Cr 2% - 3%

(4) - Copper

(5) - Leaded NI-Bronze

(6) - Nickel Alloys - Monel 400

(7) - Titanium

(8) - Aluminum



Real Example:

Free Length
Lo

Mean Diameter
D = 1.469"

d = 0.281"

Wire
Diameter

Pitch

Coil
Angle
   α

Spring from
Farris 26 FA 10 - 120
180 psig set

N  = 8
C = D/d = 5.288
Assume:
E = 205 GPa or 29.7x10  psi
 = 0.31

G =  

a

6

ν
78.2 GPa or 11.35x10  psi6

3

11.35 6 0.281 349
8 5.288 8

E x lbfk
x x in

= =



Real Example: (continued)

Free Length
Lo

Mean Diameter
D = 1.469"

d = 0.281"

Wire
Diameter

Pitch

Coil
Angle
   α

Spring from
Farris 26 FA 10 - 120
180 psig set

Wgt. of Spring = 360 gm
Wgt. of other 
parts in motion = 435 gm
Assume mass in motion is
435gm + 360 / 3  =  555 gm
or approximately 1.22 lb



Real Example: (continued)

So now we have 

k  =  350 lbf / inch or 61294 N / meter

And

m  =  0.555 kg

Therefore the natural frequency is:

1 1 61294 53
2 2 0.555n

kf Hz
π m π

= = =



Can we do better ??
By examining the geometry of 
the nozzle and cap and doing a 
little calibration with the known 
example one can arrive at the 
following relations:

0.
67

5

1.
15
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5

0.688

1

3 
322

3 8
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od 29
32

Ao

1.08

0.025
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valve
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m M

=
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Relief Valve Spring Constant Estimate
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Relief Valve Spring Constant Estimate

Farris 2600
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Relief Valve Spring Constant Estimate

Consolidated 1900

10

100

1000

10000

0.1 1.0 10.0 100.0

API Area, [sq inch]

Sp
rin

g 
Co

ns
ta

nt
, [

lb
f/i

n]
Sprg K_50psi Sprg K_100psi Sprg K_250



Relief Valve Natural Frequency Estimate
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Relief Valve Natural Frequency Estimate
Farris 2600
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Relief Valve Natural Frequency Estimate
Consolidated 1900
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Back to Inlet Pressure Drop and 
Relief Valve O3

Kieth A. Kastor, “A Dynamic 
Stability Model for Predicting 
Chatter in Safety Relief Valve 
Installations, Part I – Model 
Development, Verification and 
Applications” circa 1986

Story Line:

DuPont had a large number of relief 
valves mounted on 3-way valves that 
did not satisfy the 3% inlet preeeure
loss rule as previously illustrated.



Kastor’s Tests 
Relief Valve:

Consolidated 1905 E  (1 E 2)

Pset = 50 psig

E nozzle:  0.196 sq in API;  
0.2279 sq in ASME

Rated Flow at 50 psig (1.1op);  
1115 lb/hr air

Reference Test Air Flow:

1200 lb/hr air
Air
Source

Po

P1

Valve calibrated
to give a C  factorv



Initial 
Observations : Relief Valve:

Redbook Valve Lift: 0.147 inch

From previous material, we 
estimate the spring constant 
and natural frequency as

k = 84 lbf / in

fn = 29 Hz

Kastor’s data show chattering 
at 30 Hz and his lift vs pressure 
data show kavg = 87 lbf / inAir

Source

Po

P1

Valve calibrated
to give a C  factorv



Initial 
Observations :

Relief Valve:

Redbook Valve Lift: 0.147 inch

From previous material, we 
estimate the spring constant 
and natural frequency as

k = 84 lbf / in

fn = 29 Hz

Kastor’s data show chattering 
at 30 Hz and his lift vs pressure 
data show kavg =87 lbf / in
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Also Stated:

Avg Opening Pressure    50.6 psig

Avg Reclosing Pressure  44 psig

Damping coefficient 0.2
Note: Blowdown, Pbd is over 10% relative to 
Pset



Short Summary of Test Results :

Test 1 field 2 3 4

Air Flow
[lb/hr]

1200 1200 1200 1200 1200

Cv 25 18 10 5 5

Del Pi
[psi]

1.88 3.62 11.7 47 47

Del Pi [%] 3.8 7.24 23.4 choked choked

Results Normal (1) (2) (3) (4)



Short Summary of Results :  Notes
(1) “Field” column represents a typical field condition 

with greater than 3% inlet pressure loss

(2) Cv = 10:  Test results show 3 to 4  O3 cycles then 
stable operation, but Po increases just enough to 
keep P1 > Pbd

(3) Cv = 5:  Test results show sustained O3 (chatter) at 
30 Hz (natural frequency of spring – mass system)

(4) Cv = 5:  This test had a 10 ft inlet pipe before relief 
valve. Results showed limited initial chatter, but 
vessel pressure increased and chatter ceased.  Tank 
pressure reached 80 psig where Cv = 5 passed  the 
air source flow



Brief Model Outline

Air
Source

Flow Resistance
calibrated
to give a C  factorv

SPo

P1

Qvo

Qout
1 vo out

o vo

P Q Q
and
P S Q

•

•

= −

= −

Note: This is Kastor’s model 
without the relief valve spring 
mass system



A note on Qout

Air
Source

Flow Resistance
calibrated
to give a C  factorv

SPo

P1

Qvo

Qout Qout

Qfull flow

0

1

PsetPbd

Pressure P1

Relief Valve Opening 

And Flow “Law”



Short Summary of Model Results
(1) Equation  system is very stiff

(2) Model generally reproduces test data results 
without relief valve spring-mass equation added.  O3

is judged simply by Qout

(3) Results are not overly sensitive to precise shape of 
relief valve “Law”, but the “pop” action is all-
important

(4) It becomes immediately apparent that flow does not 
go to zero unless P1 falls below Pbd – this is 
consistent with Kastor data



Short Summary of Model Results (continued)

(5) In many cases moderate excess inlet pressure loss 
will be overcome by increase in Po so as to establish 
required relief flow without O3.



Implications for 3% rule
(1) An alternative and technically superior way of 

avoiding O3 and chatter is to require inlet pressure 
loss to be related to Pbd.  That is, if Pbd is 5% of Pset, 
then inlet pressure loss should not get one any closer 
than 2 percent points to shutoff.  We need to have 
better and reliable information for the blowdown or 
reclosing pressure.

(2) The present 3% rule does not consider the positive 
effects of allowance for overpressure.  For example 
the fire case allowance for 21% overpressure should 
allow for at least 10% to 15% inlet pressure loss as 
long as this effect is properly included in the sizing 
calculations



Implications for 3% rule
(3) Reducing the relief valve set pressure below the 

vessel design pressure can also have the same 
positive effect on allowance for larger inlet pressure 
loss

(4) A very good situation is to have the relief valve 
“undersized” at the relief set pressure and properly 
sized for some defined overpressure.  In this case 
3% inlet pressure loss is irrelevant if the relief valve 
design properly considers the actual inlet pressure 
loss in the sizing calculation.  Undersized at the 
relief set pressure is common practice for runaway 
tempered reactions as a class.



There is much 
more to this story, 
but for now

That’s All Folks!!
C

T
I



Comments from ISO 4126-10 Committee Meeting 
New Orleans, April 16, 2008 

 
Chair: Alan West 
 
Secretary: Joe Ball 
 
ISO web page has all relevant info. 
 
WG-1 Two Phase Flow – Friedel not present (has retired).  Schmidt not present (German group 
led by Hans-Dieter Perko of Sempell).  Alan West summarized results.  
 
Previous vote was 11 – 2 in favor (US and Italy opposed), with serious reservations by some 
others. 
 
John Harrer (UK), Tom Bevilaqua and Ron Darby spoke to the applicability of the Omega 
method.  The appropriate method to use for 2-phase flow depends entirely upon the quality and 
amount of data available for determining the properties of the fluids Hans-Dieter:  
 

• If complete thermo properties are available, a rigorous method (such as HDI) is the most 
general, precise and simple method with the least restrictions. 

 
• If limited data are available, other more approximate methods are available (e.g. API, 

TPHEM, etc.) which can be used.  These methods are less rigorous and less general, with 
more restrictions and limitations. 

 
• If very little data are available, the Omega (single point) method can be used.  This 

requires the least amount of data but the greatest uncertainty with regard to linear 
extrapolation of properties from one point, and hence offers the least accuracy, least 
generality and most restrictions of the available methods. 

 
It was pointed out that the document doesn’t really address piping analysis for two-phase flow.  
ISO 23251 (old API 521) – equation for 2-phase flow in piping (Zamjec).  
Use "Informative Annex" to describe two-phase flow in piping? 
 
"Standards" vs "Guidelines" or "Recommended Practice"???   
 
Options: 

• Issue as a Technical Specification instead of a "Standard"?   
• Joint standard or joint WG with CEN ISO TC/67/SC6 WG-12 (petroleum, petrochemical 

and natural gas) or API 520? 
• Continue the work of WG 1 on the DIS to work out the differences (??) 
• Revise the scope of the DIS, and continue to work out differences (?) 

 
 
 



 
 
April 17 
 
Japan recommended continuing the Working Group to revise the standard. 
 
US recommended the first option (Technical Specification), possibly with joint input from other 
TC or WG committees.  This was not agreed to by the committee, which voted to continue the 
work toward an ISO standard. 
 
US and France will draft a resolution to continue the efforts of WG-1 on the standard. 
 
Prof Friedel has retired, and leadership of WG-1 will be turned over to Juergen Schmidt (BASF). 
 
Resolutions were submitted to continue the WG-1, to delete any reference having negative 
implications or inferences on using alternative sizing methods and to recognize that such 
alternate methods may be used, and to establish liaisons with several other working groups 
concerned with relief systems design in various systems to coordinate any common material and 
make the documents compatible. 
 
New experts added to the WG-1 working group from each country.  (Marc Levin and Georges 
Melhem from US). 
 



Development of Spring 
Loaded Safety Valves

Fall 2007 DIERS
Roger D. Danzy

Dresser Inc.



Copyright Dresser Inc. 2007 2

Development

• US Patent and Trademark Office
• On line Searching
• Patents 1790 – 1975 

– Issue date and classification
– Must view for content

• Patents 1976 forward – text search



From There to Here - 170 Years in 40 Minutes

2006

1836
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The Non-Spring Years

• First Safety Valve Patent – 1830
• First Safety Valve Patent with Spring -

1860
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1830

•First Patent for Safety Valve

•Low Water Level 
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1831

•Water Column 

•Differential Area

•Biasing Force
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1834

•Fusible Plug
•Pressure to Internal Piston

•Pendulum - Marine Applications
•Opened Valve – Boat Rocking
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1835

•Water Level Safety
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1836

•Weighted Lever Safety Valve

•No Patents – This type device
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1839

•Temperature
•Pressure 
•Safety Valve
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1841

First Control Valve Patent
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1846

•Compound Lever
•Weighted Safety Valve
•Improve Opening Action
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1850

•Fusible Plug
•Ashcroft – Consolidated® Co-Founder
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1856

•Compound Lever

•Weighted Safety Valve

•Improve Opening Action
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Spring Loaded 

• Spring Loaded Valves
• More Compact than Dead Weight
• More Reliable

– Locomotives
– Marine Applications
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1860

•First Spring Loaded Noted

•Spring Loaded Never Patented

•Elliptical Spring

•Patent – Adjusting Device
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1868

•First Helical Spring Noted

•No Helical Spring Patents

•Reduced Water Draw

•Fail Safe Close
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High Capacity Pop Action

• Expansion of Steam Utilized for Pop 
Action

• High Capacity
• Quick Action
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1866

•First Design – Huddling 
Chamber

•Additional Reaction Force

•Improved Opening Action

•Richardson – Consolidated®

Co-Founder
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1869

•Stationary Ring

•Improved Opening Action
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1886

•First Adjustable Lower Ring

•Opening Action Adjustment

•Blowdown Adjustment
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Other 1800 Developments

• Tamper Proofing
• Process Valves
• Soft Seat 
• Deadweight Conclusion
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1869

•Tamper Proofing

•Lifting Lever
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1883

•First Closed Bonnet

•First Right Angle Outlet
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1883

•Process Fluids

•First Soft Seat 
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1886

•Not All Ideas are Good
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1888

•First Example 

•Process Safety Valve 

•Tamperproof Patent
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1889

•Last Patent Noted

•Deadweight Safety Valve
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Blowdown Control

• With High Lift and Capacity Attain
• Attention Focused on Blowdown Control
• Minimize Steam Waste
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1920

•Lower Ring with Orifices 

•Crosby Valve Patent
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1928

•Lower Ring Geometry

•Improved Opening Action

•Blowdown Action
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1934

•Pressure Assisted Closing
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1947

•First Two Ring Safety Valve
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1952

•Pressure Closing Assist 

•External Adjustment
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1953

•Three Ring Design 

•Improved Blowdown Control
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1968

•Controlled Venting 

•Pressure Assisted Closing
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1974

•Pressure Assisted Closing
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Other Developments

• Increased Flow
• Set Point Stability
• Pilot Operation
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1942

•High Flow Disc Geometry

•Serrations on Discholder 
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1942

•Pilot Operated 

•Superheater Safety
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1944

•High Flow Nozzle Design
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1948

•Sturdy Side Rod 
Construction

•Set Pressure Variation
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1950

•2:1 Guiding

•Disc/Discholder 
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1950

•Heating

•Highly Viscous Liquids
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Seat Tightness 

• Seat Tightness – Operating Pressure
• Flexible Disc

– Increased Unit Loading
– Negated Temperature Effects of Throttling
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1870

•Bearing Point Below Valve 
Seat
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1953

•Flexible Disc

•Improved Seat Tightness
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1953

•Flexible Disc

•Most Common Usage
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1969

•Supported Flexible Disc 

•Questionable Manufacturing
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1982

•Supplementary Loading

•Improved Seat Tightness
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1994

•Last Flexible Disc Patent 
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Back Pressure

• Bellows 
• Bonnet Venting
• Pressure Assist
• Combat Actions of Back Pressure
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1928

•Venting 

•Bonnet Pressure

•Non-Wing Guided
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1941

•Bellows

•Backpressure Effects
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1954

•Pressure Assisted Opening 
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1958

•Balanced Bellows 

•Piston Backup

•Shell® Patent

•ISO/CEN 4126-1 Requirement
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1962

•Bellows Leakage Detector 
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Liquid Applications

• Liquid Applications Prone to Chatter
• External and Fluid Force Designs
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1978

•First Liquid Specific

•Chatter Elimination
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1984

•Chatter Elimination

•Friction Elements
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1987

•Chatter Elimination

•Overlapping 

•Ring

•Discholder
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1993

•Chatter Elimination

•Shearing Current Dampening
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1996

•Multi Fluid
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2006
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Back Pressure Effects on 
Spring Loaded PRV’s
DIERS Users Group Meeting

Fall 2007 – Manchester, New Hampshire
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Outline

• Conventional
– Set pressure change
– Accumulation increase with backpressure

• Bellows
– Bellows area tolerance
– set pressure balance
– flowing backpressure
– back pressure > set pressure
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Information

• Performance Graphs – Gas
• Graphs are representative of performance 

of Consolidated® PRV’s
• Images are Consolidated® 1900 Series
• Color Coding

– Blue – Inlet Pressure/Fluid Force
– Red – Back Pressure
– Green – PRV Lift
– Yellow – Huddle Chamber
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Conventional Spring Loaded PRV
Spring Force

Pressure Force
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Spring Loaded Valve Forces - Lift
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Set Pressure Effect
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Back Pressure Effect on Set Pressure
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Flowing Condition Effects
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Backpressure Effect at Constant Accumulation
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Backpressure Effect at Constant Flow Rate
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Bellows Spring Loaded PRV
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Bellows

Bellows Area, BA

Seat Area, SA

Fluid Force

Bellows 
Force

Spring Force

Backpressure
Force
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“Balanced Bellows”

• Bellows are formed by rolling
• Bellows Effective Area +- 5% or greater
• Ensure Set Pressure <= Stamped Value
• Bellows Effective Area > Seat Area
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Backpressure Effect on Set Pressure of Balanced 
Bellows PRV

0

20

40

60

80

100

120

Set Pressure (Min)

Set Pressure (Max)

Back Pressure



Copyright 2007
Dresser, Inc

Balanced Bellows, Flowing,Backpressure
Spring Force

Fluid Force

Back Pressure
Force B
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Backpressure Effect on Lift
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Disc Separation - Backpressure
Spring Force

Pressure Force

Back Pressure
Force B
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s Force
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Backpressure - Disengagement
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Presentation Contents

1. Introductions
2. Animation
3. Incident background & consequences
4. Key system components
5. Modeling approach
6. Findings
7. Q&A



www.csb.gov
3

What is the CSB?
• The CSB is an independent U.S. federal 

agency charged with investigating chemical 
accidents

• Authorized by United States Congress in 
1990

• Modeled after the National Transportation 
Safety Board

• Professional investigation staff

• Located in Washington, DC
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What Does the CSB Do?

• We investigate chemical process 
incidents

• We determine root causes

• We make recommendations

Our goal is prevention.
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Animation
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Incident Background
• BP – Texas City refinery Isom unit
• March 23, 2005
• Raffinate splitter column overfilled on initial 

liquid fill (packing)
– Mass balance (stuff went in, little came out, the 

difference accumulated)
– Liquid expansion due to heating
– Vapor volume due to heating
– Multiple instrument failures, many other factors

• Sub-cooled “cap” of liquid overflowed into 
the vapor product line
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Incident Background
• Column pressure + hydrostatic head 

opened relief valves 
– 63 psig versus SP of 40 psig

• Blowdown drum overfilled
• “Geyser-like” discharge from stack
• Subsequent vapor cloud formation / 

ignition / VCE
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Incident Consequences
• 15 fatalities
• ~180 injured
• Serious consequences for BP

– Record OSHA fine
– Extensive litigation
– Damage to corporate image
– Assorted other impacts
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Incident Consequences
• Major CSB investigation to determine 

root and contributing causes
– Trailer urgent recommendation
– Baker Commission – BP North American 

refinery safety culture
– CSB recommendations to BP, API, OSHA, 

others
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Relief System Key Components
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Inlet Header
• 16” line descending 142’ from top of 

column to relief valve inlets
• Temperature at top of column
• Column pressure at relief valves
• P&T consistent with column pressure 

+ hydrostatic head of sub-cooled 
liquid

• Pressure sustained above relief set-
points for 6 minutes
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Relief Valves
• Three Consolidated 1910-30 valves

– One 4P6
– Two 8T10’s
– Set at 40, 41, & 42 psig
– Bellows equipped

• Sized for vapor only
• Valves not changed when column 

derated from 70 to 40 psig
• Credit taken for partial duty on fin-fans 

and reflux following derate
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Blowdown Header
• 14” diameter
• 885 feet long
• 12 - 90o, 4 - 45o elbows
• 1 full ported gate valve
• Flow area of 137 in2 is less than 

combined discharge area of relief 
valves (188 in2)

• Major backpressure issues expected 
(by inspection)!
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Blowdown Drum & Stack
• 10 ft. diameter x 27 ft. tall drum
• 10 ft. high conical transition 
• 76.5 ft high x 32.5 in. diameter vapor 

discharge stack
• 6 in. “gooseneck” liquid drain to 

process sewer
• Equipped with sprays (OOS) to 

condense heavy hydrocarbons
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Blowdown Drum & Stack
• Old design, replaced nearly-in-kind in 

1997
• ~50 other reliefs tied in
• Stack velocity / back pressure issues
• History of HC vapors reaching ground 

level
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Modeling Approach
• Numerical integration of equations 

– Variable time-step
• Simplified mixture composition with 8 

components 
– Good fit to Fauske experimental VP data

• R-K EOS for vapor phase enthalpies
• DIPPR liquid properties
• Raoult’s law (activity coefficients = 1) 

gave excellent fit
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Modeling Approach - Composition
Compound Weight Fraction

n-pentane 0.0383

2-methyl butane 0.0263

n-hexane 0.1519

2-methyl pentane 0.2950

n-heptane 0.3072

n-octane 0.1300

n-nonane 0.0409

Heavies as n-
decane 0.0104

Total 1.0000
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Modeling Approach – VP Data
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Fauske Experimental Vapor Pressure Data
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Modeling Approach - Parameters
• H. Fisher Relief Valve Model (with 

DIERSTM !)
• Older style vapor trim valves with 

liquid capacity rated at 1.25 SP
• For vapor:

– Kd = 0.95 (Consolidated)
– Kb = API RP 520 consensus values
– ASME Code reduction factor = 1.0
– Capacities evaluated at 1.16 MAWP 



www.csb.gov
20

Modeling Approach - Parameters
• For liquid: 

– Kd = 0.74 (Consolidated w/o ASME 0.9 derate)
– Kp from 0.6 1.0 as pressure increases from 

1.1 1.25 SP
– Kw taken as 1.0 at incident conditions

• manufacturer’s curves for liquid trim rated at 1.25 SP 
• experimental data not available to support 

manufacturer’s curves
• curves for larger valves, higher BPs extrapolated
• For our study, Kw set to 1.0 given available 58% OP
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Findings – Vapor Design Case
• Valve SP’s too close
• Credit for fin-fan cooling not appropriate
• No liquid relief evaluated, even for flooded 

reflux drum relief valve
• Valves too small to protect column @ 40 

psig SP
– 416,500 lb/hr required vapor flow
– 213,300 lb/hr available flow capacity

• Sizing adequate at original 70 psig SP



www.csb.gov
22

Findings – Relief Vapor Design Case
• At 40 psig SP (with inadequate flow!) 

blowdown header is undersized, with 
vapor case BP of 60.8%

– Backpressure at required flow prohibitive

• At original 70 psig SP the blowdown
header is undersized with 61.8% BP
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Findings – March 23 Incident:
• Sub-cooled liquid relief until final seconds
• Relief valves open for 6 minutes
• Before Explosion:

– Equipment Fill of 32,130 gallons (4.2 min.)
– Liquid to sewer of 11,470 gallons
– Discharge out stack of 6,735 gallons (1.6 min.)

• Flow out stack continued for ~0.2 min. 
after initial blast

• Maximum BP on valves 90% of SP
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Thank You!

Q&A
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Understand Flare Noise

By
G. A. Melhem, Ph.D.
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Overview

Establish how API noise estimation method was derived

Provide a simple help tutorial about noise in SuperChems
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What is noise?

Sound is the result of a source setting a medium into vibration, usually air

The vibration produces alternating compression and rarefaction waves

The resulting variation in normal ambient pressure is translated by the ear and 
perceived as sound

Sound waves can be reflected, scattered, and/or refracted

Sound waves travel at the speed of sound in the vibrating medium

344 m/s in air

1433 m/s in water

3962 m/s in wood

5029 m/s in steel

Noise is unwanted sound All units are in SI unless 
otherwise specified
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What is sound?

Sound can be described in terms of amplitude (loudness), frequency (pitch), and 
duration

Amplitude is a measure of the difference between atmospheric pressure (with no 
sound present) and the total pressure (with sound present)

The amplitude of a sound wave equates to the sound pressure

Sound pressure is used as a fundamental measure of sound amplitude

Sound pressure is measured using root mean square (rms) sound pressure level, 
Lp, in decibels (dB); absolute pressure is not measured

2

1 110 log 20log in dB

0.00002 Pascal

p
r r

r

P PL
P P

P

⎛ ⎞ ⎛ ⎞
= =⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
=

1 Pa = 1 N/m2 = 1 J/m3 = 1 kg/m/s2



© 2006, ioMosaic Corporation; all rights reserved
Do not copy or distribute without the express written permission of ioMosaic Corporation

Slide 5

What is sound?

For each increase of 20 dB, there is a tenfold increase in sound pressure

Sound pressure expressed in decibels (dB) is not additive linearly
,

10
,

1

10 log 10
p iL

n

p total
i

L
⎡ ⎤
⎢ ⎥
⎣ ⎦

=

= ∑

Adding two values from different sources producing the same sound pressure level 
(Lp) results in a total sound pressure level of Lp+3 dB. If Lp equals 80 dB, than the 
total will be 83 dB.

80 80
10 10

, 10 log 10 10 10 8.30103 83.01 dBp totalL
⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

⎡ ⎤
= + = × =⎢ ⎥

⎢ ⎥⎣ ⎦

If there is a 10 dB difference in the sound pressure level of two sources, the 
cumulative sound pressure level will be approximately equal to the higher value of 
the two

90 80
10 10

, 10 log 10 10 10 9.0413 90.41 dBp totalL
⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

⎡ ⎤
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What is sound?

The ear is less sensitive 
to low frequencies than 
high frequencies

A 50 Hz tone at 70 dB 
sounds as loud as 1000 
Hz tone at 50 dB
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What is sound?

Another relationship used to represent sound or noise is sound power level, Lw

1

12

10 log in dB

10 Watts, W

w
r

r
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W
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⎛ ⎞
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⎝ ⎠
=

A relationship between sound power (W) and sound intensity (I)can also be 
established

2
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2

2

and 10log and
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4 (for spherical radiation)
2 (for hemispherical radiation)
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What is sound?

Sound pressure level Lp can be related to sound power level Lw
2

2 2
1 1 1

12 12

2
1

2

10log 10log 10log 10log
10 1.2 344 10

10log 10log
0.00002

10log

w
r

w
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W P PL A A
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L L A

ρ
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= =

⎛ ⎞ ⎛ ⎞ ⎛ ⎞
= = = +⎜ ⎟ ⎜ ⎟ ⎜ ⎟× ×⎝ ⎠ ⎝ ⎠⎝ ⎠

⎛ ⎞
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⎝ ⎠
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For spherical radiation of sound and at r=30 meters

( )2
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What is sound?

Sound power level can be estimated for flow from a flare tip using the following 
relation:

2
2

12

1
210log 10log 120
10 2w

mc mcL ηη −

⎡ ⎤
⎢ ⎥ ⎡ ⎤

= = +⎢ ⎥ ⎢ ⎥
⎣ ⎦⎢ ⎥

⎣ ⎦

½ mc2 is the kinetic power of the flow through the flare tip in Watts
m is the flow rate in kg/s
c is the speed of sound in the gas medium in m/s
η is the acoustic efficiency associated with transforming a portion of the kinetic power
to sound power with a value ranging from 10-5 to 10-2

( )
2

210 log 10log 120 10log 4
2p w

mcL L A rη π
⎡ ⎤

= − = + −⎢ ⎥
⎣ ⎦
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What is sound?

The sound pressure level derived earlier can be evaluated at 30 meters to yield an 
expression very similar to the API-521 noise equation for choked flow

( ){ }

( ){ }

2 2

,30

2

,30

2

,30

41 10log 120 41 10log 79
2 2

10log 10log 79
2

10log 10log 79
2

p w

p

p
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η η

η

η

⎡ ⎤ ⎡ ⎤
= − = + − = +⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦
⎡ ⎤

= + +⎢ ⎥
⎣ ⎦
⎡ ⎤

− = +⎢ ⎥
⎣ ⎦

Lp at any distance is then evaluated

,30 20 log
30p p
rL L ⎛ ⎞= − ⎜ ⎟
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Sonic Flow Acoustic 
Efficiency
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Subsonic Flow Acoustic 
Efficiency
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Process Piping Sound Power 
Level Equations

The sound power level (Lw) in piping systems can be calculated for gas flow using 
the following equations:

Reference: Guidelines for the avoidance of vibration induced fatigue in process pipework, MTD Ltd., 1999

, ,

1.23.6
21 2

,
1

, ,

10
,

1

10 log 126.1

60

10log 10
w branch i

w source
w

w branch w source
i

Ln

w branch
i

P P TL m
P M

LL L
D

L
⎡ ⎤
⎢ ⎥
⎣ ⎦

=

⎡ ⎤⎛ ⎞⎛ ⎞−⎢ ⎥= +⎜ ⎟⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

= −

= ∑
T is upstream temperature in Kelvins

Mw is gas molecular weight

Di is the main pipe internal diameter,  mm

L is the distance between the source and the branch, m
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Combustion noise

Combustion at the flare tip also produces noise which is approximately 16 dB 
higher than flow noise. However, the flow noise is predominant above 500 Hz

For a typical hydrocarbon, the acoustical efficiency for burning on a standard flare 
tip is estimated at η=5x10-8

( )

( ) ( )

8

, 12

2
, 2

5 1010log 10log 36.98
10

10log 36.98 10log 4 10log 26

w combustion

p combustion

m HL m H

m HL m H r
r

π

−

−

⎛ ⎞× Δ
= = Δ +⎜ ⎟

⎝ ⎠
Δ⎛ ⎞= Δ + − = +⎜ ⎟

⎝ ⎠

m is mass flow rate in kg/s

ΔH is heat of combustion in J/kg

r is distance from the combustion source in meters
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Steam Injection Noise

Steam assisted flares also generate noise due to the high pressure steam jets and 
injectors

Additional noise is due to steam flow and enhanced combustion efficiency

Steam jet noise can be reduced by using multi-port steam injectors

Steam sound power level can be calculated using the equations specified 
previously

Enhanced combustion sound power level can be estimated using the following 
expression:

( ), 10 log 46.98 15log steam
w combustion gas

gas

mL m H
m

⎛ ⎞
= Δ + + ⎜ ⎟⎜ ⎟

⎝ ⎠
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Overall Flare Noise

To find the overall flare noise add steam, combustion, and flow sound power level 
contributions logarithmically at the each frequency of interest
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Atmospheric Attenuation

At distances greater than 30 meters noise is attenuated due to absorption by the 
atmosphere. Higher frequencies of noise are more readily attenuated than lower 
frequencies

Graph is valid for zero 
wind speed, ambient 
temperature of 70 F, 
and a relative humidity 
greater than 60 %.

For temperatures 
below 70 F increase 
the attenuation by 10 
% for each 10 F
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Typical Noise Limits

0 dB hearing threshold

30 dB Whisper

60 dB Talking

90 dB City traffic

120 dB Rock concert

150 dB Jet engine at 10 meters standoff distance

There are OSHA limits for continuous exposure to noise

85 dB is typically used as an exposure limit for emergency flaring
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One Platform for Relief and 
Flare Systems
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About ioMosaic Corporation

Founded by former Arthur D. Little Inc. executives and senior staff, ioMosaic Corporation is 
the leading provider of safety and risk management consulting services. ioMosaic has offices 
in Salem, New Hampshire and Houston, Texas.

Since the early 1970's, ioMosaic senior staff and consultants have conducted many landmark 
studies including an audit of the Trans-Alaska pipeline brought about by congressional whistle 
blowers, investigation of the Bhopal disaster, and the safety of CNG powered vehicles in 
tunnels. Our senior staff and consultants have authored more than ten industry guidelines and 
effective practices for managing process safety and chemical reactivity and are recognized 
industry experts in LNG facility and transportation safety. 

ioMosaic Corporation is also the leading provider of pressure relief systems design services 
and solutions. Its pressure relief system applications are used by over 250 users at the 
world's largest operating companies. It holds key leadership positions in the process 
industries' most influential and active pressure relief system design, and chemical reactivity 
forums, and plays a pivotal role in defining relief system design, selection, and management 
best practices.

HOUSTON OFFICE
2650 Fountain View, Suite 410
Houston, TX  77057
Tel:  713-490-5220
Fax: 832-553-7283
Email: trainingondemand@iomosaic.com
Web: www.iomosaic.com

SALEM OFFICE
93 Stiles Road
Salem, New Hampshire  03079
Tel:  603-893-7009
Fax: 603-251-8384
Email: trainingondemand@iomosaic.com
Web: www.iomosaic.com
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Company profile – LESER

• Product: safety valves, safety valves, safety 
valves

• Total turnover: € 33 million
equals USD 43 million p.a. 

• Yearly valve production: 62,000 pieces

• No. of employees: 300, 
thereof 25 apprentices

• Test lab: High capacity test labs for steam, 
water and gas, NB certified
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LESER Test lab 
– water and air –

Total
investments:
€ 1.5 million
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Total
investments:
€ 1.2 million

LESER test lab
– steam –
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TÜVASME/NB

Test lab approvals
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Reasons for malfunction of safety valves

Inlet pressure drop:
too high

Back pressure: 
too high

Safety valve:
oversized
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Reasons for malfunction of safety valves

UntightnessFlattering Chattering

Mal-
functions of 
safety valves

Reasons for malfunctions

Safety valve: oversized

Back pressure: too high

Inlet pressure drop: too high
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Reasons for malfunction of safety valves

UntightnessFlattering Chattering

Mal-
functions of 
safety valves

Reasons for malfunctions

Safety valve: oversized

Back pressure: too high

Inlet pressure drop: too high

The main
focus is on back 

pressure in this
presentation
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Verification
of analysis and comparison 
of back pressure statement 

in API 520 and 
ISO 4126 Part 1

Target of this lecture



13DIERS_080305_ML

What is back pressure? 

Built-up back
pressure
• Caused by pressure

losses in the outlet
piping

• Amounts to its 
maximum value at 
full discharge of the 
safety valve

• Built-up pressure is
0 when the valve is
closed

Superimposed
back pressure
• Caused by blow-

down system or
other valves

• Can be either
constant or variable. 
Variable especially
when other valves
are discharging in 
the blow-down
system

In API 520 item 3.3.1.1 back pressure is defined as
“… pressure existing at the outlet of a pressure relief
valve …“

Two
kinds

of back
pressure
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Back pressure

Superimposed 
back pressure

Built-up back pressure
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Back pressure in rules

In the different rules and regulations throughout
the world roughly the following information or
guidelines are given regarding back pressure:
• Manufacturer should be consulted for correction

factors for back pressure and operating limits
• Outlet piping should be designed in such a way 

that permissible back pressure specified by the
manufacturer of safety valve is not exceeded
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Back pressure in API 520 Edition 2000 

• Conventional safety valve: built-up back pressure
should not exceed 10% (API 520 item 3.3.3.1.3)

• Balanced valves can typically be applied whether
total back pressure does not exceed approximately
50% of the back pressure (e.g. API 520 item 3.3.2.1)

• Tables for back pressure correction factors for
balanced bellows pressure relief valves (e.g. at 
different overpressure situations such at 10%, 16% 
and 21% (e.g. API 520 fig. 30 and 31)
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Missing information

• Rules and regulations do not provide formulas
for the calculation of built-up back pressures in 
existing piping.
In that case the manufacturer has take it from
other sources. 
Exception: The new AD-A2 Merkblatt gives some
formulas but they are not mutual agreed among all 
committee members.

• In ASME and API  there is no information about
subcritical flow available
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Aspects / raised questions in previous 
DIERS Meetings 

Do current makers of safety valves follow the back
pressure correction factor curve as shown in 
API 520 part 1 figure 30?

What are the operating limits (expressed in ratio
back pressure / set pressure) of existing valve makes
with regard to back pressure?

Can we expect other results when operating bigger
valves because they are not exactly geometric
comparable to a tested valve?

Set pressure changes due to variable superimposed
back pressure
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Why does LESER perform back pressure tests? 

LESER has the capability

Customers ask for
review of existing plants

Reasons

There are more and more
subcritical flow situations
in Europe
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API 520, Edition 2000 

Figure 30 - Back Pressure Correction Factor, Kb, for Balanced-Bellows
Pressure Relief Valve (Vapors and Gases)
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ISO 4126, Part 1 

Chapter 8: Determination of safety valve performance

8.1 Determination of coefficient of discharge

8.2 Critical and subcritical flow

8.3 Discharge capacity at critical flow

8.4 Discharge capacity for any gas at subcritical flow
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Test arrangement

PIR

LIR

PTIR
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Test arrangement
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Inlet situation according to ASME PTC 25
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Test equipment
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Lift measurement
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Back pressure gauge and pressure transducer
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Test object 

• LESER tested its entire product range
• The API Series was tested as follows (up to now): 

Valve size
Pressure level
(barg) (psig)

1E2
2J3
3L4

4 / 6 / 10 58 / 87 / 145



31DIERS_080305_ML

Test object 

• LESER tested its entire product range
• The API Series was tested as follows (up to now): 

Valve size
Pressure level
(barg) (psig)

1E2
2J3
3L4

4 / 6 / 10 58 / 87 / 145

All diagramms in this lecture show
test results of LESER Type 526 3L4
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Performance of 526 3L4, conventional, 
without bellows, without back pressure
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Back pressure correction factor Kb
(converted to Excel)
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API 520, fig. 30 and limits
showing critical and subcritical flow 
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Border of critical flow 
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Back Pressure Correction Factor, Kb
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Back Pressure Correction Factor, Kb
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Pressure cascades
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Pressure cascades
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Back Pressure Correction Factor, Kb
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Back Pressure Correction Factor, Kb
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Back Pressure Correction Factor, Kb
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Performance of 526 3L4, bellows design,
with back pressure
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Backpressure from the European point of view

ISO 4126-1, Chapter 7.3.3.4
“For compressible fluids when the ratio 
of absolute back pressure to absolute 
relieving pressure exceeds the value of 
0.25, the coefficient of discharge can be 
largely depending on this ratio.”
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ABSTRACT 
 

When a pressure safety valve actuates, thrust forces are 
developed.  These thrust forces must be considered for the 
proper installation of the relieving device.  For gas or vapor 
compressible flow, Simpson developed thrust force plots that 
can be utilized to calculate the magnitude of the thrust force.  
Although these charts are available in the open literature, the 
assumptions behind the charts and the derivation of the 
underlying equations are not.  This paper addresses this issue 
by re-deriving the equations necessary for reproducing the 
charts.  All fundamental assumptions are stated and all flow 
models are explained.  The limitations of the equations are 
clearly stated.  Numerical examples are given to illustrate the 
use of the equations and the corresponding Simpson Charts.  
The examples are also used to compare calculated results from 
other methods.  In addition, several important modifications to 
the original charts are noted.  The thrust force equations for a 
relief valve operating with a subcritical nozzle and a 
subcritical outlet, which are absent from the original Simpson 
Charts, are included here.  The extent of the region where the 
relief valve operates with a critical flow nozzle and a 
subcritical flow outlet is modified to account for backpressure 
effects.  Finally, the concept of a minimum relief valve outlet to 
nozzle area ratio is introduced.  

 
1.  INTRODUCTION 
 

When a pressure safety valve actuates, thrust forces are developed.  If the relief valve 
is mounted directly to the vessel, there is no net force at the relief valve nozzle, since the 
relief valve disk acts as a thrust plate that balances the momentum of the flowing fluid.  
In other words, the vessel restraints and weight are normally sufficient to balance the 
forces that are developed at the relief valve nozzle. However, the balance of forces at the 
relief valve exit may not be zero.  The thrust force at the relief valve exit acts in a 
direction opposite to the direction of the mass flow discharging from the relief valve.  In 
order to properly secure relief valves and prevent damage to connected components such 
as pipes and equipment nozzles, it is necessary to estimate the magnitude of the thrust 
forces that are developed.  Once known, these reaction forces can be balanced by the 



installation of appropriate restraints at key locations.  For the typical emergency relief 
system, the restraints necessary to balance the relief valve thrust forces are usually 
moderate and the costs associated with these restraints are typically low.  However, large 
pressure safety valves operating at high pressure can produce substantial thrust forces. 

One method for calculating the thrust forces generated when a pressure safety valve 
actuates was described by Simpson [1].  The Simpson method is typically presented in 
the form of charts where the thrust force parameter is plotted against the backpressure 
ratio.  The ratio of outlet area to relief valve nozzle area is used as a parameter.  The 
charts can only be used for compressible gas flow in relief valves.  The effect of the fluid 
properties is incorporated via the heat capacity ratio of the gas under consideration.  Each 
value of the heat capacity ratio yields a new Simpson Chart.  The Simpson Chart for a gas 
with a heat capacity ratio of 1.40 is shown in Figure 1. 

For this diagram, the stagnation pressure is the vessel static relieving pressure in 
absolute pressure units while the backpressure is the static pressure immediately 
downstream of the relief valve exit plane in absolute pressure units as well.  The 
parameter k is the heat capacity ratio for the gas under consideration and is evaluated at 
the vessel stagnation conditions.  An is the cross-sectional area of the relief valve nozzle.  
Ae is the cross-sectional area of the relief valve outlet.  The thrust force parameter is a 
dimensionless ratio defined by Equation (01), where TR is the thrust force and P0 is the 
vessel stagnation pressure. 
 

n

R

AP
TParameterForceThrust
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The Simpson Chart can be broken into three regions as shown in Figure 1.  Each 

region represents a different flow regime within the relief valve geometry.  For Region A, 
the flow is choked at the relief valve nozzle and at the relief valve exit plane.  For Region 
B, the flow is choked at the relief valve nozzle, but is unchoked at the relief valve exit 
plane.  In Region C, the flow is unchoked throughout the relief valve geometry. 

Region A illustrates a very important flow regime.  In this region, the flow is choked 
at the relief valve exit plane.  This type of relief valve flow pattern is often referred to as 
“body-bowl” choking.  It must be considered carefully when evaluating the effect of 
backpressure on the performance of a relief valve. 
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Figure 1. Simpson Chart - Thrust Force for a Compressible Gas or Vapor with a Heat 
Capacity Ratio of 1.40 
 



Obviously, most relief valve applications have operating points that lie toward the left 
side of this diagram.  For conventional spring loaded full lift pressure safety valves, 
proper functioning of the relief valve can only be assured if the built-up backpressure is 
limited to 10% of the relief valve set pressure on a gauge basis at 10% overpressure.  For 
balanced spring loaded full lift pressure safety valves, backpressure limitations can be 
extended to 30% to 50% of the relief valve set pressure on a gauge basis. Therefore, on 
the Simpson Charts, most relief valve operating points will lie in either Region A or 
Region B. Few traditional relief valve applications operate at backpressures greater than 
50% on a gauge pressure basis.  Pilot operated relief valves can operate at extremely high 
backpressure ratios.  At times operating points for pilot operated relief valves can lie in 
Region C. 

It is obvious from Figure 1 that the thrust force on a relief valve decreases 
dramatically when the cross-sectional area of the outlet is significantly larger than the 
cross-sectional area of the relief valve nozzle.  A summary of typical relief valve 
geometries (Appendix A) indicates that the ratio of the cross-sectional area of the outlet 
to the cross-sectional area of the nozzle is usually between three and forty.  In most cases, 
this ratio is greater than six.  Super capacity valves (orifice designations greater than T) 
typically have outlet to nozzle area ratios less than three.  Generally speaking, smaller 
relief valves tend to have larger ratios and larger relief valves tend to have smaller ratios. 

There are many references to the Simpson Charts in the literature.  However, the 
actual derivations of the equations that generate the charts do not appear in any of these 
open literature references.  The original work was documented in the form of an internal 
Union Carbide memorandum (October 1969) written by Simpson [1].  This reference was 
not published in the open literature and is therefore unavailable to most pressure relief 
practitioners. 

Huff [2] references the Simpson Charts and actually includes one of the charts (k 
=1.4) in his paper.  However, the underlying equations are not shown. 

The DIERS Project Manual [3] provides reproductions of all three original charts 
(pages 338 to 340).  Equations for Region A are also given, but not for Region B.  The 
erratum to the DIERS Project Manual [4] provides a set of equations for both Region A 
and Region B.  However, this set of equations does not yield thrust force parameters that 
correspond to the values obtained from the charts. 

The CCPS Guidelines for Pressure Relief and Effluent Handling Systems [5] (pages 
220 to 222) also includes the charts.  However, no underlying equations are given.  The 
charts in the CCPS book do appear to be original plots, and therefore, were probably 
generated from the basic equations. 

The Workbook for Chemical Reactor Relief System Sizing [6], published by the 
Health & Safety Executive (HSE), gives an equation for the thrust force on a pressure 
safety valve in compressible gas service.  This publication references the DIERS Project 
Manual as the source of the equation, and therefore, it is presumed that the HSE equation 
corresponds to the Simpson Charts.  However, if the equations from these two references 
are compared, a discrepancy is noted.  In addition, a numerical calculation using the HSE 
equation does not reproduce the thrust force parameter obtained from the corresponding 
Simpson Chart. 

The general utility of the Simpson Charts is quite obvious.  Thrust forces are easily 
calculated without the need for determining either the capacity of the relief valve or the 
internal pressure profile.  The only requirements for the calculation are the stagnation 



pressure, properties of the gas at the stagnation condition, the relief valve geometry in 
terms of nozzle area and outlet area, and the backpressure. 

It is quite easy to use the charts to calculate relief valve thrust forces.  However, if 
computer calculations are desired, the charts become a burden.  Therefore, to calculate 
the thrust force on a relief valve using algebraic equations, it becomes necessary to derive 
the underlying equations that form the basis for the thrust force charts. 

This paper addresses this issue by deriving the equations that represent the thrust 
force charts.  All fundamental assumptions are stated and all flow models are explained.  
The limitations of the equations are clearly stated.  Numerical examples are given to 
illustrate the use of the equations and the corresponding thrust force charts.  The 
examples are also used to compare calculated results from other methods.  In addition, 
several important modifications to the original charts are noted.  The thrust force 
equations for Region C, which are absent from the original Simpson Charts, are included 
here.  The extent of Region B is modified to account for backpressure when the exit of 
the relief valve is unchoked.   Finally, the concept of a minimum outlet to nozzle area 
ratio is introduced. 
 
2.  BASIC FORCE BALANCE FOR A PRESSURE SAFETY VALVE 
 

The basic steady state force balance for a venting relief valve is given by Equation 
(02). 
 

( )beeeR PPAWuT −+=  (02) 
 

The following nomenclature and units are used. 
 
TR  is the thrust force [N] 
W  is the fluid mass flow [kg/s] 
ue is the fluid velocity at the relief valve outlet [m/s] 
Ae  is the cross-sectional area of the relief valve outlet [m2] 
Pe  is the pressure at the relief valve outlet [Pa] 
Pb  is the backpressure at the relief valve outlet [Pa] 
 

The first term on the right side of this equation represents the thrust force due to fluid 
momentum.  The second term represents the thrust force due to the potential pressure 
discontinuity at the relief valve outlet. 

Dividing Equation (02) by the stagnation pressure, P0, and relief valve nozzle cross-
sectional area, An, yields the dimensionless steady state thrust force equation. 
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Simpson was able to evaluate the above expression for a compressible perfect gas.  

The results of this evaluation are the Simpson Charts.  In each chart, the thrust force 
parameter is plotted against the backpressure ratio (Pb / P0).  The ratio of the relief valve 
outlet area to relief valve nozzle area (Ae / An) is used as a parameter. 



The mass flow and exit velocity can be eliminated from Equation (03) by utilizing the 
mass flux at the relief valve outlet. 
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Substitution of Equation (04) and Equation (05) into Equation (03) yields the working 

thrust force equation: 
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3.  MODEL 
 

In order to evaluate the thrust force equation, it is necessary to solve the flow and 
pressure balances from the stagnation condition through the relief valve nozzle into the 
relief valve body and finally through the relief valve exit plane. 

The important variables and parameters necessary to solve these balances are shown 
in Figure 2. 
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Figure 2. System Sketch and Model Sketch 
 
 



The following nomenclature for the variables and parameters shown in Figure 2 is 
utilized. 
 
TR Thrust force [N] 
A Cross-sectional area [m2] 
W Mass flow [kg/s] 
u Velocity [m/s] 
P Pressure [Pa] 
T Temperature [K] 
ρ Density of the gas [kg/m3] 
G Mass flux [kg/m2-s] 
M Molecular weight of the gas [kg/kmol] 
k Specific heat ratio of the gas [unitless] 
 
The subscript “e” denotes the relief valve exit plane.  The subscript “n” denotes the relief 
valve nozzle.  The subscript “*” denotes the relief valve body.  The subscript “b” 
corresponds to the conditions immediately downstream of the relief valve exit plane. 

Three cases are considered.  The first case assumes the flow through the relief valve 
is choked at the relief valve nozzle and the flow at the relief valve exit plane is also 
choked.  For the second case, the flow through the relief valve nozzle is still choked, but 
the flow at the relief valve exit plane remains unchoked.  The third case considers 
unchoked flow throughout the relief valve geometry. 

The flow process to bring the fluid from the stagnation condition to the nozzle throat 
is assumed to be isentropic, namely adiabatic and reversible.  The flow from the nozzle 
throat to the relief valve body is assumed to be adiabatic, but irreversible.  Finally, the 
flow through the outlet nozzle is also assumed to be isentropic.  All flow patterns are 
assumed to be frictionless and at steady state.  In essence, the relief valve is modeled as 
two ideal frictionless nozzles that are fed from an infinite reservoir and separated by a 
plenum. 

The body of a relief valve has a very complicated geometry.  In addition, there are 
few, if any, geometric similarities between the bodies of various relief valve sizes and 
relief valve manufacturers.  As a result of this complex geometry, the flow pattern of the 
relieving fluid in the relief valve body is also very complicated.  To assume that the body 
and outlet act as a frictionless ideal nozzle is, in many respects, a drastic simplification.  
However, in making this assumption the mathematics becomes tractable and reasonable 
answers are obtained. 
 
4.  RELATIONSHIP BETWEEN CRITICAL MASS FLUX AND 
CRITICAL PRESSURE 
 

In evaluating the mass and pressure balances through the relief device, it is useful to 
have a relationship between the critical mass flux and the local flow conditions.  When 
the pressure of the flowing gas is high enough and the flow geometry experiences a 
change in the cross-sectional area, critical mass flow conditions may result.  The desired 
relationship between the critical mass flux and the local flowing conditions can be 
derived from basic thermodynamic principles. 
 



Using energy conservation, the mass flux through an ideal nozzle can be related to the 
enthalpy change by the following equation. 
 

( )hh
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where v is the specific volume of the flowing fluid, h0 is the enthalpy of the fluid at the 
stagnation condition and h is the enthalpy of the fluid under flowing conditions. 

A graph of this equation results in a maximum value for the mass flux.  This 
maximized mass flux is usually referred to as the critical mass flux (Gc) while the 
corresponding pressure is typically referred to as the critical pressure (Pc).   To seek this 
maximum, the general expression for the mass flux, Equation (07), can be differentiated 
with respect to pressure and the subsequent derivative can be set to zero. 

From thermodynamics, a change in enthalpy can be related to a change in entropy and 
a change in pressure as follows. 
 

vdPTdSdh +=  (08) 
 

For an isentropic process such as flow through an ideal frictionless nozzle, dS = 0.  
Therefore, 
 

v
dP
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By substituting Equation (09) into the maximizing expression obtained from Equation 

(07), the following relationship for the critical mass flux is obtained. 
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Equation (10) is only valid if the derivative is evaluated at the critical pressure.  Now, 

this generalized expression for the critical mass flux can be applied to the equation for a 
perfect gas undergoing an isentropic flow process. 
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When this is done, the desired relationship between the critical mass flux and the 
local pressure condition is obtained. 
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5.  ADIABATIC, IRREVERSIBLE FLOW OF A PERFECT 
COMPRESSIBLE GAS 
 

To flow from the relief valve nozzle into the relief valve body, the fluid experiences a 
discontinuity in pressure if the flow through the relief valve nozzle is choked.  Once in 
the body of the relief valve, the fluid velocity is assumed to be zero.  The energy balance 
shown in Equation (13) for the relief valve nozzle can describe this flow process.  Here h* 
is the enthalpy of the fluid at the conditions in the body of the relief valve and hn is the 
enthalpy of the fluid at the conditions of the nozzle throat. 
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However, since the fluid is a perfect gas, the enthalpy difference between the nozzle 

throat and the relief valve body is only a function of the fluid temperature. 
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Utilizing the perfect gas law, this equation can be rewritten as. 
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The velocity at the nozzle throat can be expressed in terms of the nozzle mass flux. 
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When Equation (13), Equation (15), and Equation (16) are combined, the following 

expression is obtained. 
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If the flow at the nozzle throat is choked, the local choking expression, Equation (12), 

can also be used to relate the nozzle mass flux to the nozzle choking pressure yielding 
Equation (18).  Combining Equation (17) and Equation (18) yields an expression that 
relates the nozzle choking pressure to the pressure in the relief valve body. 
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6.  CASE 1 – REGION A: CHOKING AT THE RELIEF VALVE 
NOZZLE AND RELIEF VALVE EXIT PLANE 
 

For Case 1, the entire flow process can be described by eight independent equations, 
each with its own origin.  These eight independent nonlinear algebraic equations are 
summarized in Table 1. 
 
Table 1. Equation Set for Case 1 – Region A 
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The continuity of mass flow, Equation (20), provides a relationship between the 

pressure and fluid density at the nozzle throat and the pressure and fluid density at the 
relief valve exit plane.  Equation (21) represents the isentropic flow of a perfect gas from 
the vessel stagnation condition to the relief valve nozzle.  Choking at the relief valve 
nozzle yields Equation (22) and Equation (23).  Adiabatic flow of a perfect gas from the 
relief valve nozzle to the relief valve body yields Equation (24).  Isentropic flow of a 
perfect gas from the relief valve body to the relief valve exit yields Equation (25).  
Finally, choking at the relief valve exit yields Equation (26) and Equation (27). 

In most problems of interest, the following parameters are known. 
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The eight independent expressions [Equations (20) through (27)] summarized in 
Table 1 must be solved simultaneously for the following eight unknowns in terms of the 
five known parameters. 
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In doing so, the following expression can be derived. 
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Now we return to the thrust force expression, Equation (06), and note that the exit 

pressure can replace the exit mass flux and exit density.  When this is done, and the 
resulting expression is simplified, the following relationship is obtained. 
 

( )
000

1
P
P

A
A

k
P
P

A
A

AP
T b

n

ee

n

e

n

R −+=  (29) 

 
Combining Equation (28) and Equation (29) and performing some algebra leads to 

the desired expression for the thrust force parameter. 
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Equation (30) is the Simpson equation for the thrust force on a relief valve when the 

flow through the relief valve is choked at both the relief valve nozzle and the relief valve 
exit.  This equation yields the lines shown in Region A of Figure 1.  

If the Thrust Force Parameter is identified as the dependent variable, and the 
backpressure ratio is identified as the independent variable, this expression is the 
equation of a straight line with the following characteristics. 
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From this equation one easily determines that the maximum thrust occurs when the 

backpressure is zero.   Under these circumstances, the Thrust Force Parameter is given 
by: 
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For k =1.01, the maximum Thrust Force Parameter is 1.215.  For k = 1.40, the 

maximum Thrust Force Parameter is 1.268.  Finally, for k = 1.80, the maximum Thrust 
Force Parameter is 1.313.  Generally speaking, larger heat capacity ratios result in larger 
relief valve thrust forces. 
 



7.  CASE 2 – REGION B:  CHOKING AT THE RELIEF VALVE 
NOZZLE ONLY 
 

Again, eight independent expressions are developed.  As before, the eight expressions 
are based on the various flow processes that take the fluid from the vessel stagnation 
conditions to the conditions at the relief valve exit. These eight independent nonlinear 
algebraic equations are summarized in Table 2. 
 
Table 2. Equation Set for Case 2 – Region B 
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The continuity of mass flow, Equation (33), provides a relationship between the mass 

flux at the relief valve nozzle and the mass flux at the relief valve exit.  Equation (34) 
represents the isentropic flow of a perfect gas from the vessel stagnation condition to the 
relief valve nozzle.  The local choking condition at the relief valve nozzle provides 
Equation (35).  Choking at the relief valve nozzle yields Equation (36).    Adiabatic flow 
of a perfect gas from the relief valve nozzle to the relief valve body yields Equation (37).  
Isentropic flow of a perfect gas from the relief valve body to the relief valve exit yields 
Equation (38).  Next, Equation (39) relates the mass flux at the relief valve exit to the 
fluid conditions in the relief valve body.  This is the traditional mass flux equation for the 
subcritical flow of a perfect gas through a nozzle.   

Since the flow at the relief valve exit is unchoked, Equation (40) sets the exit pressure 
equal to the backpressure.  Equation (40) can be used to simplify the basic dimensionless 
thrust force relationship, Equation (06).  When the flow at the relief valve exit is 
unchoked, the force contribution due to a pressure discontinuity becomes zero.  The 
second term on the right side of Equation (06) is eliminated.  The entire thrust force is 
caused by flow alone. 



 
As before, in most problems of interest, the following parameters are known. 
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The eight independent expressions [Equations (33) through (40)] shown in Table 2 

must be solved simultaneously for the following eight unknowns.  
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In doing so, the following two expressions are derived. 
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Equations (40), (41) and (42) can now be substituted into the thrust force expression, 

Equation (06), yielding the Simpson expression, Equation (43), for the thrust force on a 
relief valve when the flow is choked at the relief valve nozzle and unchoked at the relief 
valve exit. This equation yields the curves shown in Region B of Figure 1.  
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8.  CASE 3 – REGION C: SUBCRITICAL FLOW THROUGH THE 
ENTIRE RELIEF VALVE  
 

Generally speaking, thrust forces are small for this case.  The pressure discontinuity 
term in the thrust force equation is again zero, since the flow is unchoked at the relief 
valve exit plane.  As for Case A and Case B, eight independent expressions are 
developed.  These eight independent nonlinear algebraic equations are summarized in 
Table 3. 
 
 



Table 3. Equation Set for Case 3 – Region C 
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The set of independent equations for this case is developed in a procedure similar to 

that used for Region A and Region B.  The continuity of mass flow, Equation (44), 
provides a relationship between the mass flux at the relief valve nozzle and the mass flux 
at the relief valve exit.  Isentropic flow of a perfect gas from the vessel stagnation 
condition to the relief valve nozzle yields Equation (45).  The mass flux at the relief valve 
nozzle is expressed in terms of the vessel stagnation conditions. Equation (46) is the 
traditional mass flux equation for the subcritical flow of a perfect gas through a nozzle.  
Since the flow at the relief valve nozzle is unchoked, the nozzle pressure must be equal to 
the pressure in the relief valve body.  This criterion is expressed as Equation (47).  
Adiabatic flow of a perfect gas from the relief valve nozzle to the relief valve body yields 
Equation (48), which is simply a different algebraic version of Equation (17).  This 
relationship reflects the deceleration of the gas into the relief valve body.  Isentropic flow 
of a perfect gas from the relief valve body to the relief valve exit yields Equation (49).  
The next to last expression, Equation (50), relates the mass flux at the relief valve exit to 
the fluid conditions in the relief valve body.  This is the traditional mass flux equation for 
the subcritical flow of a perfect gas through a nozzle.  Finally, since the flow at the relief 
valve exit is unchoked, the exit pressure must be equal to the backpressure.  This criterion 
is expressed as Equation (51).   

Again, in most problems of interest, the following parameters are known. 
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As in Region A and Region B, the eight independent expressions [Equations (44) 
through (51)] shown in Table 3 must be solved simultaneously for the following eight 
unknowns. 
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At the October 2004 meeting of the DIERS Users Group, D’Alessandro [7] presented 
approximate equations for Region C, since analytical expressions could not be obtained.  
Since then, a complete analytical description of Region C was found. 

When the eight equations in Table 3 are solved simultaneously, Equation (52) is 
obtained.  For a given heat capacity ratio, outlet to nozzle area ratio, and backpressure 
ratio, this expression yields a specific body pressure ratio.  Trial and error calculations are 
necessary.  Since this equation has multiple roots, care is required to obtain the physically 
real solution for the body pressure ratio.  Starting the trial and error calculation with a 
body pressure ratio of 0.999 assures that the correct solution is obtained.  
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When the working equation for the thrust force, Equation (17), is combined with 

Equations (49), (50), and (51), the following expression is obtained. 
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Once a body pressure ratio is calculated via Equation (52), the corresponding thrust 

force parameter is calculated using Equation (53).  The two expressions shown above, 
Equations (52) and (53), represent Region C on the Thrust Force Chart.  The graphical 
representation and underlying equations for Region C were not included in the original 
Simpson work.  As should be expected, Equation (52) and Equation (53) yield the correct 
limits when the backpressure equals the stagnation pressure.  Namely, at this limit, the 
body pressure equals the stagnation pressure and the thrust force parameter equals zero. 
  
9.  BOUNDARY CONDITIONS 
 

As mentioned previously and illustrated in Figure 1, the Simpson Charts are 
segregated into several distinct regions.  In Region A, the flow through the relief valve is 
choked at both the relief valve nozzle and the relief valve exit.  For Region B, the flow is 
only choked at the relief valve nozzle, but not at the relief valve exit where the flow is 
subcritical.  In Region C, the flow is neither choked at the relief valve nozzle nor the 
relief valve exit.  The equations derived thus far can now be utilized to develop 
expressions for the boundaries between these regions. 
 



9.1 Boundary between Region A and Region B 
 

For the boundary between Region A and Region B, the relief valve exit pressure is 
compared to the backpressure to determine if the flow is choked or unchoked.  First, 
Equation (28) is utilized to calculate the relief valve exit pressure.  Then the following 
two criteria are used to determine the flow condition at the relief valve exit plane. 
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To determine the thrust force parameter at the boundary between Region A and 

Region B, Pe is set equal to Pb in Equation (28).  The resulting expression is combined 
with Equation (30) to yield the desired expression, Equation (56). 
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This equation describes the horizontal line between Region A and Region B on the 

Simpson Charts shown in Figure 1.  This boundary is independent of the backpressure 
until the backpressure becomes high enough to unchoke the relief valve exit. 
 

9.2 Boundary between Region B and Region C 
 

For the boundary between Region B and Region C, the Simpson Chart compares the 
nozzle choking pressure, Equation (36), directly to the backpressure.  The result is the 
vertical line between Region B and Region C shown in Figure 1.  This assumes that there 
is no pressure drop between the relief valve body and the relief valve exit plane when the 
relief valve outlet is unchoked.  A different approach is utilized here.  The body pressure 
is compared against the nozzle choking pressure instead. 
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Equation (36) is still utilized to calculate the nozzle choking pressure.  The body 

pressure is calculated by utilizing Equation (59), which is an alternate form of Equation 
(42) with the exit pressure set equal to the backpressure. 
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An expression for the boundary between Region B and Region C is obtained by 

setting Equation (36) equal to Equation (59).  Algebraic manipulation yields the desired 
result. 
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For a given heat capacity ratio and nozzle to outlet area ratio, Equation (60) yields the 

backpressure coordinate of the boundary between Region B and Region C.  Backpressure 
ratios equal to or greater than the value obtained by this equation will result in an 
unchoked relief valve nozzle.  For the relief valve nozzle to remain choked, the actual 
backpressure must be less then backpressure calculated via Equation (60). 

To determine the thrust force parameter at the boundary between Region B and 
Region C, Equation (53) is combined with Equation (59).  This yields the following 
expression. 
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This equation along with Equation (60) is used to map the new boundary between Region 
B and Region C. 

It is interesting to note what happens to Equation (60) as the ratio of the outlet area to 
the nozzle area becomes very large.  Under these circumstances, the third term in 
Equation (60) approaches zero and the expression simplifies to the following equation. 
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This is the equation that yields the vertical boundary line between Region B and 

Region C in the original Simpson Charts.  Here, however, it only represents the boundary 
point for very large outlet to nozzle area ratios. 
 



10.  MINIMUM OUTLET TO NOZZLE AREA RATIO CONCEPT 
 

Before describing the details of a minimum area ratio, a simple “thought” experiment 
is appropriate.  Let us assume there are two equal diameter ideal frictionless nozzles in 
series, separated by a plenum and operating under steady state conditions.  The flowing 
fluid is assumed to be a perfect gas.  In addition, let us assume that the backpressure is 
low enough to assure choking at the downstream nozzle.  Based on mass flow continuity 
at steady state conditions, the mass flux times the cross-sectional area for both nozzles 
must be equal.  Since the diameters of both nozzles are equal, the mass flux through the 
upstream nozzle must be equal to the mass flux through the downstream nozzle.  
However, the pressure in the plenum between the two nozzles must also be lower than the 
stagnation pressure feeding the upstream nozzle.  If the upstream nozzle is choked, the 
mass flux through this nozzle must be greater than the mass flux through the downstream 
nozzle.  This is a logical inconsistency.   Therefore, if the cross-sectional areas of both 
nozzles are equal and the downstream nozzle is choked, the upstream nozzle must be 
unchoked. 

Obviously, the same conclusion is reached if the downstream nozzle has a cross-
sectional area smaller than the upstream nozzle.  Based on this “thought” experiment, 
there must be an outlet to nozzle area ratio greater than 1.0 where both the upstream and 
downstream nozzles cannot be choked.  Assuming that such an area ratio exists, the flow 
and pressure equations for Region A (Table 1) can be used to determine this minimum 
area ratio. 

The minimum outlet to nozzle area ratio is defined as follows. 
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Combining Equation (27) and Equation (28) leads to the following relationship 

between the body pressure and the stagnation pressure. 
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For the relief valve nozzle to be unchoked, the nozzle pressure must be equal to the 

body pressure, namely, Pn = P*.  By using this equality along with Equation (23) and 
Equation (60), the relationship for the minimum outlet to nozzle area ratio is obtained. 
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Pressure safety valves with outlet to nozzle area ratios less than those calculated via 

Equation (65) cannot choke at the main nozzle.  For heat capacity ratios of 1.001, 1.40, 
and 1.80, the minimum outlet to nozzle area ratios are 1.655, 1.892, and 2.132, 
respectively. 



If the equations for Region B are analyzed, the exact same result is obtained for the 
minimum outlet to nozzle area ratio.  The expression for the boundary between Region B 
and Region C, Equation (60), is examined.  For heat capacity ratios between 1.001 and 
2.00, this equation normally has two roots between a backpressure ratio of zero and a 
backpressure ratio of one.  If the left side of Equation (60) is set equal to a fictitious 
function, instead of zero, it can be shown that an extreme point exists between the two 
roots.  This is accomplished by setting the first derivative of the function equal to zero.  
This procedure results in the following expression for the backpressure ratio where the 
boundary function between Region B and Region C achieves an extreme point.  By 
examining the second derivative of boundary function, it is also determined that the 
extreme point is a minimum. 
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Therefore, it is possible for the boundary function to have only one root and possibly 

no roots.  Based on this, it is postulated that the minimum outlet to nozzle area ratio 
occurs when the boundary function is set equal to zero and evaluated at a backpressure 
ratio equal to the minimum point.  When this is done, Equation (65) is obtained.  Outlet 
to nozzle area ratios less than the value given by Equation (65) result in a boundary 
function between Region B and Region C that has no solutions.  The boundary function 
has only one root when the outlet to nozzle area ratio equals the value given by Equation 
(65).  Finally, the boundary function has two roots when the outlet to nozzle area ratio is 
greater than the value given by Equation (65). 
 
11.  REVISED THRUST FORCE CHARTS 
 

Based on the analysis shown in the previous sections, a revised thrust force chart is 
constructed.  For each heat capacity ratio, a different chart can be generated.  The thrust 
force chart for a gas or vapor with a heat capacity ratio of 1.4 is shown in Figure 3.  The 
identical thrust force chart, noting all pertinent equations, is shown in Figure 4. 

Figure 3 and Figure 4 can be easily compared with the original Simpson Chart, Figure 
1.  Differences include the following aspects: 
 

(1) The extent of Region A is limited by the existence of a minimum outlet to nozzle 
area ratio and this minimum value is greater than 1.0. 

(2) Region C has a complete set of thrust force curves that smoothly converge with the 
thrust force curves in Region B. 

(3) The boundary line between Region B and Region C is curved rather than a straight 
vertical line and this curve depends on the backpressure and the heat capacity ratio. 

 
Holding the relief valve outlet to nozzle area ratio constant and using the heat 

capacity ratio as a parameter can generate an alternate form of the thrust force chart.  This 
type of thrust force chart is shown in Figure 5 for a 4M6 pressure safety valve with an 
outlet to nozzle area ratio of 7.12.  The heat capacity ratio is varied from 1.001 to 1.80.   
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Figure 3.  Thrust Force Chart for a Compressible Gas or Vapor   
(k = 1.40 and Ae /An ≥ αm ) 
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Figure 4.  Thrust Force Chart for a Compressible Gas or Vapor 
(k = 1.40 and Ae /An ≥ αm ) 
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Figure 5. Thrust Force Chart - 4 M 6 PSV with Outlet to Nozzle Area Ratio of 7.12



12.  OTHER RELIEF VALVE THRUST FORCE EQUATIONS 
 

Other methods are available for calculating the thrust force when a relief valve 
actuates in compressible gas or vapor service.  Usually, these equations use nomenclature 
that is different than the nomenclature utilized in this paper.  Where possible, these 
alternate thrust force equations have been converted to the same nomenclature used here.  
 

12.1 API RP 520 Method for Pressure Safety Valve Thrust Force 
 

API RP 520 Part 2 [8] includes an expression for the reaction force on a pressure 
safety valve system in gas, vapor, or steam service.  The equation applies to those relief 
valves connected to an outlet pipe discharging to atmosphere, which contains one 90-
degree long radius elbow and a vertical pipe oriented in the upward direction.  The thrust 
force in this case is established at the end of the discharge pipe in a direction opposite to 
the discharging fluid.  The equation includes the effects of both momentum and static 
pressure.  The English unit version of the API RP 520 formula is shown as Equation (67). 
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The following definitions and dimensions apply to this equation. 
 
TR is the thrust force [lbf] 
W is the mass flow [lb/h] 
T0 is the vessel stagnation temperature [°R] 
M is the molecular weight of the fluid [lb/lbmol] 
k is the heat capacity ratio [unitless] 
Ae is the cross-sectional area of the pipe outlet at the point of discharge [in2] 
Pe is the static pressure within the pipe outlet at the point of discharge [psig] 
 

API RP 520 Part 2 also shows the equivalent expression in metric units, which is 
given here as Equation (68). 
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The following definitions and dimensions apply to this equation. 
 
TR is the thrust force [N] 
W is the mass flow [kg/s] 
T0 is the vessel stagnation temperature [K] 
M is the molecular weight of the fluid [kg/kmol] 
k is the heat capacity ratio [unitless] 
Ae is the cross-sectional area of the pipe outlet at the point of discharge [mm2] 
Pe is the static pressure within the pipe outlet at the point of discharge [barg]  



If the numerical coefficient in the first term on the right side of Equation (68) is 
brought under the square root, it becomes apparent that this term is actually two times the 
universal gas constant.  If the cross-sectional area of the pipe outlet is taken in square 
meters and the static pressure within the pipe outlet is taken in absolute pressure units of 
Pascals, the numerical coefficient in the second term on the right side of Equation (68) 
disappears and the backpressure term can be added to the expression.  With these 
modifications, Equation (68) can be rewritten as Equation (69), where R is the universal 
gas constant.  In consistent units the value of R is 8314 Pa m3 / kmol-K.  
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Comparing Equation (69) to the basic thrust force expression, Equation (02), it 

becomes apparent that the square root term should be equivalent to the exit velocity at the 
pipe outlet.  This relationship is expressed as Equation (70). 
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An energy balance based on the adiabatic flow of a perfect gas from the vessel 

stagnation condition to the outlet of the discharge pipe yields the following expression.  
In this expression, Te is the temperature of the gas at the exit of the discharge pipe. 
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Substitution of Equation (71) into Equation (70) yields the following alternate 

expression for the exit velocity at the pipe outlet.  Equation (72) is the expression for the 
local speed of sound based on the flow of a perfect gas under adiabatic conditions. 
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From this analysis, it is apparent that the API RP 520 formula for thrust force 

assumes that the flow is choked at the exit plane of the safety relief valve discharge pipe.  
This is equivalent to Region A of the Simpson Charts.  The API RP 520 formula for 
thrust force does not apply when the flow is not choked at the exit plane, namely, 
conditions in Region B or Region C. 

API RP 520 does not give a relationship for the pressure at the exit of the discharge 
pipe.  However, since the flow in this model is assumed to be choked and is based on 
adiabatic conditions, the following expression is utilized for the exit pressure. 
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In addition to the above analysis, it can be shown that Equation (69) is identical to the 
thrust force expression derived in this paper for Region A, namely, Equation (30).  To 
obtain this result, convert Equation (69) to dimensionless form by dividing both sides of 
the expression by the vessel stagnation pressure and the pressure safety valve nozzle 
cross-sectional area.  Then eliminate the exit pressure by utilizing Equation (73).  Finally, 
use the expression for the critical mass flux, Equation (12), along with the perfect gas law 
and the expression for the critical pressure ratio for the isentropic flow of a perfect gas, to 
eliminate the mass flow. 
 

12.2 Crosby Pressure Relief Valve Engineering Handbook – Gas or Vapor Flow 
 

The Crosby Pressure Relief Valve Engineering Handbook [9] gives the following 
equations for the thrust force on a pressure safety valve that apply to gas or vapor flow. 
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English units are used in these equations and the variables are defined as follows. 
 
TR is the thrust force [lbf] 
Fg is the thrust force due to static pressure at the valve outlet [lbf] 
Kd is the relief valve nozzle discharge coefficient [unitless] 
An is the relief valve nozzle cross-sectional area [in2] 
P0 is the relieving or stagnation pressure [psia] 
k is the heat capacity ratio for the gas [unitless] 
An is the relief valve outlet cross-sectional area [in2] 
Kr is a correction factor for heat capacity ratios other than 1.4 [unitless] 
C is a coefficient given by Equation (76) 
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The Crosby Relief Valve Handbook indicates that if the value of Fg is less than zero, 

then Fg should be set to zero in Equation (74).  In addition, the Crosby Relief Valve 
Handbook indicates that the API effective orifice area should be used for An. 

The value for Kr is a function of the heat capacity ratio only and is given in the 
Crosby Relief Valve Handbook in the form of a table.  The value of Kr varies from a 
maximum of 1.15 when the heat capacity ratio is 1.01 to a minimum value of 0.84 when 
the heat capacity ratio is 2.0.  For a heat capacity ratio of 1.40, the value of Kr is exactly 
1.00. 
 



With a discharge coefficient of 1.00, the combination of Equation (74) and Equation 
(75) yields the following expression for the thrust force. 
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If the actual nozzle area is used instead of the API effective orifice area, the 

numerical coefficients in the first two terms on the right side of Equation (77) are 
increased by a factor of 1.10.  In addition, the mass flow can be introduced into Equation 
(77) by utilizing the standard expression for critical gas flow through a pressure safety 
valve with a discharge coefficient of 1.0. 
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With these two modifications, Equation (77) becomes Equation (79). 
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Comparing this equation with the API RP 520 formula for the pressure safety valve 

thrust force, Equation (67), it is apparent that the first term on the right side of both 
equations is equivalent.  If the effect of backpressure is included in the API RP 520 
formula, it is apparent that the second and third terms of Equation (79) are equivalent to 
the second term of Equation (67).  This relationship is illustrated in Equation (80). 
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If Equation (28) is substituted into Equation (80), the resulting relationship is only a 

function of the heat capacity ratio.  Comparing the calculated values of Kr based on this 
equation with the tabular values given in the Crosby Relief Valve Handbook, it becomes 
apparent that a constant multiplier of 1.25 is missing from Equation (80). Using this 
constant multiplier and Equation (28), the following equation reproduces the Kr values 
given by Crosby. 
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By combining Equation (79) and Equation (81), we obtain the following expression. 
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Equation (82) can be converted to dimensionless form by dividing both sides of the 

equation by the vessel stagnation pressure and the relief valve nozzle cross-sectional area.  
In addition, Equation (76) and Equation (78) can be used to eliminate the mass flow term 
in Equation (82).  The result is an alternate form of the formula for thrust force that can 
be directly compared with the thrust force formulation developed in this paper.  
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Comparing Equation (83) with the formula for the thrust force parameter for Region 

A, Equation (30), it is apparent that the formula given in the Crosby Relief Valve 
Handbook includes a 25% safety factor on that portion of the thrust force resulting from 
the discontinuity in static pressure at the outlet of the pressure safety valve.  In addition, 
the Crosby formula only applies to pressure safety valves that are choked at both the 
nozzle and the exit plane, namely, Region A.  The effect of high backpressure is not 
accounted for in the Crosby equations.  Clearly the thrust force developed when the relief 
valve is not choked at the relief valve exit plane cannot be predicted by the Crosby 
equations.   A plot of Equation (83) is shown in Figure 6.  A heat capacity ratio of 1.40 is 
used to generate the plot. 

To emphasize the differences, the Crosby expression, Equation (83), can be directly 
compared with the results for the thrust force equations developed in this paper.  For this 
comparison, a heat capacity ratio of 1.40 and a relief valve outlet to nozzle area ratio of 
6.0 is used.  The results for both methods are plotted in Figure 7. 
 
13.  EXAMPLE PROBLEM 1 
 

To illustrate the use of the revised thrust force charts and the associated equations 
developed in this paper, the following example, extracted from the CCPS Guidelines for 
Pressure Relief and Handling Systems [5], is utilized. To complete the comparison, the 
alternate methods of computing the thrust force that are given in this paper are also used. 

Consider acetone flowing through a typical 2J3 pressure safety valve.  Namely, the 
valve has a 2” nominal inlet, a J orifice designation, and a 3” nominal outlet.  The ASME 
actual nozzle area is 1.452 in2 and the ASME discharge coefficient is 0.864.  The valve 
outlet has an inside diameter of 3.068 inches (7.393 in2 or 0.004770 m2).  The pressure 
safety valve has a set pressure of 50 psig and operates with a 5 psi or 10% overpressure.  
Based on this, the relieving pressure is 55 psig or 69.7 psia.  For a relieving condition of 
69.7 psia, the CCPS example indicates a relieving temperature of 109.7 °C (382.85 K) 
with a corresponding heat capacity ratio of 1.102.  Acetone has a molecular weight of 
58.08 lb/lbmole.  The backpressure immediately downstream of the pressure safety valve 
exit plane is 5 psig or 19.7 psia.  

The CCPS Book claims that the relieving rate for this relief valve under the operating 
conditions stated above is 8,429 lb/h (1.0619 kg/s).  The relieving rate is not 
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Figure 6. Thrust Force Parameter Utilizing the Crosby Method (k = 1.40, Kd = 1.0)
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Figure 7. Comparison - Crosby Method versus Methods Developed in this Paper 
(k = 1.40, Kd = 1.0, Ae /An = 6.0) 



needed if either the thrust force charts or their underlying equations are used to evaluate 
the thrust force.  However, several of the alternate methods given in this paper do require 
the relieving rate for the calculation of the thrust force. 
 

13.1 Methods Developed in This Paper 
 

Although the recommendation in this paper is to utilize the ASME actual nozzle area 
and a discharge coefficient of one for calculating the thrust force, the CCPS example 
reduces the nozzle area by multiplying by the ASME discharge coefficient.  To allow an 
equivalent comparison, the same approach is taken here. 

The outlet to nozzle area ratio and the backpressure ratio are calculated first.  The 
outlet to nozzle area ratio is above the minimum value for a gas with a heat capacity ratio 
1.102. 
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Determine the choking pressure at the relief valve exit by utilizing Equation (28).  
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Since the choking pressure at the relief valve exit plane is less than the given 

backpressure, the flow is unchoked at the relief valve outlet.  Therefore, the relief valve 
exit pressure is set equal to the backpressure.  In addition, the operating condition of this 
relief valve lies in either Region B or Region C on the thrust force chart. 

Now, determine the choking pressure at the relief valve nozzle by utilizing 
Equations (23). 
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The body pressure is determined by using Equation (59). 
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Since the calculated relief valve body pressure is less than the relief valve nozzle 

choking pressure (40.7 psia), the flow is choked at the relief valve nozzle.  Therefore, the 
operating point for this relief valve lies in Region B on the thrust force chart. 

Since the flow is choked at the relief valve nozzle and unchoked at the relief valve 
exit plane, Equation (43) is the correct expression for evaluating the thrust force 
parameter. 
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Now the thrust force can be calculated using the definition of the thrust force 

parameter, Equation (01). 
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This value can be compared with the Simpson Chart value of 20 lbf given in the 
CCPS book.  For an additional comparison, the alternate COMFLOW value of 21.2 lbf is 
also obtained from the CCPS Book. 
 

13.2 API RP 520 Method  
 

This method does not apply for this example, since the flow is subcritical at the 
pressure safety valve outlet.  This can be demonstrated by utilizing Equation (73). 
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This is very close to the value obtained by utilizing Equation (28).  As before, this 

calculation shows that the pressure at the exit plane of the pressure safety valve must fall 
to below the given backpressure for critical conditions to exist at the outlet. 
 

13.3 Crosby Method 
 

Again, this method does not apply for this example.  However, the thrust force is 
calculated anyway.  First, the pertinent parameters must be determined using Equation 
(76) and Equation (81).  If the Crosby Table for Kr were used instead, the same value 
would be obtained. 
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Now Equation (75) is used to calculate the thrust force due to static pressure at the 

valve outlet.  The result is a value less than zero, and therefore, the Crosby method sets 
Fg equal to zero.  Then Equation (74) is used to calculate the total thrust force. 
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The Crosby equation leads to a thrust force that is considerably larger than the thrust 

force calculated by using the methods developed in this paper. 
 
14.  EXAMPLE PROBLEM 2 
 

The same basic example is used here.  Except, a significantly higher stagnation 
pressure is utilized.  This higher stagnation pressure causes critical flow at the pressure 
safety valve exit plane, and therefore, the operating point lies in Region A of the thrust 
force chart. 

Again acetone is flowing through a typical 2J3 pressure safety valve.  The ASME 
actual nozzle area is 1.452 in2 and the ASME discharge coefficient is 0.864.  The valve 
outlet has an inside diameter of 3.068 inches (7.393 in2 or 0.004770 m2).  The pressure 
safety valve has a set pressure of 250 psig and operates with a 25.0 psi or 10% 
overpressure.  Based on this, the relieving pressure is 275 psig or 289.7 psia.  The 
saturation temperature of acetone at this pressure is 179.8 °C (452.95 K) and the heat 
capacity ratio is 1.333.  The molecular weight is again 58.08 lb/lbmole.  The 
backpressure immediately downstream of the pressure safety valve exit plane is still 5 
psig or 19.7 psia. 
 

14.1 Methods Developed in This Paper 
 

As in Example 1, the ASME discharge coefficient is applied.  The outlet to nozzle 
area ratio and the backpressure ratio are calculated first.  The outlet to nozzle area ratio is 
still above the minimum valve for a gas with a heat capacity ratio 1.333. 
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Determine the choking pressure at the relief valve exit by utilizing Equation (28).  
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Since the choking pressure at the relief valve exit plane is greater than the given 

backpressure, the flow is choked at the relief valve outlet.  Therefore, the relief valve exit 
pressure is set equal to the exit choking pressure.  In addition, the operating condition of 
this relief valve lies in Region A on the thrust force chart. 

Check the choking pressure at the relief valve nozzle by utilizing Equations (23). 
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The body pressure is determined by using Equation (59). 
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Since the calculated relief valve body pressure is less than the relief valve nozzle 

choking pressure (156.4 psia), the flow is choked at the relief valve nozzle.  Therefore, it 
is confirmed that the operating point for this relief valve lies in Region A on the thrust 
force chart.    

Since the flow is choked at the relief valve nozzle and choked at the relief valve exit 
plane, Equation (30) is the correct expression for evaluating the thrust force parameter. 
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Now the thrust force can be calculated using the definition of the thrust force 

parameter, Equation (01). 
 

( )( )( )( ) NlbT fR 3.388,11.312864.0452.17.2898587.0 ===  
 



14.2 API RP 520 Method  
 

For this example, the API RP 520 method does apply, since the flow is choked at the 
pressure safety valve outlet.  Since the stagnation condition is different, a new relieving 
rate must be determined.  This is accomplished by utilizing Equation (76) and Equation 
(78).  However, as in Example 1, the ASME discharge coefficient is utilized. 
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Now use Equation (73) to determine the exit pressure. 
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Again, this is very close to the value obtained by utilizing Equation (28) from the 

methods described in this paper.  This calculation shows that the pressure at the exit plane 
of the pressure safety valve is higher than the backpressure of 19.7 psia (135,827 Pa).  
Therefore, the flow is choked at the outlet. 

Now Equation (68) can be utilized for calculating the thrust force. 
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This is essentially the same result obtained by utilizing the methods described in this 

paper. 
 

14.3 Crosby Method 
 

The Crosby method applies for this example since the flow is choked at both the 
pressure safety valve nozzle and exit plane.  First, the Kr must be determined using 
Equation (81). 
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Now Equation (75) is used to calculate the thrust force due to static pressure at the 
valve outlet.  In this case the value obtained for Fg is greater than zero.  Then Equation 
(74) is used to calculate the total thrust force. 
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The Crosby equation leads to a thrust force that is somewhat larger than the thrust 

force calculated by using the methods described in this paper.  This is primarily due to 
the 25% safety factor described in the main discussion on the Crosby method. 
 
15.  ASSUMPTIONS AND LIMITATIONS 
 

In order to derive the equations shown in this paper, several assumptions were 
necessary.  These assumptions limit the applicability of these equations.  Therefore, apply 
these equations with care when conditions fall outside of the stated limitations. 

In developing the flow models, the following primary assumptions concerning the 
fluid and its flow characteristics were made. 
 
(1) The fluid obeys the perfect gas law. 

  
(2) The flow through the entire relief valve is adiabatic, namely, heat is neither lost nor 

gained by the fluid as it flows from the vessel stagnation condition to the relief valve 
exit. 

 
(3) The flow through the entire relief valve is frictionless. 
 
(4) The flow from the vessel stagnation condition to the relief valve nozzle is isentropic. 
 
(5) The fluid stagnates in the relief valve body. 
 
(6) The flow from the relief valve body to the relief valve exit plane is isentropic. 
 
(7) The heat capacity ratio for the gas is held constant throughout the expansion process, 

namely, is independent of decreasing pressure and decreasing temperature. 
 

For the most part, these seven assumptions do not severely limit the applicability of 
the charts or their underlying equations. 
 



Deviations from the perfect gas assumption in terms of compressibility factors less 
than one would tend to increase the capacity of the relief valve, and therefore, increase 
the thrust force.  However, at low to moderate pressures, the increase is relatively small.  
The assumption of perfect adiabaticity is a standard technique in the study of 
compressible gas flow and deviations are usually minor.  Based on measured values of 
flow through standard relief valves under choking conditions in the relief valve nozzle, it 
is quite apparent that deviations from isentropic flow are minor and these deviations tend 
to decrease the capacity of the relief valve, and therefore, the thrust force.  Generally 
speaking, the flow path through the relief valve nozzle is short, and therefore, frictional 
effects are small.  Based on Figure 5, it is apparent that the thrust force parameter is 
relatively insensitive to the gas heat capacity ratio. 

However, the assumptions that the gas stagnates after entering the relief valve body 
and that isentropic flow occurs from the relief valve body to the relief valve outlet are 
tentative.  As mentioned before, the relief valve body has a very complex geometry.  This 
complex geometry causes the relieving fluid to have a complex flow pattern.  The fluid 
must change direction several times and there are certainly some frictional effects within 
the relief valve body.  However, by making these two assumptions, analytical expressions 
can be developed and these expressions yield interesting information and valuable insight 
about a rather complex problem.  More complicated methods can certainly be utilized to 
analyze the body of the relief valve.  However, these added complexities will certainly 
require a more detailed description of the geometry within the relief valve body and will 
almost certainly require numerical methods for computations.  Therefore, when using the 
models presented in this paper, due consideration must be given to how these two 
assumptions may alter the calculated results. 

  It is assumed that the net force at the relief valve nozzle is zero since the relief valve 
disk acts as a thrust plate that transfers the momentum of the flowing fluid to the relief 
valve mounting nozzle.  The pressure discontinuity that may exist at the relief valve 
nozzle is balanced by the relief valve mounting nozzle as well. 

The thrust force equations in the Crosby Relief Valve Handbook incorporate a relief 
valve discharge coefficient.  This discharge coefficient accounts for the difference in 
mass flow between a theoretical nozzle and real nozzle.  For critical flow of a 
compressible gas through a relief valve, the measured discharge coefficient has a typical 
value between 0.94 and 0.98.  The discharge coefficient reduces the predicted flow 
through the relief valve, and therefore, when used in a thrust force formulation would 
tend to reduce the calculated thrust force.  The charts and the underlying equations given 
in this paper assume a discharge coefficient of 1.0.  Therefore the thrust forces calculated 
using the charts are slightly conservative in this respect. 

The thrust force parameters obtained from the equations in this paper yield ideal 
theoretical thrust forces.  The real thrust force will probably be larger.  The derivations 
assume steady state flow through the relief valve.  This is almost never true.  Flow 
through a relief valve is almost always dynamic, with the relief valve opening and 
closing, sometimes over very short periods of time.  This dynamic behavior tends to 
increase the reaction forces through harmonic effects.  It is common practice to multiply 
the thrust force values obtained from the equations presented in this paper by a Dynamic 
Load Factor (DLF).  The DLF has a maximum theoretical value of 2.0 and, in most 
installations, this maximum value can be applied without severe cost implication [10]. 
 



16.  OPEN LITERATURE METHODS FOR PSV THRUST FORCES 
IN GAS/VAPOR SERVICE 
 

Table 4 below summarizes the status of the thrust force methods for gas or vapor 
pressure safety valves in several of the major open literature sources.  Most of these do 
not include a method when the pressure safety valve exit is unchoked and none include a 
method when both the nozzle and outlet are unchoked.  Some are even in error. 
 
Table 4. Summary of Open Literature Methods for Pressure Safety Valve Thrust 
Forces in Gas/Vapor Service 

Literature Method Region 
A 

Region 
B 

Region 
C Remarks 

DIERS Project Manual [3] Correct 
Equation

Graph 
Only 

Not 
Included  

DIERS Project Manual Errata [4] Incorrect 
Equation

Incorrect 
Equation

Not 
Included 

Probably a 
Typographical 
Error 

CCPS Guidelines for ERS [5] Graph 
Only 

Graph 
Only 

Not 
Included  

HSE Workbook [6] Incorrect 
Equation

Not 
Included 

Not 
Included 

Probably a 
Typographical 
Error 

API RP 520 [8] Correct 
Equation

Not 
Included 

Not 
Included 

No Equation for 
Exit Pressure 

Crosby Relief Valve Handbook [9] Correct 
Equation

Not 
Included 

Not 
Included 

Includes a 25% 
Safety Factor 

 
NOTE TO READERS 
 

The author has also extended the methods shown in this paper to outlet to nozzle area 
ratios less than the minimum value given by Equation (65).  The results are consistent 
with the results shown in the preceding discussions.  This information was not included 
here since relief valves rarely, if ever, have nozzle to outlet area ratios less than the 
minimum.  Interested readers are welcome to contact the author for additional 
information. 
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A very special acknowledgement must also be extended to Mr. Jim Huff who 
reviewed the present paper and provided extremely beneficial feedback on some of the 
detailed technical aspects of the proposed methods [11].  Huff maintains that the trust 
force at the relief valve outlet can be determined without specifying the flow path within 
the relief valve body.  In other words, the assumption of isentropic flow from the relief 
valve body to the relief valve exit is unnecessary.  Instead, simply considering adiabatic 
flow from the relief valve nozzle to the relief exit in conjunction with isentropic nozzle 
flow from the stagnation condition to the relief valve nozzle and a continuity equation 
should be sufficient for calculating the thrust force. 

Based on this insight, the author of the present paper developed the set of 
corresponding equations shown in Table 5. 
 
Table 5. Isentropic Relief Valve Nozzle and Adiabatic Relief Valve Body 

Common Equations for Regions A and B 
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In Table 5, the following nomenclature is used for any newly introduced variables 
and parameters.  All previously introduced nomenclature still applies. 
 
Tn Temperature at the throat of the relief valve nozzle [K] 
Te Temperature at the relief valve exit plane [K] 
Mn Mach number at the throat of the relief valve nozzle [unitless] 
Me Mach number at the relief valve exit plane [unitless] 
use Local speed of sound at the relief valve exit plane [m/s] 
 

All of the equations in Table 5 are independent of the flow path through the relief 
valve body.  In other words, neither the relief valve body pressure (P*) nor the fluid 
density in the relief valve body (ρ*) appears in these expressions.   Yet this set of 
equations, when combined properly yield the exact thrust force equations derived in the 
present paper for both Region A, Equation (30) and Region B, Equation (43).  This 
should be expected since the assumption of isentropic flow through the body is by 
definition also adiabatic.  However, this approach has disadvantages. 

Since the equations in Table 5 do not include the relief valve body pressure, the 
method offers limited insight into the effects of backpressure on the relief valve nozzle, 
namely, the BC boundary.  In addition, the potential problems associated with a 
minimum outlet to nozzle area ratio cannot be ascertained.  Finally, the equations for 
Region C cannot be derived. 

The Simpson chart shows the BC boundary as a vertical line.  This implies that there 
is no pressure drop between the relief valve body and the relief valve exit when the relief 
valve exit is unchoked.  This cannot be the case.  The assumption of isentropic flow from 
the relief valve body to the relief valve exit may be simplistic, but it definitely yields 
interesting information and a starting point for further analysis.  In considering the 
location of the BC boundary and its effect on the operation of a relief valve, the 
assumption of isentropic flow from the relief valve body to the relief valve exit is 
conservative.  The real BC boundary probably lies somewhere between the one obtained 
in the present paper versus the one shown on the original Simpson Charts. 

In Region C, the relief valve nozzle is unchoked.  There is no pressure discontinuity 
between the relief valve nozzle and the relief valve body.  The mass flow through the 
entire relief valve is now determined by the pressure loss aspects of both the relief valve 
nozzle, the relief valve body, and the relief valve exit.  Therefore, to evaluate the thrust 
force in Region C, a pressure loss model for the relief valve body is necessary. 
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Appendix A – Typical Relief Valve Geometries 
 

 
Nozzle 

Designation 

Typical Actual 
Nozzle Area 

in2 

Nominal Outlet 
Size 

inches 

Outlet Inside 
Diameter  
(Sch. 40) 

inches 

Outlet to Nozzle 
Area Ratio 

unitless 
2.5 2.469 36.5 D 0.131 2.0 2.067 25.5 

     
2.5 2.469 21.5 E 0.223 2.0 2.067 15.0 

     
2.5 2.469 13.5 F 0.354 2.0 2.067  9.5 

     
3.0 3.068             13.0 G 0.567 2.5 2.469 8.4 

H 0.886 3.0 3.068 8.3 

4.0 4.026 8.8 J 1.452 3.0 3.068 5.1 
     

6.0 6.065             13.9 K 2.073 4.0 4.026 6.1 
     

6.0 6.065 9.0 L 3.217 4.0 4.026 4.0 

M 4.060 6.0 6.065 7.1 

N 4.894 6.0 6.065 5.9 

P 7.195 6.0 6.065 4.0 

Q 12.46 8.0 7.981 4.0 

            10.0 10.02 4.4 R 18.04 8.0 7.981 2.8 

T 28.93            10.0 10.02 2.7 

T2 31.0            10.0 10.02 2.5 

U 31.5            10.0 10.02 2.5 

W 63.6            16.0 15.00 2.8 

W2 104.0            18.0 16.876 2.2 

X 113.1            20.0 18.812 2.5 

Y 143.1            24.0 22.624 2.8 

Z 176.7            24.0 22.624 2.3 
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PSV Thrust Force Fundimentals
( )beeeR PPAWuT −+= Basic Force Balance







 −

+=
000 P
PP

A
A

AP
Wu

AP
T be

n

e

n

e

n

R

ee AGW =

e

e
e
G

u
ρ

=







 −

+=
00

2

0 P
PP

A
A

P
G

A
A

AP
T be

n

e

e

e

n

e

n

R

ρ

Dimensionless Form

Working Equation

Eliminate Mass Flow & Exit Velocity

Pressure 
DiscontinuityMomentum



Technology & Process

DIERS Users Group Meeting - October 2004 - Denver, CO Robert D’Alessandro, P.E.

Simpson Chart
Simpson Chart for PSV Thrust Force

k = 1.40

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70

Backpressure / Stagnation Pressure

Th
ru

st
 F

or
ce

 P
ar

am
et

er

Ae / An = 1.0 Ae / An = 2.0

Ae / An = 3.0 Ae / An = 4.0

Ae / An = 6.0 Ae / An = 10.0

Ae / An = 20.0 Ae / An = 45.0

Outlet Choke Boundary Nozzle Choke Boundary

Region A

Region B Region C

Nozzle - Unchoked
Exit - Unchoked

Nozzle - Choked
Exit - Choked

Nozzle - Choked
Exit - Unchoked

n

R

AP
T

0

n

e

A
A

0P
Pb



Technology & Process

DIERS Users Group Meeting - October 2004 - Denver, CO Robert D’Alessandro, P.E.

System Model

nnnnn uGPA ρ

eeeee uGPA ρ

W

bP

RT

0P 0ρ0T

k M

**** uTP ρ

Stagnation 
Condition

Back 
Pressure

Nozzle 
Condition

Mass 
Flow

Exit 
Condition

Body 
Condition

Thrust 
Force



Technology & Process

DIERS Users Group Meeting - October 2004 - Denver, CO Robert D’Alessandro, P.E.

Important Flow Expressions

( )hh
v

G −= 021 Isentropic Ideal Nozzle Mass Flux

Thermodynamics

2
1

cP
c dv

dPG






−= Isentropic Ideal Nozzle Critical Mass Flux

kk vPPv 00= For Perfect Gases

c
c

c
cc

c

c
c kP

G
orPk

v
kP

G ===
ρ

ρ
2

2 Local Choking Condition for a Perfect Gas



Technology & Process

DIERS Users Group Meeting - October 2004 - Denver, CO Robert D’Alessandro, P.E.

Important Flow Expressions

2

2

*
n

n
u

hh += Adiabatic Energy Balance to a Stagnant State

( )∫ ∫ −








−
=









−
==−

* *

** 11

T

T

T

T
npn

n n

TT
M
R

k
kdT

k
k

M
RdTChh

n

n
n

G
u

ρ
=

For Perfect Gases

n

nPkP
ρρ 






 +

=
2

1

*

* For Nozzle Choking 
Only



Technology & Process

DIERS Users Group Meeting - October 2004 - Denver, CO Robert D’Alessandro, P.E.

Region A Choked Nozzle / Choked Exit

e

n

n

e

n

e
nnee P

P
A
A

AGAG =⇒=
ρ
ρ

2

2

k
n

n
k

PP
ρρ

=
0

0

1

0 1
2 −









+
=

k
k

n

kP
P

n

nPkP
ρρ 






 +

=
2

1

*

*

k
e

e
k

PP
ρρ

=
*

*

1

* 1
2 −









+
=

k
k

e

kP
P

Continuity

Isentropic Flow

Nozzle Choking

Adiabatic Flow

Isentropic Flow

Exit Choking

enen PPP ρρρ **

6 Equations
6 Unknowns

Solve in Terms of 
Known Parameters

kAAPP neb0



Technology & Process

DIERS Users Group Meeting - October 2004 - Denver, CO Robert D’Alessandro, P.E.

Region A Choked Nozzle / Choked Exit
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Region B Choked Nozzle / Unchoked Exit
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Region B Choked Nozzle / Unchoked Exit
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Region C Unchoked Nozzle / Unchoked Exit
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Region C Unchoked Nozzle / Unchoked Exit
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Simpson Chart - Revisited
 

Simpson Chart for PSV Thrust Force
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Simpson Chart - Revisited
Simpson Chart for PSV Thrust Force
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Boundary AB Conditions

Choking versus No Choking at Exit
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Boundary BC Conditions
Choking versus No Choking at Nozzle
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Simpson Chart - Revisited
Simpson Chart for PSV Thrust Force
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Typical PSV Characteristics
Typical API Ratio Inlet Outlet
Actual Standard Standard Nominal Nominal Inside Inside
Orifice Orifice to Inlet Outlet Diameter Orifice / Inlet Diameter Orifice / Outlet Outlet / Orifice

Orifice Area Area Actual Size Size (Sch 40) Area Ratio (Sch 40) Area Ratio Area Ratio
Designation in2 in2 unitless inches inches inches unitless inches unitless unitless

1.0 2.0 1.049 0.152 2.067 0.039 25.6
1.5 2.0 1.610 0.064 2.067 0.039 25.6
1.5 2.5 1.610 0.064 2.469 0.027 36.5
1.0 2.0 1.049 0.258 2.067 0.066 15.0
1.5 2.0 1.610 0.110 2.067 0.066 15.0
1.5 2.5 1.610 0.110 2.469 0.047 21.5
1.5 2.0 1.610 0.174 2.067 0.105 9.5
1.5 2.5 1.610 0.174 2.469 0.074 13.5
1.5 2.5 1.610 0.279 2.469 0.118 8.4
2.0 3.0 2.067 0.169 3.068 0.077 13.0
1.5 3.0 1.610 0.435 3.068 0.120 8.3
2.0 3.0 2.067 0.264 3.068 0.120 8.3
2.0 3.0 2.067 0.433 3.068 0.196 5.1
2.5 4.0 2.469 0.303 4.026 0.114 8.8
3.0 4.0 3.068 0.196 4.026 0.114 8.8
3.0 4.0 3.068 0.280 4.026 0.163 6.1
3.0 6.0 3.068 0.280 6.065 0.072 13.9
3.0 4.0 3.068 0.435 4.026 0.253 4.0
4.0 6.0 4.026 0.253 6.065 0.111 9.0

6.0 8.0 6.065 0.624 7.981 0.361 2.8
6.0 10.0 6.065 0.624 10.020 0.229 4.4

D 0.131 0.110 0.840

E 0.223 0.196 0.879

F 0.354 0.307 0.867

G 0.567 0.503 0.887

H 0.886 0.785 0.886

J 1.452 1.287 0.886

K 2.073 1.838 0.887

L 3.217 2.853 0.887

M 4.060 3.600 0.887 4.0 6.0 4.026 0.319 6.065 0.141

N 4.894 4.340 0.887 4.0 6.0 4.026 0.384 6.065 0.169

P 7.195 6.380 0.887 4.0 6.0 4.026 0.565 0.249

Q 12.46 11.05 0.887 6.0 8.0 6.065 0.431

R 18.04 16.00 0.887

T 28.93 26.00 0.899 8.0 10.0 7.981 0.578 10.020 0.367

7.1

5.9

4.0

4.0

2.7

7.981 0.249

6.065
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API 520 Method

TR in lbf
W in lb/h
T0 in °R
Ae in in2

Pe in psig

English Version

( ) eeR PA
Mk

kTWT +
+

=
1366

0 Relief Valve 
Vents to 

Atmosphere

TR in N
W in kg/s
T0 in K
Ae in mm2

Pe in barg

Metric Version

( ) eeR PA
Mk

kT
WT 1.0

1
129 0 +

+
=

( ) ( )beeR PPA
Mk

kRT
WT −+

+
=

1
2 0 TR in N

W in kg/s
T0 in K
Ae in m2

Pe in PaR = Gas Constant (8314 Pa m3 / K kmol
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API 520 Method

( )Mk
kRT

ue 1
2 0

+
=Comparing to 

Basic Thrust Force Equation

2
10 +

=
k

T
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e

Adiabatic Flow from 
Stagnation to Relief Valve Exit

Formula for Speed of 
Sound under 

Adiabatic Conditions
s

e
e u

M
kRT

u ==Therefore

API 520 Formula Only Applies to Region A

Algebraic Manipulation Converts the API 520 Formula to the 
Simpson Formula for Region A
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=API 520 Does Not Give a Formula for Exit Pressure
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Crosby Method
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Crosby Method
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Crosby Method
Crosby Equation for PSV Thrust Force

k = 1.40 & Kd = 1.0
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Crosby Method
Crosby Equation versus Simpson Equations for PSV Thrust Force

k = 1.40     Kd = 1.0     Ae/An = 6.0
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Summary of What is Out There

Region Region Region
Reference A B C Remarks

DIERS Project Manual Correct 
Equation Graph Only Not 

Included

DIERS Project Manual Errata Incorrect 
Equation

Incorrect 
Equation

Not 
Included

Probably a Typos

CCPS Guidelines for ERS Graph Only Graph Only Not 
Included

HSE Workbook Incorrect 
Equation

Not 
Included

Not 
Included

Probably a Typo

API 520 Correct 
Equation

Not 
Included

Not 
Included

No Equation for Exit Pressure

Crosby Handbook Correct 
Equation

Not 
Included

Not 
Included

Includes 25% Safety Factor
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Concluding Remarks

Dynamic Load Factor (DLF)

Better Model for Region C

Extensions to Two-Phase Flow

Applications to “Body-Bowl” Choking
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Practical Guidelines for Dealing with 
Excessive Pressure Drop in Relief Systems

Georges A. Melhem, ioMosaic Corporation
and 

Harold G. Fisher, Fisher Inc.
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Overview

• A large fraction of existing relief device installations suffer from 
excessive pressure loss (inlet and/or outlet)

• Excessive pressure loss can lead valve instability and possibly 
valve failure

• Operating companies are faced with significant upgrade/mitigation 
costs

• We examine key factors leading to valve instability and provide 
some practical guidance on mitigation options
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Chatter, Flutter, Simmering, 
and Blowdown

• Chatter is an abnormal rapid reciprocating motion of the movable
parts of a pressure relief valve in which the disc contacts the seat

• The impact on the seat is usually very strong, and therefore can
damage the valve. Chatter can occur in either vapor or liquid service

• Flutter is the same reciprocating motion, but the disc does not 
contact the seat

• Simmering is the audible or visible escape of fluid between the seat 
and disc at an inlet static pressure below the popping pressure and 
at no measurable capacity

• Blowdown is the difference between the popping pressure and 
reseating pressure expressed either as a percentage of the popping 
pressure or in pressure units
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Relief Valve Model: Force 
Dynamics During Flow

Pressure relief valve Operation: Vapor/Gas Service. Source API RP 520
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Relief Valve Model: Force 
Dynamics During Relief

Source API RP 520
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It is Not a Perfect Valve!

Vessel

Relief
Device
Inlet

Pv

Pi

∆Pf

L

2Chatter
o

Lt
c

≈

Co = speed of sound in fluid

For short pipe lengths, tchatter may be 
smaller than the actual valve 
opening or closing time

The valve can close due to excessive 
inlet pressure loss or excessive 
backpressure development

∆Pnozzle

nozzle safetymarginBlowdown ( )

7% 3% 4%
fP P P≈ ∆ + ∆ + ∆

≈ +
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It is Not a Perfect Valve

• The momentum exchange between the fluid impinging on disk 
surface and the disk is an important factor

• If the fluid characteristic chatter time is less than the valve closure 
time, the valve will flutter and not chatter

• If the fluid characteristic chatter time more than the valve closure 
time, the valve will chatter

• If the fluid characteristic chatter time is equal to the valve closure 
time, the valve will chatter with increased severity due to acoustic 
coupling
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Relief Valve Model: Set 
Pressure

• Ps = Set pressure

• Fs0 = Spring force preload 

• ks = Spring rate

• x0 = Pre-compressed spring length

• Fr = Coulomb friction force. Fr acts in the direction opposite 
to that of spool motion. Fr contributes to the hysteresis 
exhibited by the valve during opening and reseating.

• As = Spool area normal to flow

0 0s r s r
s

s s

F F k x FP
A A
± ±

= =
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Relief Valve Model: Force 
Balance During Flow

0( )

2 cos

if 0and if is negligible

s V sf r
V

s

sf f V V d V

s V s
V s

s s f V

s V
V s f V

s

k x x F F
P

A
F C P x DC C

k x AP P
A A C x

k xP P C x
A

π φ

+ + ±
=

= =

⎛ ⎞⎛ ⎞
= + ⎜ ⎟⎜ ⎟⎜ ⎟−⎝ ⎠⎝ ⎠

≈ ≈

• Fsf is the steady state flow force,  D is the spool 
diameter, Cv is the flow velocity coefficient, Cf is the 
flow force area gradient, Φ is the flow jet angle, Cd is 
the flow discharge coefficient, and Pv is the vessel 
pressure



Proprietary and Confidential. © 2003 ioMosaic Corporation. All rights reserved.101/27/2004

Relief Valve Model: Force 
Balance During Flow

0

fully open

( ) ( )

( , , ,...) at t 0, , at t t ,

V V
V s V B D B D r

V V B N D

dx dxdP A k x x P A P A A F m b
dt dt dt

dA f x P P A A A A
dt

⎛ ⎞= + + − − ± + +⎜ ⎟
⎝ ⎠

= = = = =

• m is the spool mass plus 1/3 mass of 
spring

• b is the viscous damping coefficient

• The above equation can be solved 
numerically if a suitable value for dAN/dt is 
provided for valve opening and closing

• This is difficult because the pressure 
profile on the disk surface is non-uniform

• These equations can be used to estimate 
the opening/closing time of the relief 
device and can be integrated with vessel 
balances used to establish Pv as a 
function of time, etc.
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Relief Valve Model: Force 
Balance During Flow
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Sample Calc
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Sample Calc
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Sample Calc
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Typical Causes of Chatter

• PRV oversized for installation

» Flow is < 25 % of rated capacity

» Valve is handling widely different rates

• Inlet piping has excessive length. Pinlet = Pvessel – ∆Ploss <= Pblowdown

• Inlet piping is undersized for PRV (Starving PRV)

• Outlet piping has excessive length

• Outlet piping is undersized for PRV

• Upper adjusting ring too high
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Chatter Solutions

• Avoid turns, elbows and sharp area reductions in inlet and outlet lines

• Use long radius elbows

• Use larger piping

• If you cannot change the piping

» Increase blowdown (for example, 5 % inlet loss can be tolerated if blowdown is set at 7 
%)

» Install a smaller PRV or use a restricted lift valve

» Install a different type of PRV (for example, a pilot valve)

• Use multiple valves with staggered set pressures when the lowest required 
contingency rate is less than 25% of highest rate
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Inlet Line Considerations

• Inlet line size must be at least equal to PRV inlet flange size

• Inlet piping should slope continuously upward from vessel to avoid 

traps

• Inlet piping should be heat traced if freezing or congealing of 

viscous liquids could occur

• A continual clean purge should be provided if coke/polymer 

formation or solids deposition could occur

• Etc.
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Causes of Chatter

Anything wrong
here?

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.
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Causes of Chatter

Undersized
inlet piping

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.
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Causes of Chatter

Any concerns
here?

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.
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Causes of Chatter

Consider the pressure drop
from all these connections

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.
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Outlet Line Considerations

• Discharge line diameter must be at least equal to PRV outlet flange 
size

• Maximum discharge velocity should not exceed 75% of sonic 
velocity

• For flammable releases to atmosphere, minimum velocity should be
no less than 100 ft/sec

• Atmospheric risers should discharge at least 10 ft above platforms 
within 50 ft horizontally

• Radiant heat due to ignition of release should be considered
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Outlet Line Considerations

• No check valves, orifice plates or other restrictions permitted

• Atmospheric discharge risers should have drain hole

• Piping design must consider thermal expansion due to hot/cold 
release

• Auto-refrigeration and need for brittle fracture resistant materials

• Closed discharge piping should slope continuously downward to 
header to avoid liquid traps

• Etc.
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Quick Rules

• Enlarged inlet pipe diameter is almost always required for:

» 4P6, 6R8, 6R10, and 8T10

» All safety valves used in series with rupture disks

» 1.5H3, 2J3, 3L4, and 6Q8 with shutoff valve and L/D=5

• Enlarged outlet piping is almost always required for:

» 6R8 safety valves

» Conventional safety valves 3L4, 4P6, and 8T10 with a set pressure > 100 
psig and discharge pipe length more than 10 ft
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Outlet Line Considerations

Anything wrong
here?

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.
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Outlet Line Considerations

Discharge directed
downward

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.
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Outlet Line Considerations

Anything wrong
here?

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.



Proprietary and Confidential. © 2003 ioMosaic Corporation. All rights reserved.291/27/2004

Outlet Line Considerations

Discharge too
near deck

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.
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Outlet Line Considerations

Anything wrong
here?

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.
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Outlet Line Considerations

Long moment arm

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.
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Causes of Chatter

Anything wrong
here?

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.
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Causes of Chatter

Shipping plug still
in bellows vent

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.
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Anything Wrong Here ?

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.

Anything wrong
here?
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Anything Wrong Here?

Will these bolts hold
when the PRV relieves?

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.
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Causes of Chatter

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.

Anything wrong
here?
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Causes of Chatter

Bellows plugged
in spite of sign

Reference: Scott Ostrowski, SACHE Faculty Workshop, Sept 28th, 2003.
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Conclusions & 
Recommendations

• Restrict inlet pressure loss that can be tolerated to blowdown minus 
2 %*

» If blowdown is 10 %, inlet pressure loss that can be tolerated is 8 %

» If blowdown is 5 %, inlet pressure loss that can be tolerated is 3 %

• Adjust relief device blowdown and set points with care using a 
certified shop

• Increasing blowdown allows more backpressure tolerance but also 
reduces the flow capacity of the valve

*Unpublished work by Prof. Ron Darby suggests that at 7 % blowdown can tolerate an inlet loss of 5 %. Also see published data 
of K. A. Kastor, 1992.
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Chatter Program

• A chatter algorithm will be added to SuperChems

• Will Allow the user to test if chatter is possible with a specified 
piping layout
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Estimate Vibration Risk for Relief and Process Piping

G. A. MELHEM

ioMosaic Corporation

93 Stiles Road

Salem, New Hampshire 03079

1 Introduction

Fatigue failure of relief and/or process piping caused by vibration can develop due to the conver-

sion of flow mechanical energy to noise. Factors that have led to an increasing incidence of noise

vibration related fatigue failures in piping systems include but are not limited to (a) increasing

flow rates as a result of debottlenecking which contributes to higher flow velocities with a corre-

spondingly greater level of turbulent energy, (b) frequent use of thin-walled piping which results in

higher stress concentrations, particularly at small bore and branch connections, (c) design of pro-

cess piping systems on the basis of a static analysis with little attention paid to vibration induced

fatigue, (e) and lack of emphasis of the issue of vibration in piping design codes. Piping vibration

is often considered on an ad-hoc or reactive basis. According to the UK Health and Safety Execu-

tive (HSE), 21 % of all piping failures offshore are caused by fatigue/vibration. Typical systems at

risk include large compressor recycle systems and high capacity pressure relief depressuring sys-

tems. For relief and flare piping, flow induced turbulence and high frequency acoustic excitations

are key concerns.

2 Flow Induced Turbulence

Fluid flow in pipes generates turbulent energy (pressure fluctuations). Dominant sources of turbu-

lence are associated with flow discontinuities in the piping systems (e.g., partially closed valves,

short radius, mitered bends, tees or expanders). The level of turbulence intensity is a function of

pipe size, fluid density, viscosity, velocity, and structural support. High noise levels are generated

by high velocity fluid impingement on the pipe wall, turbulent mixing, and if the flow is choked,

shock waves downstream of flow restriction, which leads to high frequency excitation/vibration.

3 High Frequency Excitation

High frequency acoustic energy is often generated by a pressure reducing device such as a relief

valve, control valve, or orifice plate. Acoustic induced piping failure is of a particular concern

for safety related systems (e.g. relief and blowdown/depressuring). The severity of high frequency
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acoustic excitation is primarily a function of the pressure upstream and downstream of the pressure

reducing device, pipe diameter, and the fluid volumetric flow. Acoustically induced piping failures

are known to occur at non-asymmetric discontinuities in the downstream piping such as small bore

and branch connections and welded supports.

4 Additional Causes of Vibration

Additional causes of piping vibration include mechanical excitation, pulsation, vortex shedding,

surge or momentum changes associated with valves, cavitation, and flashing. Mechanical excita-

tions are often associated with pipes connected with reciprocating compressors, pumps, or rotating

machinery. Such connection machines cause vibration of the pipe and its support structure. Ther-

mowells are intrusive fittings and are subject to static and dynamic fluid forces. Vortex shedding is

the dominant concern as it is capable of forcing the thermowell into flow-induced resonance and

consequent fatigue failure. The latter is particularly significant at high fluid velocities.

5 Relief and Depressuring Systems

Depressuring systems are often subjected to acoustic energy (rapidly fluctuating pressure forces)

generated by flow turbulence which is accentuated by flow restricting devices within the flow path.

The magnitude of pressure fluctuations depends on the mass flow rate, speed of sound, and den-

sity. For choked flow, intense noise due to large shock discontinuities and pressure fluctuations

is generated. The generated noise is non-periodic due to the randomness of the pressure fluctua-

tions. Choked flow typically leads to a wide frequency spectrum with peak values than can exceed

1000 Hz. Vibrations associated with small fittings and branch connections are of special concern

because they introduce discontinuities and stress concentration points.

In many situations resonance can onset which can lead to magnification of static piping loads up

to a factor of 50 times. The presence of discontinuities such as tees and welded pipe supports can

further increase these loads.

6 Noise Generation

A pressure reducing device or relief device controls flow by converting internal energy into kinetic

energy. Some energy is converted to heat through friction (viscous forces) by intense turbulence

and shock formation. Some of the energy is also transferred to the pipe wall as vibration, and a

portion of this is radiated as noise. The primary noise generating mechanism is the confined jet of

fluid formed between the upstream and downstream locations. Flow noise can be modeled as noise

of a confined jet. As a result, the noise-generation mechanisms are turbulent mixing, turbulence

boundary interaction, shock, shock/turbulence interaction and flow separation.

Since the noise is generated downstream of a flow restriction, most of the acoustic energy is ra-
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diated to the downstream piping, which becomes the transmitting medium. As the noise travels

downstream along the inside of the pipe in the fluid it radiates through the pipe wall along its entire

length.

7 How to Calculate Sound Power Level

We can calculate the sound power level in a fundamental way by assigning an efficiency factor to

provide the fraction of flow mechanical energy that is converted to noise:

W = η
1

2
ṁu2 (1)

LW = 10 log10

[

W

10−12

]

= 10 log10W + 120 = 10 log10

[

η
1

2
ṁu2

]

+ 120 (2)

where W is the flow mechanical power or energy, LW is the sound power level in dB, and η is

defined as the acoustical efficiency factor. If the flow is choked, then W becomes:

W = η
1

2
ṁu2

sonic (3)

If a value of η can be estimated for single and multi-phase flow, then the sound power level can

be easily calculated not only for pressure reducing devices but also for pipe flow. Attenuation due

to friction and temperature changes can be calculated from pipe flow equations in a more detailed

manner. Computer codes such as SuperChems can then calculate the sound power level at every

axial location for flow piping for single and multi-phase flow.

For incompressible flow, the value of flow velocity for an ideal nozzle can be calculated from the

mechanical energy balance:

u =

√

2

ρl
∆P (4)

Substituting the above equation for u in Equation 1 yields the following Equation for W for liquid

flow through an ideal nozzle:

W = ηṁ
∆P

ρl
(5)

For liquid flow, a typical value of η is approximately 10−8.

All gas flow acoustic efficiencies have been reported to approach 1 % of the total flow mechanical

energy for rockets [4]. This is illustrated in Figure 1. When the acoustic efficiency is plotted against

the flow mechanical power Figure 1 is obtained. The measured curve indicates that the acoustic

efficiency falls off as the flow mechanical energy gets larger while the calculated curve [5] indicates

increasing acoustic efficiencies.
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Figure 1: Acoustic Efficiency Trends

Two-phase flow sound power level can also be calculated using Equation 1. Recent work by

Singh et al. ( [6], [7]) demonstrated that more attenuation of noise is exhibited by two-phase flow.

Therefore, using the gas acoustic efficiency values will overpredict sound power and noise levels

for two-phase flow.

8 Existing Methods and Guidance

Current API, AIChE/CCPS, and AIChE/DIERS pressure relief and flare systems guidelines and

standards do not formally address vibration risk. They do not offer specific guidance on velocity

limitations other than backpressure calculations and they do not offer guidance on acoustic induced

or turbulence induced piping vibration fatigue failure. The Marine Technology Directorate Lim-

ited (MTD) has published in 1999 ”Guidelines for the Avoidance of Vibration Induced Fatigue in

Process Pipework” [8]. A second edition of these guidelines were published in 2008 by the Energy

Institute [9]. The methods outlined in these guides have been incorporated in the SuperChems Ex-

pert ioVIPER modules. The MTD/Energy Institute guidelines provide qualitative and quantitative

methods for the assessment of piping vibration failure risk and depending on the calculated risk

level they provide generic guidance for the mitigation of vibration risk.

Many operating companies have established their own internal guidance for evaluating and mini-

mizing piping vibration risk. Although these criteria vary from company to company, they all in
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general include a limit of flow velocity in some form.

A common criteria used in relief systems is to limit the value of flow Mach number to a limiting

value ranging from 0.3 to 0.9:

0.3 ≤ M =
u

usonic
≤ 0.9 (6)

Another common criteria often encountered is to limit the dynamic pressure component or kinetic

energy of a flow stream to a value of 100,000 Pascals for gas flow:

ρu2 ≤ 1 × 105 kg/m/s2 (7)

and 50,000 for two-phase flow:

ρu2 ≤ 1

2
× 105 kg/m/s2 (8)

The 2006 fifth edition of the NORSOK Process Design Standard P-001 limits the flow velocities

for all flare lines to ρu2 ≤ 200000 kg/m/s2 for single and multiphase flow. The piping for flare

headers and sub-headers are designed for a maximum Mach number of 0.6 and lines downstream

of pressure relief valves to the first sub-header are designed for a maximum Mach number of 0.7.

For process lines the maximum design velocity for gas pipes is limited to 60 m/s or u ≤ 175 1
ρ0.43

whichever is less. The maximum velocity for two-phase lines is limited to u ≤ 183 1
ρ0.5 or:

ρu2 ≤ 1832 ≤ 33489 kg/m/s2 (9)

9 The Method of Carucci and Mueller

Carucci and Mueller have published guidance for the estimation of sound power levels for control

valves and pressure reducing devices (see [10] and [11]).

LW = 10 × log10

[

(

P1 − P2

P1

)3.6

× ṁ2 ×
(

T1

Mw

)1.2
]

+ 126.1 (10)

= 10 × log10

[

4 ×
(

P1 − P2

P1

)3.6

× ṁ2 ×
(

T1

Mw

)1.2
]

+ 120 (11)

= 36 log10

(

P1 − P2

P1

)

+ 20 log10 (ṁ) + 12 log10

(

T1

Mw

)

+ 126.1 (12)

where P1 is the upstream pressure or source pressure, P2 is the downstream pressure, T1 is the

source temperature, ṁ is the mass flow rate, andMw is the molecular weight. Attenuation of noise

due to friction and heat conduction losses is estimated from the following equation:

LW,At = 0.06
L

Di
(13)
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where L is the pipe length and Di is the internal pipe diameter. For an L/D of 50 the attenuation

loss is 3 dB. Abrupt changes in flow area (expansion) in the piping can also lead to attenuation.

The decrease in sound power level can be estimated from the following equation:

LW,Ex = 2
(

D2

D1
− 1

)

(14)

where D2 > D1. A 3 dB reduction is typically applied to the flow leaving a tee in each direction

or entering into header or a large drum or vessel. The Carucci and Mueller Equation 12 is used by

the Energy Institute Guidelines for the assessment of failure likelihood for high frequency acoustic

excitation (see Pages 59-62 in [9]). Note that the Carucci and Mueller equation cannot be easily

applied to complex piping systems, multi-phase systems, and relief piping with multiple chokes.

Some companies also add 6 dB to the sound power level estimate when sonic flow exists at a

branch connection to account for amplified dynamic strain response.

9.1 Analysis of the Carucci and Mueller Data Set

Careful analysis of the Carucci and Mueller data set (see Table 1) indicates that the source pressures

were high enough to produce choked (sonic) flow through a flow limiting orifice or valve upstream

of the failure point further downstream, often at a branch or line connection. This important point

was missed by Eisinger who used the downstream (non-choked) flow velocity to establish his Mach

number based failure criterion. We were also able to reproduce Eisinger’s estimates of the original

Caruci and Mueller data set based on his published paper.

Carucci and Mueller provided enough data in their original paper to allow the calculation of the

upstream flow limiting flow area and choke point conditions (this is possible because they reported

the actual flow rates) as well as the conditions downstream of the flow limiting device in the

discharge piping. Note that the sound power level estimate upstream of the choke points should

be based on the pressure difference (or pressure ratio) of the source pressure and the choke point.

The sound pressure level downstream of the choke point (the primary cause of acoustic induced

fatigue failure in downstream piping of the choked point) should be based on the difference (or

pressure ratio) of the choke point and the shock discontinuity pressure downstream of the choke

point. The original equation proposed by Carucci and Mueller used the pressure difference (or

ratio) between the source pressure and the exit pressure downstream of the choke point. This

yields an overestimate of the sound pressure. This overestimate is somewhat tempered by the fact

that the pressure difference ratio to the source pressure is raised to the 3.6 power.

The following information was provided by Carucci and Mueller regarding the five failures and

two high vibrations cases observed in Table 1:

A Failure occurred during startup. Sonic velocity is achieved at the 6 inch branch connection of a

24 inch pipe run downstream of the recycle valve. The sound power level estimate considers

the combined acoustic energy generated by the letdown valve and the sonic condition at the

branch connection. Upstream pressure at branch connection estimated to be 98.8 psia.
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Table 1: Vibration Risk Data Set used by Carucci and Mueller and reproduced by Melhem
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B1/B2 This system consisted of a control valve letting down pressure to a safety valve / flare

header system. The failure occurred after five to ten hours of operation as a crack at a 10

inch branch connection to 28 inch header. Sonic velocity was achieved at both the control

valve and the 10 inch branch connection to the 28 inch flare header. As such, two pertinent

data points are established:

1. Acoustic energy within 10 inch line as generated by valve (not the failure point), and

2. Combined acoustic energy within 28 in header as generated by valve and sonic condi-

tion at the 10 in branch connection (the failure point).

C High vibrations, no failures.

D Failure during startup. Cracks were observed in a 24 inch line downstream of the compressor

recycle valve after twelve hours of operation. The cracks were near the branch connections

of a 6 inch line and a 3/4 inch drain valve and at an I-beam support welded to the pipe at the

elbow immediately downstream of the control valve.

E High vibration, no failures.

F Failure at severely undercut weld on 300 mm (12 in.) line made to fasten conduit support Clip.

Points of high stress concentration later eliminated.

G This system consisted of six, parallel, high pressure steam letdown valves, each with a down-

stream, three pass contra-flow attemporator and an in-line silencer. Failure of the 18 inch

attemporator shells occurred after four hundred hours of operation.

H This system included four parallel desuperheaters located downstream of control valves. Sev-

eral cracks developed in this system after two to three months of operation. Two to three of

the four letdown valves were discharging steam through a 10 inch connection to a 20 inch

header which swaged up to a 30 inch diameter. Longitudinal cracking occurred at the bot-

tom of the 20 inch header at a transverse guide 0.5 meters downstream of the fourth 10 inch

branch connection. In addition, a 1 inch bypass line for a block valve downstream of the third

letdown valve cracked and the 20 inch header cracked around a pressure tap downstream of

the transverse guide.

Table 1 compares the acoustic efficiencies implied in the Carucci and Mueller method (at the up-

stream choke point) vs. acoustic efficiencies established using IEC methods described later on in

this paper. The acoustic efficiencies implied by the Carucci and Mueller method at the upstream

choke point ranged from 0.1 to 5 percent while the IEC acoustic efficiency ranged from 0.67 to 1

percent. The Carucci and Mueller method is based on acoustic energy theories encompassing both

jet and choked flow noise as well as test data from work performed by Exxon research and engi-

neering. As discussed in later sections, the experience based failure criteria originally developed

by Carucci and Mueller can only be used with sound power levels calculated by Equation 12.

The implied acoustic efficiency by Equation 12 is proportional to the mass flow rate and inversely

proportional to u2:

η = 8
(

1 − P2

P1

)3.6 ( T1

Mw

)1.2 ( ṁ

u2

)

(15)
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If we consider the case of an ideal gas undergoing isentropic choked (sonic) flow through a re-

striction orifice, we can establish the following expressions for variables of interest at the choke

point:

T2 = 2
T1

γ + 1
(16)

P2 = P1

(

2

γ + 1

)
γ

γ−1

(17)

ρ2 =
P2Mw

RgT2

(18)

u2 =

√

γRgT2

Mw

(19)

ṁ = ρ2u2Ao (20)

Substituting the values of mass flow rate ṁ, choked flow velocity u2, and choke pressure P2 in

Equation 15, we obtain the following simplified expression for the Carucci and Mueller acoustic

efficiency after some algebraic manipulations:

η = (4.7950γ − 2.5882)
(

Mw

T1

)0.3

P1Ao (21)

Where Ao is the effective restriction orifice flow area in m2, P1 is the upstream pressure in bara,

T1 is the upstream temperature in Kelvin, and η is the calculated Carucci and Mueller acoustic

efficiency in percent. This expression shows that the Carucci and Mueller acoustic efficiency is

directly proportional to upstream pressure, and the restriction orifice flow area (flow rate). It can

be shown that the Carucci and Mueller acoustic efficiency produces unrealistic values for high

pressure systems, large flow area, and/or mixtures with high molecular weights.

If we consider the case of methane discharging through a restriction with an effective flow area of

0.1 m2, upstream temperature of 373.15 K, and an upstream pressure of 100 bara, the calculated

acoustic efficiency is:

η = (4.7950 × 1.282 − 2.5882)
(

16

373.15

)0.3

× 100 × 0.1 (22)

= 3.559 × 0.388 × 100 × 0.1 = 13.8% (23)

The same value can also be calculated by calculating ṁ, u2, P2, and η directly from the above ideal

gas flow equations and Equation 15:

T2 = 2
T1

γ + 1
= 2

373.15

1.282 + 1
= 327.05 K (24)

P2 = P1

(

2

γ + 1

)
γ

γ−1

= 100
(

2

1.282 + 1

)

1.282
1.282−1

= 54.9 bara (25)
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ρ2 =
P2Mw

RgT2
=

54.9 × 100000 × 16

8314 × 327.03
= 32.306 kg/m3 (26)

u2 =

√

γRgT2

Mw
=

√

1.282 × 8314 × 327.03

16
= 466.76 m/s (27)

ṁ = ρ2u2Ao = 32.306 × 466.76 × 0.1 = 1507.63 kg/s (28)

η = 8
(

1 − P2

P1

)3.6 ( T1

Mw

)1.2 ( ṁ

u2

)

(29)

= 8 × (1 − 0.549)3.6 ×
(

373.15

16

)1.2

×
(

1507.63

466.762

)

(30)

= 8 × 0.0568 × 43.78 × 69.2 × 10−4 (31)

= 0.1376 or 13.76% (32)

A similar equation to 21 can be derived for the acoustic efficiency downstream of the choke point:

η = (68.63 − 4.836γ)
[

1 − (1.0397 + 0.6096γ)
Pb

P1

]3.6 (Mw

T1

)0.3

P1Ao (33)

where Pb is the superimposed backpressure downstream of the choke point. Applying Equation 33

to the same example above we calculate an acoustic efficiency of 227 percent at a backpressure of

1 bara:

η = (68.63 − 4.836 × 1.282)
[

1 − (1.0397 + 0.6096 × 1.282)
1

100

]3.6 ( 16

375

)0.3

× 100 × 0.1

= 62.430 × 0.9359 × 0.388 × 100 × 0.1

= 226.70% (34)

It is evident from the actual data reported by Carucci and Mueller and from the above theoretical

proof that the acoustic efficiency used by Carucci and Mueller in their equation can produce unre-

alistic values, well in excess of 1 percent. Thus, it is recommended that the Carucci and Mueller

acoustic efficiency value be limited to a maximum of 2 percent if the calculated value exceeds 2

percent.

10 Failure Criteria

Several methods are now available for screening and analyzing the potential failure risk of piping

caused by vibration. These methods include:

• Experience Based - D/t method or D Method

• Experience Based - Mach number method (Not recommended)

• MTD methods

10



• Detailed structural dynamics methods

The experience based methods center around correlating likelihood of failure based on actual ex-

perience and/or test data. The most widely cited reference is that of Carucci and Mueller (see [10],

and [11]) for steel pipe.

Figure 2 illustrates the failure criteria developed originally by Carucci and Mueller and later mod-

ified by Eisinger. This failure criteria establishes a design sound power level vs. the ratio of pipe

diameter to thickness. This criteria is fundamentally better than the other criteria based on pipe

diameter only since thicker wall pipes are stronger than thinner wall pipes.

The original work by Carucci and Mueller suggests a limit provided by the following equation

(Figure 2):

LW,limit = 184.6 − 0.215
2Di

Do −Di

= 184.6 − 0.215
Di

δ
(35)

where δ is the pipe thickness.

The lower allowable limit developed by Eisinger also shown Figure 2 is given by the following

equation:

LW,limit = 173.6 − 0.125
2Di

Do −Di
= 173.6 − 0.125

Di

δ
(36)

The NORSOK standard published guidance in 2006 using the same equation for LW,limit as pro-

posed by Eisinger above.

Note that the above limits are based on sound power levels calculated using the source pressure and

the downstream exit pressure. We have recalculated the sound power levels based on the correct

pressure ratios downstream of the choke point. This data is shown in Figures 3, 4, and 5.

Another design limit criterion that was originally proposed by Carucci and Mueller is based on

pipe diameter only for steel pipe. This criterion applies to pipe diameters ranging from 10 inch

to 36 inch (approximately between 200 mm to 800 mm) and with wall thicknesses ranging from

0.219 in to 0.439 in (approximately 5.5 mm to 10 mm). The design limit is shown in Figure 3 for

the corrected data and can be approximated by:

LW,limit = 192.8 − 9.8 lnD (37)

where D is the nominal pipe diameter in inches and LW is the sound power limit in dB.

The design limit correlations developed in this paper can be used with computer programs such as

SuperChems Expert which calculates the sound power level at every axial locations for single and

multiphase flow to decide if the steel piping inside diameter to thickness ratio exceed the allowable

limits as shown by Figure 6.

11



Figure 2: Piping failure limit as originally proposed by Carucci and Mueller and by Eisinger for

steel pipe

11 Other Methods for Calculating η

The simplest method for calculating η is to assume the same efficiency as an expanded jet (see

Figure 7) and apply it equally to single and multi-phase flow. The efficiency shown in Figure 7 is

the same as is currently used by API for the estimation of flare noise.

The efficiency is related to the flow pressure ratio and the flow regime as well. IEC calculates

the efficiency based on five different flow regimes (see Figure 8) depending on the value of the

downstream pressure, P2:

Regime I The flow is sub-sonic. The sound generation has the character of a dipole jet. The high-

est Mach number is reached at the vena contracta, not exceeding Mach 1 at the maximum.

Downstream of the vena contracta, the jet expands, leading to partial pressure recovery (FL

factor).

Regime II Sonic and supersonic flows exist together, which means that strongly turbulent flow

and shock cell structure dominate. Pressure recovery drops until the top limit of regime II is

reached.

Regime III The rise in pressure is non-isentropic. The flow is supersonic and shear turbulence

predominates.

12



Figure 3: Piping failure correlation developed by Melhem using Carucci Mueller acoustic effi-

ciency and corrected sound power level estimates for steel pipe. PWL vs. D

Regime IV The shock cells disappear and a Mach disk forms. The dominant mechanism is the

interaction between shock cells and turbulence.

Regime V The acoustical efficiency is constant.

The flow regime types are defined by varying jet shapes in the area upstream and downstream

of the vena contracta. These jets change their shape when certain differential pressure ratios are

exceeded. In regimes II to IV, higher Mach numbers arise downstream of the vena contracta. Yet,

M at the vena contracta itself remains unchanged at 1. The IEC method produces equivalent values

of efficiency to the data shown in Figure 7 (as FL → 1.0) as shown in Figure 9. Note that Figure 9

uses x = 1 − P2/P1 as the X axis while Figure 7 uses P1/P2 = 1
1−x

.
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Figure 4: Piping failure correlation developed by Melhem using Carucci Mueller acoustic effi-

ciency and corrected sound power level estimates for steel pipe. PWL vs. D/t

12 Vibration Frequencies

As a fluid moves through piping components there likely will be a separation of the fluid from the

constraining wall as the fluid changes flow direction. As a result a vortex is formed and then swept

into the main stream. This vortex shedding occurs at fairly well defined dimensionless frequencies.

The strength of the vortex varies but does not need to be very strong to cause damage especially

if the shedding frequency couples with the natural frequency of the piping system. The shedding

peak frequency for a vortex for subsonic and sonic flows (regimes I and II up to a Mach number of

1.4) is given by:

fp =
NStru

D
= 0.2

u

D
(38)

where u is the flow velocity in m/s, D is a characteristic flow dimension (perpendicular to flow),

fp is the peak frequency in Hz and NStr is the Strouhal Number which varies depending upon the

14



Figure 5: Piping failure correlation developed by Melhem using IEC acoustic efficiency and cor-

rected sound power level estimates for steel pipe. PWL vs. D/t

geometry causing the separation of the boundary layer. For a circular cylinder its value is 0.2 over

a wide range of Reynolds numbers. It is usually between 0.1 and 0.3. Vortex shedding frequencies

are generally more than 30 Hz [upper limit for most piping system natural frequencies].

For flows with Mach numbers larger than 1.4 (M > 1.4, regimes III to V), the peak frequency fpis

given by:

fp =
0.4usonic

1.25D
√
M2 − 1

(39)

For pipe flow, D is equal to the inside flow diameter. For a control valve, D is given by:

D = 0.0046

√

CvFl

No
(40)

where D is in meters, No is the number of separate flow passages, Cv is the valve flow coefficient,
Cv

No
is the channel flow coefficient, and Fl is the valve recovery factor. The pressure recovery factor
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Figure 6: Sample piping sound power level calculated by SuperChems Expert v6.4mp vs. experi-

ence based allowable limit for steel pipe

is defined as:

Fl =

√

P1 − P2

P1 − Pvc
(41)

where P1 − P2 is the pressure differential across the valve and Pvc is the pressure at the vena

contracta (note that P2 is larger than Pvc since the pressure at the exit of the valve recovers):

Pvc = P1 −
P1 − P2

F 2
l

(42)

For liquid flow, Pvc can reach the vapor pressure of the liquid and cause choked flow.

Pvc = FfPv '
[

0.96 − 0.25

√

Pv

Pc

]

Pv (43)
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Figure 7: Acoustic efficiency of shock noise generated by choked jets, η vs. jet pressure ratio

P1/P2 [1]

where Ff is the liquid critical pressure factor, Pv is the liquid vapor pressure, and Pc is the liquid

critical pressure.

The lowest possible value of Pvc in a valve flowing liquid, would be vacuum or 0. For this particular

limiting case, Equation 41 can be solved for the pressure ratio P1/P2:

Pd =
P1

P2
=

1

1 − F 2
l

(44)

where Pd is the damaging pressure ratio. If the valve is operated at a pressure ratio exceeding Pd,

the flow will be choked, noisy, and subject to excessive vibration. Table 2 shows typical valve

values for Fl and Pd.

Within every flowing pipe there will also be a standing wave moving axially back and forth in the

pipe. The frequency of this wave depends on the effective acoustic length of the pipe and the sonic

velocity of the fluid in the pipe. The effective acoustic length of the pipe is the distance between

obstructions or acoustic barriers. Examples of obstructions would be valves, pumps, and orifices.

An acoustic barrier would be an opening into a larger pipe, a reservoir, the end of a pipe run such

as a T intersection where the branch of interest requires a right angle turn. Piping components such

as expanders or reducers could be an obstruction. Any analysis should look at the frequencies with

and without the expanders as obstructions.

The frequency of the standing wave can be calculated as shown below and then compared to the

natural frequencies of valve components and the piping system to determine if there is a potential

for vibration and/or resonance.
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Figure 8: Flow regimes considered for the estimation of acoustical efficiency

Closed End Pipe f = i∗uac

4L

Open End Pipe f = i∗uac

2L

where i = 1, 2, ... is the wave number, L is the length between acoustic barriers, and uac is a

characteristic acoustic speed throughout the pipe contents defined as follows:

uac =
usonic

√

1 + dK
δE

(45)

where usonic is the speed of sound in the fluid, K is the bulk modulus of elasticity in the fluid, d
is the pipe diameter, δ is the pipe thickness and E is the pipe material of construction modulus of

elasticity.

The above equation is derived from a more general form that depends on the elastic properties of

the pipe:

uac =
usonic

√

1 + K
E
ψ

(46)

where ψ is a function of the elastic properties of the pipe. Typical expressions of ψ are shown in

Table 4. Typical material properties for ψ are shown in Table 3. Note that materials properties
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Figure 9: IEC Flow Acoustical Efficiency as a Function of FL and Differential Pressure Ratio

change with temperature as shown in Figure 10 The speed of sound will change as a function of

pressure, temperature, and composition. The presence of dissolved gas nuclei (such as air or other

gases) in compressed liquids can significantly reduce the sonic velocity following a pressure drop

which leads to the formation of gas bubbles. Up to 40 % reduction in sonic velocity has been

observed (see Streeter and Wylie [12]).

To control the vibration caused by a standing wave it is necessary to change the magnitude and/or

the frequency of the standing wave or to change the natural frequency of the pipe or components

being excited by the wave. The best approach is to address the magnitude of the standing wave. The

magnitude is related to the fluid turbulent energy that is enforcing the wave. The most dominant

source of this turbulence is the kinetic energy generated by the fluid jet exiting the valve trim. Thus

a valve change with a trim that reduces this jet energy will eliminate this wave influence. Trying to

change the frequencies is usually not beneficial. There is such a wide range of frequencies present

in the turbulent flow that excitation can continue to establish a strong wave at the new frequency

and continue the piping vibration.

13 The Singing Safety Relief Valve Problem

As a result of increasing steam flow rates, several boiling water reactor (BWR) nuclear power

plants have recently experienced the excitation of acoustic standing waves in closed side branches,

e.g., safety relief valves (SRVs), due to vortex shedding generated by steam flow in the main steam

lines (see Figure 11). Flow past a valve entrance cavity excites a standing wave, resulting in noise

and vibration [13]. A similar tone is produced when air is blown across the mouth of a glass bottle.
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Table 2: Typical valve values for Fl and Pd

Body Trim Flow Direction Fl Pd = P1

P2

Single Seat Globe Cage Open 0.90 5.3

Cage Closed 0.80 2.8

V Plug Open 0.90 5.3

V Plug Closed 0.90 5.3

Contoured Open 0.90 5.3

Contoured Closed 0.80 2.8

Double Seat Globe V Plug 0.90 5.3

Contoured 0.85 3.6

Standard Bore 0.55 1.4

Characterized 0.57 1.5

Angle Cage Open 0.85 3.6

Cage Closed 0.80 2.8

Ball 0.8 dia. Orifice 0.55 1.4

Butterfly 60◦ Open 0.68 1.8

Butterfly 90◦ Open 0.55 1.4

The amplitude of the acoustic pressure waves can be several times higher than the dynamic pressure

present in the system (see Figure 12). The acoustic waves propagate in the steam lines, eventu-

ally reaching sensitive components such as steam dryers and turbine stop valves. In addition, the

acoustic waves generated in the side branches may generate vibration problems locally and may

lead to complications such as valve-seat wear. Therefore, the structural components are subjected

to high-cycle fatigue loads, which over time may severely impact those components functionality

and safety.

Resonance occurs when the vortex shedding frequency coincides with the acoustic frequency of

the standpipe or the valve components. The natural frequency of the standpipe/valve combination

for a closed end pipe is given by the following equation:

fa =
(

2n − 1

4

)

uac

L+ Le
=
(

2n− 1

4

)

uac

L+ 0.425d
(47)

where n is the mode number (1 for 1st mode, 2 for 3rd mode, etc.), uac is the acoustic speed through

the pipe contents as defined earlier, and Le is an end correction corresponding to Rayleigh’s upper

limit.

The frequency of pressure oscillations (sound) created by vortex shedding, the energy source for

the standing waves, is given by the following equation:

fs = Nstr
u

d + r
' 0.33 (n− 0.25)

u

d + r
(48)

Typically peak oscillations occur at a Strouhal Number around 0.4 as shown in Figure 12. Note

that the root mean square pressure amplitude shown in Figure 12 is the ratio of pressure oscillations
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Figure 10: Temperature effects on material of construction

divided by dynamic pressure ( 1
2
ρu2). RMS begins increasing at a specific onset Strouhal Number

and flow velocity depending on acoustic speed, pipe diameter, and pipe length, reaches a peak

value and then decreases.

There are many similar installations of pressure relief valves in the process industries where the

valves are mounted on large process lines such as overhead lines for distillation columns. In order

to avoid fatigue failure from resonance caused by the coupling of normal flow vortex shedding

frequency and the acoustic frequency of the standpipe (fs = fa), the normal flow velocity in the

main line has to be limited to less than this critical value:

umax <
fs

Nst
(d+ r) <

1

4

(

uac

L+ Le

)

(

d + r

Nstr

)

(49)

<
1

4

(

uac

L+ 0.425d

)

(

d + r

0.6

)

As shown in Figure 12 the pressure fluctuations start to increase at a Strouhal number of 0.6 and

then decrease after they reach a peak value around a Strouhal number of 0.4.

The same approach can be applied to the flow through the inlet and/or discharge line of a pressure

relief valve:

umax <
1

2

uac

L

D

0.6
(50)
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Figure 11: The Singing Safety Relief Valve [2]

Figure 12: Comparison of Calculated and Measured Pressure Fluctuations as a Function of

Strouhal Number [3]
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Table 3: Typical data used in the estimation of sonic velocity in pipelines

Material E (GPa) Poisson’s Ratio ν K = 1
κ

(GPa) ρ in kg/m3
Aluminum 69 0.33

Brass 78-110 0.36

Carbon steel 202 0.303

Cast iron 90-160 0.25

Concrete 20-30 0.15

Copper 117 0.36

Ductile iron 172 0.30

Fibre cement 24 0.17

High carbon steel 210 0.295

Inconel 214 0.29

Mild steel 200-212 0.27

Nickel steel 213 0.31

Plastic / Perspex 6.0 0.33

Plastic / Polyethylene 0.8 0.46

Plastic / PVC rigid 2.4-2.75

Stainless steel 18-8 201 0.30

Water - fresh 2.19 999 at 20 C

Water - sea 2.27 1025 at 15 C

E is typically referred to as Young’s modulus of elasticity

G is typically referred to as modulus of torsion, G =
1
2

E
1+ν

where L is the acoustic length of the inlet or discharge line. Resonance can also be checked by

comparing an open pipe/contents frequency with the natural frequency of the pressure relief valve,

fn:

fn =
1

τn
=
ωn

2π
=

1

2π

√

Ks

mD
(51)

τn =
2π

ωn
= 2π

√

mD

Ks
(52)

where τn is the undamped natural period in s, and fn is the undamped natural frequency in Hz
where one Hz equals 1 cycle/second, Ks is the spring constant in N/m, mD is the mass of the

valve disc and moving parts in kg, and ωn is the undamped circular natural frequency in radians/s.
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Table 4: Typical expressions for ψ

Pipe condition ψ
Rigid 0

Anchored against longitudinal movement through its length d
δ
(1 − ν2)

Anchored against longitudinal movement at the upper end d
δ
(1.25 − ν)

Frequent expansion joints present d
δ

14 Conclusions

This papers demonstrates that the Carucci and Mueller equation can produce unrealistic values of

acoustic efficiency, well in excess of 1 percent for high pressure systems and/or systems with large

mechanical flow energy. Thus, it is recommended that the Carucci and Mueller acoustic efficiency

value be limited to a maximum of 2 percent if the calculated value exceeds 2 percent. The revised

experience based failure criteria by Melhem (see Figure 5) based on the IEC acoustic efficiency is

now recommended for single and multiphase flow.

The piping vibration risk assessment tools incorporated in SuperChems Expert are versatile and

incorporate the methods outlined by the Energy Institute and those originally proposed by Carucci

and Mueller. However, the SuperChems Expert methods can accurately calculate the absolute

value of the sound power level at every axial piping location for single and multiphase flow using

a more fundamental representation of sound power level and more realistic acoustic efficiencies.

The SuperChems Expert solution can inherently show the impact of using pipe expansions and

limiting flow orifice plates for example to reduce the sound power level and to alter the noise peak

frequency. The SuperChems Expert implementation is immediately applicable to headers and flare

networks where the flow mechanical energy is automatically calculated at the various flow/flare

network nodes.
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15 Appendix A: Internal Pipe Noise

The flow mechanical energy converted to noise can be related to sound pressure for reflection free

planar waves inside the pipe:

W =
P 2Ai

ρusonic
=
πD2

iP
2

4ρusonic
(53)

where usonic is the downstream fluid speed of sound, ρ is the downstream fluid density, Ai is the

pipe cross sectional flow area, and Di is the inside pipe diameter. The sound power level can be

calculated in decibels refereced to 2 × 10−5 Pascals:

LP,i = 10 log10

[

P 2

(2 × 10−5)2

]

(54)

LP,i can be expressed as a function of W :

LP,i = 10 log10

[

ρusonicW

πD2
i 10

−10

]

= 10 log10

[

3.183 × 109 ρusonicW

D2
i

]

(55)

The above equation can be used to calculate to the total internal sound pressure assuming 100 % of

the noise is transmitted downstream. If the flow exits at an angle, only a portion of the total sound

pressure level is transmitted downstream:

LP,i = 10 log10

[

3.183 × 109 ζρusonicW

D2
i

]

(56)

The value of ζ is 0.25.

A frequency dependent internal sound pressure level can be calculated as a function of the peak

frequency fp established earlier and a specific center frequency fi:

LP,i(fi) = LP,i + Lf,i = LP,i − c− 10 log10







1 +

[

fi

2fp

]2






1 +

[

fp

2fi

]4






 (57)

where the constant c is 7.9 for one-third octave center frequencies and 3 for octave center frequen-

cies. Summing Lf,i over the entire frequency spectrum should yield a 0:

0 = 10 log10 Σn=33
i=1 10

Lf,i

10 (58)
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Table 5: Weighting factor for one-third octave frequencies

fi in Hz W (fi) fi in Hz W (fi)
10 -70.4 500 -3.2

12.5 -63.4 630 -1.9

16 -56.7 800 -0.8

20 -50.5 1000 0

25 -44.7 1250 0.6

31.5 -39.4 1600 1

40 -34.6 2000 1.2

50 -30.2 2500 1.3

63 -26.2 3150 1.2

80 -22.5 4000 1

100 -19.1 5000 0.5

125 -16.1 6300 -1.0

160 -13.4 8000 -1.1

200 -10.9 10000 -2.5

250 -8.6 12500 -4.3

315 -6.6 16000 -6.6

400 -4.8 20000 -9.3

16 Appendix B: External Pipe Noise

The pipe absorbs some of the noise and only a portion of the total internal noise escapes to the

atmosphere. The sound pressure level at a specific distance from the outer surface of the pipe is

given by the following equation:

LP,e(fi) = LP,i(fi) + TL(fi) +W (fi) − 10 log10

[

2x + 2δ +Di

Di + 2δ

]

(59)

where x is the distance from the outer pipe wall, TL(fi) is the transmission loss at frequency fi,

W (fi) is the A-weighting factor (see Table 5) for the one-third octave band center frequency fi,

and LP,i(fi) was defined earlier.

The total sound pressure level received at a location x away from the wall of the pipe can be

calculating by summing all the frequency contributions:

LP,e = 10 log10 Σn=33
i=1 10

LP,e(fi)

10 (60)

The transmission loss can either be ignored (set to 0) or calculated using the method outline by

Kiesbauer and Vnucec in 2008. The tranmission loss depends on pipe wall thickness and the

26



downstream fluid properties:

TL(fi) = 10 log10



7.6 × 107

(

usonic

δfi

)2
Gx(fi)

1 + ρusonic

415Gy(fi)



− ∆TL(Di) (61)

where ∆TL(Di) is 0 for Di > 0.15 and 9.7 for Di < 0.05. Otherwise it is give by:

∆TL(Di) =
16

(1000Di − 46)0.36 (62)

The values for Gx and Gy are given below:

fr =
5000

πDi
(63)

fo =
fr

4

usonic

343
(64)

fg =

√
3

πδ

3432

5000
(65)

Gx(fi) =

(

fo

fr

)2/3 (
fi

fo

)4

for fi < fo (66)

= 1 for fi ≥ fo and fi ≥ fr (67)

=

√

fi

fr
for fi ≥ fo and fi < fr (68)

Gy(fi) = 1 for fi < fo and fo ≥ fg (69)

=
fo

fg
for fi < fo and fo < fg (70)

= 1 for fi ≥ fo and fi ≥ fg (71)

=
fi

fg
for fi ≥ fo and fi < fg (72)

where fr is the ring frequency and fo and fg are the coincidence pipe frequencies.
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This presentation is also available as a white paper
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Slide 2

Failure of relief and process piping caused by vibration can develop due to flow energy

Flow induced turbulence

Caused by flow discontinuities in piping, valves, tees, etc.

High frequency excitations (acoustic energy)

Caused by choked flow from a relief device or control valve

Other causes include

Mechanical excitations by compressors, pumps, and other rotating machinery

Vortex shedding

Water hammer

Cavitation

Etc.
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Slide 3

Factors that have led to an increasing incidence of vibration related fatigue failures in 
piping systems include but are not limited to:

Increasing flow rates as a result of debottlenecking which contributes to higher flow 
velocities with a correspondingly greater level of turbulent energy

Frequent use of thin-walled piping which results in higher stress concentrations, 
particularly at small bore connections

Design of process piping systems on the basis of a static analysis with little 
attention paid to vibration induced fatigue

Lack of emphasis of the issue of vibration in piping design codes

Piping vibration is often considered on an ad-hoc or reactive basis

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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According to the UK HSE, 21 % of all piping failures offshore are caused by 
fatigue/vibration

Large compressor recycle systems

Steam de-superheater systems

High capacity pressure relief depressuring systems

Other?
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The current ISO/API 521 standard does not formally address vibration risk

It does not offer specific guidance on velocity limitations other than backpressure 
calculations

It does not offer guidance on acoustic fatigue or vibration induced fatigue

Many operating companies have established their own internal guidance for 
evaluating and minimizing piping vibration risk

Although these criteria vary from company to company, they all in general include a 
limit of flow velocity in some form

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Typical criteria used by companies and other organizations to minimize vibration risk

Limit Mach Number

Limit dynamic pressure for gas flow 

Limit dynamic pressure for two-phase flow

Some companies use different limits for process piping and relief piping (See 
NORSOK Process Design Standard P-001, 2006, Fifth Edition)

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Sound power level and sound pressure level are all about flow energy

A small portion of the flow energy is transferred to the pipe wall as vibration energy 
and a portion of that is radiated as noise

We can calculate both sound power and sound pressure level in a more 
fundamental way that is appropriate for complex piping and multi-phase flow

For choked flow

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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ASME has published guidance for the estimation of noise levels for control valves and 
pressure reducing devices (Based on work by Exxon Research – Carruci and Mueller)

This guidance is not readily applicable to piping 

This guidance is not readily applicable to multi-phase flow

Noise attenuation (3 dB for every 50 L/D)  and for piping expansions

Add 6 dB to the sound power level estimate when sonic flow exists at a branch 
connection to account for amplified dynamic response
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Noise efficiency for rockets is shown experimentally to asymptote to about 1 %
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The efficiency represented below is the same used by API for calculating flare noise. 
Note P1/P2 = 1 / (1-x) – Choked free jets

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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IEC provides similar efficiency values to the curve used by API for control valves. Note 
x = 1 – P2/P1

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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How do we calculate the “acoustic efficiency factor”, η

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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The acoustic efficiency implied by the Carucci and Mueller method is suspect!
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The Carucci and Mueller method is used by most of the major oil companies and the 
MTD guidelines

The Carucci and Mueller 
method is not consistent 
with acoustic efficiencies 
reported by IEC and the 
literature

The Carucci and Mueller 
method should not be used 
to calculate the absolute 
value of sound power level

The Carucci and Mueller 
method overestimates the 
sound power level and 
does not extrapolate 
beyond flow mechanical 
power of 600,000 Watts or 
a Mach Number > 0.65
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Now that we know how to calculate sound power and sound pressure levels in piping, 
how do we determine if the piping is going to fail or is likely to fail due to vibration risk?

Experience based – D/t method (SuperChems for DIERS and Expert)

Experience based – Mach Number method

MTD / Energy Institute Guidelines (SuperChems Expert ioVIPER)

Detailed structural dynamics

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Carucci & Mueller used a small data set to derive their failure criteria

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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We have analyzed and recreated all the actual data points used by Carucci and 
Mueller in their original publications to develop their experience based failure limits

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Both Carucci and Mueller as well as Eisinger have proposed failure limits based on the 
original PWL equation proposed by Carucci and Mueller
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We have recalculate the original data using the IEC efficiency and re-established a 
similar failure criterion based on more credible estimates of acoustic efficiency
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Since SuperChems calculates detailed piping solutions, it was easy to integrate both 
the experience based methods (see below) and the MTD methods (see ioVIPER)

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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Since SuperChems calculates detailed piping solutions, it was easy to integrate both 
the experience based methods (see below) and the MTD methods (see ioVIPER)

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

This can be eliminated 
by using a larger pipe 
diameter or heavier 
schedule pipe for 
example
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The Mach number method is not as popular and difficult to apply for multi-phase flow
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SuperChems Expert also implements the methods outlined by the Energy Institute 
(MTD Guidelines) for both qualitative and quantitative vibration risk
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As the fluid moves through piping components, vortices are formed and swept into the 
main stream

Vortex shedding can create standing waves

Vortex shedding frequency (Mach No < 1.4)

Frequency of standing waves

Open End Pipe 

Closed End Pipe

If the vortex shedding frequency couples with piping components frequencies, the 
potential for damage can become substantial

Note that L is the effective “acoustic length” of the pipe and depends on the 
presence of acoustic barriers such as valves, pumps, change of flow area, etc.
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It is common to install relief devices on column overhead and process lines

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 



Slide 26

Resonance occurs when the vortex shedding frequency coincides with the acoustic 
frequency of the standpipe

© 2012, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 

Natural frequency of standpipe / valve combination

02 1
4a

e

cnf
L L
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n = 1 for 1st mode, 2 for 3rd mode, 
etc., c0 = fluid speed of sound, and 
r = radius of inlet chamfer

Le = End correction corresponding 
to Rayleigh’s upper limit = 0.425 d

Frequency of pressure oscillations (sound) created by vortex shedding
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= + NSt = Strouhal Number where 0.63 >= NSt >= 0.3   

Vortex shedding creates pressure oscillations – the energy source for standing waves
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Resonance can cause fatigue failure from cyclic loads and can cause leaking and 
chatter of the valve
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NSt = Strouhal Number where 0.63 ≥ NSt ≥ 0.3

Peak oscillations occur around NSt = 0.4

RMS is the ratio of pressure oscillations divided by dynamic pressure = ½ ρ u2

RMS begins increasing at a specific onset Strouhal Number and flow velocity 
depending on acoustic speed, pipe diameter, and pipe length, reaches a peak 
value and then decreases
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The stability and adequacy of a relief system requires an assessment of vibration risk

Use the experience based method as a screening tool with the IEC efficiency

Use the Energy Institute / MTD guideline for more comprehensive analysis of 
additional causes of vibration

Use finite element methods if the above two methods do not provide sufficient 
guidance to reduce and/or eliminate the risk
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Related Presentations

G. A. Melhem, “Vibration risk for relief and process piping”, ioMosaic white paper, 
May 2012

G. A. Melhem, “Pressure relief valve stability”, Joint European/US DIERS Users 
Group Meeting, June 2011, Hamburg, Germany

G. A. Melhem, “Understand Flare Noise”, DIERS Users Group Presentation, D38-
150-1, 2006
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Founded by former Arthur D. Little Inc. executives and senior staff, ioMosaic is the leading 
provider of safety and risk management consulting services. ioMosaic has offices in Salem, 
New Hampshire, Houston, Texas, and Minneapolis, Minnesota.

Since the early 1970's, ioMosaic senior staff and consultants have conducted many landmark 
studies including an audit of the Trans-Alaska pipeline brought about by congressional whistle 
blowers, investigation of the Bhopal disaster, and the safety of CNG powered vehicles in 
tunnels. Our senior staff and consultants have authored more than ten industry guidelines and 
effective practices for managing process safety and chemical reactivity and are recognized 
industry experts in LNG facility and transportation safety. 

ioMosaic Corporation is also the leading provider of pressure relief and flare systems design 
services and solutions. Its pressure relief system applications are used by over 300 users 
worldwide. It holds key leadership positions in the process industries' most influential and active 
pressure relief system design, and chemical reactivity forums, and plays a pivotal role in 
defining relief system design, selection, and management best practices.
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Failure of relief and process piping caused by vibration can develop due to flow energy

Flow induced turbulence

Caused by flow discontinuities in piping, valves, tees, etc.

High frequency excitations (acoustic energy)

Caused by choked flow from a relief device or control valve

Other causes include

Mechanical excitations by compressors, pumps, and other rotating machinery

Vortex shedding

Water hammer

Cavitation

Etc.
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Factors that have led to an increasing incidence of vibration related fatigue failures in 
piping systems include but are not limited to:

Increasing flow rates as a result of debottlenecking which contributes to higher flow 
velocities with a correspondingly greater level of turbulent energy

Frequent use of thin-walled piping which results in higher stress concentrations, 
particularly at small bore connections

Design of process piping systems on the basis of a static analysis with little 
attention paid to vibration induced fatigue

Lack of emphasis of the issue of vibration in piping design codes

Piping vibration is often considered on an ad-hoc or reactive basis
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According to the UK HSE, 21 % of all piping failures offshore are caused by 
fatigue/vibration

Large compressor recycle systems

Steam de-superheater systems

High capacity pressure relief depressuring systems

Other?
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The current ISO/API 521 standard does not formally address vibration risk

It does not offer specific guidance on velocity limitations other than backpressure 
calculations

It does not offer guidance on acoustic fatigue or vibration induced fatigue

Many operating companies have established their own internal guidance for 
evaluating and minimizing piping vibration risk

Although these criteria vary from company to company, they all in general include a 
limit of flow velocity in some form
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Typical criteria used by companies and other organizations to minimize vibration risk

Limit Mach Number

Limit dynamic pressure for gas flow 

Limit dynamic pressure for two-phase flow

Some companies use different limits for process piping and relief piping (See 
NORSOK Process Design Standard P-001, 2006, Fifth Edition)
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ASME and IEC have published guidance for the estimation of noise levels for control 
valves and pressure reducing devices

This guidance is not readily applicable to piping 

This guidance is not readily applicable to multi-phase flow

Noise attenuation (3 dB for every 50 L/D)

Add 6 dB to the sound power level estimate when sonice flow exists at a branch 
connection to account for amplified dynamic response
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Sound power level and sound pressure level are all about flow energy

A small portion of the flow energy is transferred to the pipe wall as vibration energy 
and a portion of that is radiated as noise

We can calculate both sound power and sound pressure level in a more 
fundamental way that is appropriate for complex piping and multi-phase flow

For choked flow

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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How do we calculate the “acoustic efficiency factor”, η

© 2011, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 
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The efficiency represented below is the same used by API for calculating flare noise. 
Note P1/P2 = 1 / (1-x)
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IEC provides similar efficiency values to the curve used by API. Note x = 1 – P2/P1
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As the fluid moves through piping components, vortices are formed and swept into the 
main stream

Vortex shedding can create standing waves

Vortex shedding frequency (Mach No < 1.4)

Frequency of standing waves

Open End Pipe 

Closed End Pipe

If the vortex shedding frequency couples with piping components frequencies, the 
potential for damage can become substantial

Note that L is the effective “acoustic length” of the pipe and depends on the 
presence of acoustic barriers such as valves, pumps, change of flow area, etc.
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How do we calculate uac?
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How do we calculate uac?
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How do we calculate uac?
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How do we calculate the internal pipe noise, sound pressure level, from sound power 
level – as a function of axial distance?

We can relate sound pressure level to sound power level for reflection free planar 
waves inside the pipe

A frequency dependent internal sound pressure can then be calculated
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Weighting factors for one third octave frequencies are used to calculate the frequency 
dependent sound pressure level inside the pipe
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External pipe noise can now be calculated accounting for transmission losses through 
the pipe wall

Frequency dependent sound pressure level

Total sound pressure level
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Now that we know how to calculate sound power and sound pressure levels in piping, 
how do we determine if the piping is going to fail or is likely to fail due to vibration risk?

Experience based – D/t method (SuperChems for DIERS and Expert)

Experience based – Mach Number method

MTD / Energy Institute Guidelines (SuperChems Expert ioVIPER)

Detailed structural dynamics
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The experience based method is based on actual failure data with carbon steel pipe
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Several companies figured out how to recast this data as a function of D/t
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Since SuperChems calculates detailed piping solutions, it was easy to integrate both 
the experience based methods (see below) and the MTD methods (see ioVIPER)
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This can be eliminated 
by using a larger pipe 
diameter or heavier 
schedule pipe for 
example
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SuperChems Expert also implements the methods outlined by the Energy Institute 
(MTD Guidelines) for both qualitative and quantitative vibration risk
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The Mach number method is not as popular and difficult to apply for multi-phase flow
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The stability and adequacy of a relief system requires an assessment of vibration risk

Use the experience based method as a screening tool

Use the Energy Institute / MTD guideline for more comprehensive analysis of 
additional causes of vibration

Use finite element methods if the above two methods do not provide sufficient 
guidance to reduce and/or eliminate the risk
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June 2011
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It is believed that flow induced turbulence caused the failure of this line at header tie-in 
(Salah Gas Incident)
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According to the UK HSE, 21 % of all piping failures offshore are caused byAccording to the UK HSE, 21 % of all piping failures offshore are caused by 
fatigue/vibration

Large compressor recycle systems

Steam de-superheater systems

High capacity pressure relief depressuring systems
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Source: HSE (2002), “Report on the Hydrocarbon Release Incident Investigation Project 1/4/2001 to 31/3/2002



Depressuring systems are often subjected to acoustic energy (rapidly fluctuating ep essu g syste s a e o te subjected to acoust c e e gy ( ap d y uctuat g
pressure forces) generated by flow turbulence which is accentuated by flow restricting 
devices within the flow path

The magnitude depends on the mass flow g p
rate, speed of sound, and density

For choked flow, intense noise due to 
large pressure fluctuations is generatedg g

The generated noise is non-periodic due 
to the randomness of the pressure 
fluctuations

Choked flow typically leads to a wide 
frequency spectrum which with peak 
values than can exceed 1000 Hz

In many situations resonance can 
onset which can lead to 
magnification of static piping loads 
up to a factor of 50 times!

Vibrations associated with small fittings 
are of special concern because they 
introduce discontinuities and stress 

up to a factor of 50 times!

The presence of discontinuities 
(Tees, welded pipe supports, etc.) 
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concentration points
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There are references in the literature for experience based safe design limitsThere are references in the literature for experience based safe design limits

Source: Zamjec, Acoustic Fatigue – Turbulence 
I d d F ti F il f R li f S t Pi iInduced Fatigue Failure of Relief System Piping, 
Spring 2006 API Refining Meeting May 3, 2005
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The vibration induced fatigue chain is well developed and quantified in the most recent g p q
version of the MTD Guidelines
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Source: R. Swindell, “Vibration Fatigue in Process Pipework – A Risk Based Assessment Methodology”, 2003?



Currently, API does not offer specific guidance on piping vibration risk

Factors that have led to an increasing incidence of vibration 
related fatigue failures in piping systems:

Increasing flow rates as a result of debottlenecking contributes to higher flow velocities 
with a correspondingly greater level of turbulent energy
Frequent use of thin-walled piping which results in higher stress concentrations, 
particularly at small bore connectionsparticularly at small bore connections

Process piping systems are often designed on the basis of a 
static analysis with little attention paid to vibration induced y
fatigue

Most piping design codes do not emphasize the issue of 
ib ti ti lvibration proactively

Take our most commonly used standard, ISO/API 521:
N ifi id l it li it ti th th b k l l ti
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No specific guidance on velocity limitations other than backpressure calculations

No guidance on acoustic fatigue or vibration induced fatigue
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Pi i ib ti i ft id d d h ti b iPiping vibration is often considered on an ad-hoc or reactive basis

Many operating companies have established their own internal 
standards and those standards vary from company tostandards and those standards vary from company to 
company

Currently available public guidance documents include:Currently available public guidance documents include:
NORSK P-001 Process Systems, Rev. 4, October 1999

Harris Shock and Vibration Handbook, Chapter 29, “VIBRATION OF STRUCTURES 
INDUCED BY FLUID FLOW” BY R D BlevinsINDUCED BY FLUID FLOW  BY R. D. Blevins

Energy Institute’s “Guidelines for the Avoidance of Vibration Induced Fatigue in Process 
Pipework” (2nd Edition, 2008)

Slide 7 © 2010, ioMosaic Corporation; all rights reserved. Do not copy or distribute without the express written permission of ioMosaic Corporation 



Vibration is the mechanical oscillation or repetitive motion of an object around an p j
equilibrium position

Vibration of an object is always caused by an excitation force, 
which can be exerted externally or originally from within thewhich can be exerted externally or originally from within the 
object
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Th t d t d ib ib ti f lit d d l tiThe terms used to describe vibration are frequency, amplitude and acceleration

F Th b f l th t ib ti bj t l t i d iFrequency - The number of cycles that a vibrating object completes in one second is 
called frequency. The unit of frequency is hertz (Hz). 

Amplitude - Amplitude is the distance from the stationary position to the extreme 
position on either side The intensity of vibration depends on amplitudeposition on either side. The intensity of vibration depends on amplitude. 

Acceleration - The speed of a vibrating object varies from zero to a maximum during 
each cycle of vibration. It moves fastest as it passes through its stationary position to an 
extreme position. The vibrating object slows down as it approaches the extreme, where it 
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stops and then moves in the opposite direction through the stationary position toward the 
other extreme. 
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Common causes of piping vibration include flow induced turbulenceCommon causes of piping vibration include flow induced turbulence
Fluid flow in pipes generates turbulent energy

Dominant sources of turbulence are from flow discontinuities in the piping systemsDominant sources of turbulence are from flow discontinuities in the piping systems 
(e.g., partially closed valves, short radius, mitered bends, tees or expanders)

The level of turbulence intensity is a function of pipe size, fluid density, viscosity, 
elocit and str ct ral s pportvelocity, and structural support

Example of the distribution of kinetic energy due to turbulence generated by flow into a tee
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Example of the distribution of kinetic energy due to turbulence generated by flow into a tee
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C f i i ib ti l i l d hi h f it tiCommon causes of piping vibration also include high frequency excitation

High frequency acoustic energy are often generated by a pressure 
reducing device (e.g., relief valve, control valve, or orifice plate)g ( g , , , p )

Acoustic failure is of a particular concern for safety related (e.g. relief and 
blowdown) systems

High noise levels are generated by high velocity fluid impingement on the 
pipe wall, turbulent mixing, and if flow is choked, shockwaves downstream 
f fl t i ti hi h l d t hi h f ib tiof flow restriction, which leads to high frequency vibration

The severity of high frequency acoustic excitation is primarily a function of 
the pressure upstream and downstream of the valve pipe diameter andthe pressure upstream and downstream of the valve, pipe diameter, and 
the fluid volumetric flow
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Other causes of piping vibration include mechanical excitation and pulsation andOther causes of piping vibration include mechanical excitation and pulsation and 
vortex shedding

Mechanical excitation and pulsation
These excitations are often associated with pipes connected with reciprocating 
compressors, pumps, or rotating machinery 

Such connection machines cause vibration of the pipe and its support structure 

Vertex shedding from thermowells
Thermowells are intrusive fittings and are subject to static and dynamic fluidThermowells are intrusive fittings and are subject to static and dynamic fluid 
forces. 

Vortex shedding is the dominant concern as it is capable of forcing the 
thermowell into flow induced resonance and consequent fatigue failurethermowell into flow-induced resonance and consequent fatigue failure 

The latter is particularly significant at high fluid velocities
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Other causes of piping vibration include surge/momentum changes associated withOther causes of piping vibration include surge/momentum changes associated with 
valves, cavitation, and flashing

For relief piping, flow induced turbulence and high frequency acoustic excitations 
f th jare of the major concerns
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Samples of common vibration related failure risksSamples of common vibration related failure risks

The most fatigue sensitive locations are 
welded joints associated with main lines 
and small bore connectionsand small bore connections

Typically, fatigue failure of small bore 
connections occurs at the connection 
with the parent pipe

However, depending on the local 
configuration fatigue failures can 
occur at other weld locations

Example of a fatigue crack which did 
not occur at the connection to main 
line, resulting in a clear leak
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Samples of main line support related risksSamples of main line support related risks
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Samples of small bore connections related risksSamples of small bore connections related risks
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Samples of common fretting related risksSamples of common fretting related risks
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W b f th E I tit t d t id b hiWe are a member of the Energy Institute and encourage you to consider membership

The Energy Institute’s “Guidelines for the Avoidance of Vibration Induced 
Fatigue in Process Pipework” (2nd Edition, 2008) (the Guidelines)g p ( , ) ( )

Copyright for the Guidelines (originally published by the Marine Technology 
Directorate) was transferred to the Energy Institute, in the U.K.

Rearranged and significantly improved from the 1st Edition 

The Guidelines are used to conservatively estimate the likelihood of failure 
(LOF). The LOF can also be combined with a consequence of failure to 
determine the overall risk of a system or component
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The MTD Guidelines follow a systematic approach which includes both qualitative and y pp q
quantitative methods
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The following proactive methodology for new design is proposed in the MTD GuidelineThe following proactive methodology for new design is proposed in the MTD Guideline
Note 1: If the qualitative assessment does not 
indicate any high or medium scores

N t 2 If th i li lit ti tNote 2: If the main line qualitative assessment 
results in a LOF score greater than 0.5

Note 3: If the SBC qualitative assessment results in 
a LOF score greater than 0.4a LOF score greater than 0.4

Note 4: If the thermowell qualitative assessment 
results in a LOF score of 1.0

Note 5: If the location is identified to be of concernNote 5: If the location is identified to be of concern
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A different methodology is used for an existing plantA different methodology is used for an existing plant
Note 1: If the location is identified to be of 
concern

N t 2 If th i li lit ti tNote 2: If the main line qualitative assessment 
results in a LOF score greater than 0.5

Note 3: If the SSC qualitative assessment 
results in a LOF score greater than 0 4results in a LOF score greater than 0.4

Note 4: If the thermowell qualitative 
assessment results in a LOF score of 1.0
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The MTD guideline also provides a methodology to assess the vibration risks from g p gy
changes to an existing plant

Note 1: If the location is identified to be of 
concern

N t 2 If th i li lit ti tNote 2: If the main line qualitative assessment 
results in a LOF score greater than 0.5

Note 3: If the SSC qualitative assessment 
results in a LOF score greater than 0 4results in a LOF score greater than 0.4

Note 4: If the thermowell qualitative 
assessment results in a LOF score of 1.0
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If there are known vibration issues the following methodology is proposedIf there are known vibration issues, the following methodology is proposed

Address case of an existing 
plant where there are know p
vibration issues

Once the issues are 
addressed, a proactive 
strategy should be 
implementedimplemented

Visual inspection and a 
verification process toverification process to
implement and verify corrective 
actions are key
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Th G id li ’ t th d l i di id d i t l tThe Guidelines’ assessment methodologies are divided into several stages

Qualitative Assessment  

Quantitative Main Line Assessment

Quantitative Small Bore Connections (SBC) Assessment

Quantitative Thermowell Assessment 
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Th i f ti i d i l d il bl i li f t t diThe information required is already available in relief systems studies

Key information required include:
P&ID PFDP&IDs, PFDs

General knowledge of the plant operation

Plant history, maintenance (e.g. corrosion management)

Identify potential problem systems and their potential vibration 
excitation mechanisms

Qualitative assessment questionnaire are dependent on the 
types of assessments

Provide a means of risk ranking in order to prioritize the 
subsequent  assessments
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Qualitative assessment excitation factors use rho*u*uQualitative assessment excitation factors use rho u u
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Qualitative assessment excitation factors use rho*u*u (continued)Qualitative assessment excitation factors use rho u u (continued)
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The qualitative methodology also includes condition and operating factorsThe qualitative methodology also includes condition and operating factors
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Qualitative Assessment Issues for Changes to PlantQualitative Assessment Issues for Changes to Plant
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Qualitative Assessment Issues for Changes to Plant (Continued)Qualitative Assessment Issues for Changes to Plant (Continued)
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Q tit ti M i Li A tQuantitative Main Line Assessment

Key information required include:
P&IDs PFDsP&IDs, PFDs

General knowledge of the plant operation

Selected piping isometrics

Detailed equipment and process information (e.g. valve datasheets, flow rates, fluid 
densities)

Determine the likelihood of failure from various vibration 
excitation mechanisms as identified from the Qualitative 
Assessment stage

List corresponding corrective action items based on the 
severity indicated by the calculated likelihood of failure (LOF)
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Q tit ti S ll B C ti A tQuantitative Small Bore Connections Assessment

Key information required include:
M i li LOFMain line LOF

SBC geometry

SBC locationSBC location

For each main pipe under consideration, assess all SBCs as 
“flagged” from the Qualitative Assessment and Main Lineflagged  from the Qualitative Assessment and Main Line 
Assessment

Calculate the likelihood of failureCalculate the likelihood of failure 

List corresponding corrective action items based on the 
severity indicated by the calculated LOF
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severity indicated by the calculated LOF
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Q tit ti Th ll A tQuantitative Thermowell Assessment

Key information required include:
Process data

Thermowell geometry

Main line schedule

For each main pipe under consideration, assess all applicable 
th ll “fl d” f th Q lit ti A tthermowells as “flagged” from the Qualitative Assessment

Calculate the likelihood of failure 

List corresponding corrective action items based on the 
severity indicated by the calculated LOF
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Procedure for flow induced turbulence assessmentProcedure for flow induced turbulence assessment
Determine ρv2

For single phase
Determine ρv2

ρv2 = (actual density) x (actual 
velocity)2

For multi-phase

ρv2 (effective density) x (effective

Determine fluid viscosity 
factor, FVF

ρv2 = (effective density) x (effective 
velocity)2

Determine fluid viscosity factor, FVF

Determine support 
arrangement

For single phase
Determine flow induced 

vibration factor, Fv
3101 −

=
x

FVF gasμ

where μgas is the dynamic viscosity

For multi-phase

FVF = 1

Calculate flow induced 
turbulence L.O.F
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Procedure for flow induced turbulence assessmentProcedure for flow induced turbulence assessment
Determine support arrangement

Different support arrangements as a function of span length and outside 
diameter
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Procedure for flow induced turbulence assessmentProcedure for flow induced turbulence assessment
Determine the flow induced vibration factor, Fv
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Procedure for flow induced turbulence assessmentProcedure for flow induced turbulence assessment
Calculate likelihood of failure (LOF) for flow induced turbulence

2ρυ

For flexible pipes LOF is very sensitive to the fundamental natural frequency

FVF
F

LOF
v

ρυ
=

For flexible pipes, LOF is very sensitive to the fundamental natural frequency 
(particularly having natural frequency between 1 and 3 Hz) and further detailed 
method is needed to estimate the LOF.
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Main Line ActionsMain Line Actions

Score Action

The main line shall be redesigned re-supported or a detailed analysis of the main line shall be

LOF >= 1.0

The main line shall be redesigned, re supported or a detailed analysis of the main line shall be 
conducted, and vibration monitoring of the main line shall be undertaken (TM-07,08,09)

Corrective actions shall be examined and applied as necessary (TM-10)

Small bore connections on the main line shall be assessed. (TM-03)

A visual survey shall be undertaken to check for poor construction and/or geometry and/or support forA visual survey shall be undertaken to check for poor construction and/or geometry and/or support for 
the main line and/or potential vibration transmission to neighboring pipework. (TM-05, 06)

1 > LOF >= 0 5

The main line should be redesigned, re-supported or a detailed analysis of the main line should be 
conducted, or vibration monitoring of the main line should be undertaken (TM-07,08,09)

Corrective actions should be examined and applied as necessary (TM-10)
1 > LOF >= 0.5

Small bore connections on the main line shall be assessed. (TM-03)

A visual survey shall be undertaken to check for poor construction and/or geometry and/or support for 
the main line and/or potential vibration transmission to neighboring pipework. (TM-05, 06)

Small bore connections on the main line should be assessed. (TM-03)
0.5 > LOF >= 0.3 A visual survey should be undertaken to check for poor construction and/or geometry and/or support for 

the main line and/or potential vibration transmission from other sources. (TM-05, 06)

LOF < 0.3
A visual survey should be undertaken to check for poor construction and/or geometry and/or support or 
the main line and/or potential vibration transmission from other sources. (TM-05, 06)
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Small Bore Connections ActionsSmall Bore Connections Actions

Score Action

The SBC shall be redesigned re-supported or a detailed analysis shall be conducted and vibration

LOF >= 0.7

The SBC shall be redesigned, re supported or a detailed analysis shall be conducted, and vibration 
monitoring of the SBC shall be undertaken (TM-07,08,11)

A visual survey shall be undertaken to check for poor construction and/or geometry for the SBC‘s and 
instrument tubing. (TM-05,06)

Vibration monitoring of the SBC should be undertaken. Alternatively the SBC may be redesigned, re-

0.7> LOF >= 0.4
supported or a detailed analysis conducted. (TM-07,08,11)

A visual survey should be undertaken to check for poor construction and/or geometry for the SBC‘s and 
instrument tubing. (TM-05,06)

LOF < 0 4
A visual survey should be undertaken to check for poor construction and/or geometry for the SBC‘s and 
instrument tubing (TM-05 06)LOF < 0.4 instrument tubing. (TM-05,06)
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Thermowell ActionsThermowell Actions

Score Action

LOF = 1.0 Modify the thermowell or a detailed analysis shall be conducted.

LOF = 0.29 No action required
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S l f C ti A ti f M i LiSample of Corrective Actions for Main Line

For flow induced turbulence: 
D h fl l i b i i h di f h i iDecrease the flow velocity by increasing the diameter of the main pipe 

Run a second pipe in parallel

Increase the pipe wall thicknessIncrease the pipe wall thickness

Minimize the number of bends in a system, the use of long radius bends, etc.

Stiffen the main line and its supporting structure

For high frequency acoustic excitation: 
Use of low noise trim, particularly for control valvey

Increasing the pipe wall thickness

Reduce the flow rate
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S l f C ti A ti f S ll B C tiSample of Corrective Actions for Small Bore Connections

The fitting and overall unsupported length should be as short as possible

Th f l d i t t ti h ld b i i i dThe mass of valves and instrumentation should be minimized

Any bracing supports should be from the main pipe, thus ensuring that the small 
bore connection moves with the main pipe
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Salah Gas Incident

It is believed that flow induced turbulence caused the failure of this line at header tie-in

Source: Ed Zamejc, Spring 2006 API Refining Meeting
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Overview

Factors that have led to an increasing incidence of vibration related fatigue failures 
in piping systems:

Increasing flow rates as a result of debottlenecking contributes to higher flow velocities 
with a correspondingly greater level of turbulent energy in process systems;

Frequent use of thin-walled piping which results in higher stress concentrations, 
particularly at small bore connections

Process and relief piping systems are often designed with little attention paid to 
vibration induced fatigue

Most piping design codes do not emphasize the issue of vibration proactively

Take our most commonly referenced standard, ISO/API 521:
No specific guidance on velocity limitations other than backpressure calculations

No guidance on acoustic fatigue or vibration induced fatigue



© 2007, ioMosaic Corporation; all rights reserved
Do not copy or distribute without the express written permission of ioMosaic Corporation

Slide 4

Overview

As a result, piping vibration is often considered on an ad-hoc or reactive basis

Many operating companies have established their own internal standards and 
those standards vary from company to company

Currently available public guidance documents include:
NORSK P-001 Process Systems, Rev. 4, October 1999

MTD “Guidelines for Avoidance of Vibration Induced Fatigue in Process
Pipework” ISBN 1870553 37 3, 1999 [There is a second revision pending]

Harris Shock and Vibration Handbook, Chapter 29, “VIBRATION OF STRUCTURES 
INDUCED BY FLUID FLOW” BY R. D. Blevins

SuperChems offers state of the art computational flow models that provide 
detailed estimates of kinetic energy and sound pressure/power levels required for 
the assessment of the risk of vibration induced failure of process and relief piping.
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Vibration in brief

Mechanical oscillation or repetitive motion                     
of an object around an equilibrium position. 

Vibration of an object is always caused by                      
an excitation force, which can be exerted                       
externally or originally from within the object. 

Frequency - A vibrating object moves back and forth from its normal stationary position. 
A complete cycle of vibration occurs when the object moves from one extreme position 
to the other extreme, and back again. The number of cycles that a vibrating object 
completes in one second is called frequency. The unit of frequency is hertz (Hz). 

Amplitude - A vibrating object moves to a certain maximum distance on either side of 
its stationary position. Amplitude is the distance from the stationary position to the 
extreme position on either side. The intensity of vibration depends on amplitude. 

Acceleration - The speed of a vibrating object varies from zero to a maximum during 
each cycle of vibration. It moves fastest as it passes through its stationary position to an 
extreme position. The vibrating object slows down as it approaches the extreme, where 
it stops and then moves in the opposite direction through the stationary position toward 
the other extreme. 
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Common causes of  
piping vibration

Flow induced turbulence
Fluid flow in pipes 
generates turbulent energy

Dominant sources of 
turbulence are from flow 
discontinuities in the piping 
systems (e.g., partially 
closed valves, short radius, 
mitered bends, tees or 
expanders)

The level of turbulence 
intensity is a function of 
pipe size, fluid density, 
viscosity, velocity, and 
structural support

An example of the distribution of kinetic energy due to turbulence 
generated by flow into a tee (MTD Guidelines, 1999)
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Common causes of  
piping vibration

High frequency acoustic excitation
High frequency acoustic energy are often generated by a pressure reducing device 
(e.g., relief valve, control valve, or orifice plate)

Acoustic failure is of a particular concern for safety related (e.g. relief and blowdown) 
systems

High noise levels are generated by high velocity fluid impingement on the pipe wall, 
turbulent mixing, and if flow is choked, shockwaves downstream of flow restriction, 
which leads to high frequency vibration

The severity of high frequency acoustic excitation is primarily a function of the pressure 
upstream and downstream of the valve, pipe diameter, and the fluid volumetric flow
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Common causes of  
piping vibration

Mechanical excitation and pulsation

These excitations are often associated with pipes connected with reciprocating 
compressors, pumps, or rotating machinery 

Such connection machines cause vibration of the pipe and its support 
structure 

Other causes of piping vibration include surge/momentum changes associated 
with valves, cavitation, and flashing

For relief piping, flow induced turbulence and high frequency acoustic excitations 
are of the major concerns and therefore are the central discussion in this 
presentation
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MTD Guidelines Screening 
Methodologies

The “Guidelines for the Avoidance of Vibration Induced Fatigue in Process 
Pipework” published by Marine Technology Directorate (MTD, 1999), is now 
administered by the Energy Institute (2nd Revision to be released soon)

The Guidelines are used to conservatively estimate the likelihood of failure (LOF). 
The LOF can also be combined with a consequence of failure to determine the 
overall risk of a system or component.

The Guidelines’ assessment methodologies are mainly divided into three stages:
Stage 1: Identification of excitation mechanisms – Identify potential problem systems 
and their potential vibration excitation mechanisms by survey questionnaire

Stage 2: Detailed screening of the main pipe – Assess all main pipe systems identified 
in Stage 1 and determine the LOF. Appropriate action items are recommended based 
on the severity indicated by the calculated LOF.

Stage 3: Detailed screening of small bore connections (SBC) – Excitation energy that 
causes vibration comes from the main pipe. For each main pipe under consideration, 
assess all SBCs as “flagged” from Stage 1 and 2, and then determine the LOF. 
Recommended action items are proposed based the calculated LOF.
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Screening methodologies –
Stages 1 and 2

Reference: MTD Guidelines, 1999. 



© 2007, ioMosaic Corporation; all rights reserved
Do not copy or distribute without the express written permission of ioMosaic Corporation

Slide 11

Screening methodologies –
Stage 3

Reference: MTD Guidelines, 1999. 
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Procedure for flow induced 
turbulence assessment

Determine ρv2

For single phase

ρv2 = (actual density) x (actual velocity)2

For multi-phase

ρv2 = (effective density) x (effective 
velocity)2

Determine fluid viscosity factor, FVF
For single phase

where µgas is the dynamic viscosity

For multi-phase

FVF = 1

Determine rv2

Determine fluid viscosity 
factor, FVF

Determine support 
arrangement

Determine flow induced 
vibration factor, Fv

Calculate flow induced 
turbulence L.O.F

Reference: MTD Guidelines, 1999. All units are in SI.

3101 −
=

x
FVF gasµ
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Procedure for flow induced 
turbulence assessment

Determine support arrangement

Different support arrangements as a function of span length and outside diameter

Reference: MTD Guidelines, 1999. 
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Procedure for flow induced 
turbulence assessment

Determine the flow induced vibration factor, Fv

Methods for calculating Fv

Reference: MTD Guidelines, 1999. 
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Procedure for flow induced 
turbulence assessment

Calculate likelihood of failure 
(LOF) for flow induced 
turbulence

For flexible pipes, LOF is very 
sensitive to the fundamental 
natural frequency (particularly 
having natural frequency 
between 1 and 3 Hz) and 
further detailed method is 
needed to estimate the LOF.

Reference: MTD Guidelines, 1999. 

FVF
F

LOF
v

2ρυ
=

Turbulent energy as a function of frequency
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Procedure for high frequency 
acoustic excitation assessment

Reference: MTD Guidelines, 1999. 

Calculate source sound power level (PWL)

where:
p1 = pressure upstream of valve (kPa absolute)
p2 = pressure downstream of valve (kPa absolute)
W = mass flow rate (kg/s)
t1 = upstream temperature (deg K)
M = molecular weight of gas

Calculate PWL at branch

PWL(branch) = PWL(source) – 60*L/Dm

where:

L = distance downstream between source and branch (m)
Dint = internal diameter (mm) of the main line
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Procedure for high frequency 
acoustic excitation assessment

1.01010
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Calculate source sound power level (PWL)

where:
PWL1 (branch) = PWL in the main pipe of valve 1 at the branch
PWL2 (branch) = PWL in the main pipe of valve 2 at the branch

Estimate the fatigue life (N)

where:
D = external diameter (mm) of the main line
T = wall thickness (mm) of the main line 

T
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Reference: MTD Guidelines, 1999. 
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Procedure for high frequency 
acoustic excitation assessment

Calculate the fatigue life multiplier (FLM), corrected for D/d

Reference: MTD Guidelines, 1999. 
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Procedure for high frequency 
acoustic excitation assessment

Calculate fatigue life multiplier (FLM), corrected for weldolet connection

Reference: MTD Guidelines, 1999. 
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Procedure for high frequency 
acoustic excitation assessment

Calculate fatigue life multiplier (FLM), corrected for duplex alloys piping material

Reference: MTD Guidelines, 1999. 
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Procedure for high frequency 
acoustic excitation assessment

Calculate the LOF for high frequency acoustic excitation

LOF = -0.1303ln(N)+3.1

where:
N = number of cycles of failures, corrected for the D/d ratio, weldolet connections, and duplex alloys where applicable.

Reference: MTD Guidelines, 1999. 
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Possible Design Solutions for 
Main Pipe

For flow induced turbulence:
Decrease the flow velocity by increasing the diameter of the main pipe

Run a second pipe in parallel

Increase the pipe wall thickness

Minimize the number of bends in a system, the use of long radius bends, etc..

Stiffen the main line and its supporting structure

For high frequency acoustic excitation:
Use of low noise trim, particularly for control valve. Uncertain success and durability.

Increasing the pipe wall thickness

Reduce the flow rate
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Possible Design Solutions for 
Small Bore Connections

The fitting and overall unsupported length should be as short as possible

The mass of valves and instrumentation should be minimized

Any bracing supports should be from the main pipe, thus ensuring that the small 
bore connection moves with the main pipe
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Pipe and process data readily 
available from SuperChems

SuperChems has 
piping, fittings, and 
stream properties 
readily available for 
assessing vibration 
induced fatigue 

The gas pipe 
summary shows a 
rating calculation for  
a 4P6 relief system 
set at 357 barg (~ 
5200 psig)

SuperChems
provides appropriate 
warnings to flag 
potential vibration 
risks for relief piping
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Pipe and process data readily 
available from SuperChems

Temperature/pressure can be extracted at anywhere along the axial distance 
along the relief system
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Pipe and process data readily 
available from SuperChems

Indication of choked points
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Pipe and process data readily 
available from SuperChems

Indications of reaction force and potential vibration
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Piping Vibration  
Evaluation Tool (PVET)

PVET is based on the MTD’s Guidelines

Currently in the beta testing phase

Sample of data entries for the 4P6 relief  
system set at 357 barg (~ 5200 psig)

ioMosaic has also developed general piping vibration risk evaluation tools for a 
large energy company
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Piping Vibration  
Evaluation Tool (PVET)

Data entries to determine LOF for flow induced turbulence

Calculated likelihood of failure,         
LOF => 1 (classified as intolerable)

Recommended actions:
Main pipe must be redesigned or re-
supported

Consult Section 4.2 for design solutions

SBCs should be assessed per Stage 3

Confirms that piping has flow induced 
turbulence concerns as flagged by SC
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Piping Vibration  
Evaluation Tool (PVET)

Data entries to determine LOF for high frequency acoustic excitation using 1”
weldolet downstream of the valve

Calculated likelihood of 
failure, LOF => 1 (classified 
as intolerable)

Recommended actions:
Main pipe must be 
redesigned or re-supported

Consult Section 4.2 for 
design solutions

SBCs should be assessed 
per Stage 3

LOF estimated from high 
frequency acoustic excitation 
confirms that the main pipe 
has serious piping fatigue 
concerns
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Piping Vibration  
Evaluation Tool (PVET)

Summary of the main pipe 
findings

The highest individual 
mechanism’s estimated value of 
LOF will be the main pipe’s LOF

For design and redesign 
guidelines, consult Section 4.2 
(Design Solutions for Pipe Main)

Assess all SBCs on the 
indicated main pipe
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Summary

MTD Guidelines provides a comprehensive methodology for screening vibration 
induced fatigue in process and relief piping systems

SuperChems Expert offers state of the art computational flow models for single 
and multiphase reacting flows

Flow models provide detailed estimates of kinetic energy and sound 
pressure/power levels required for the assessment of the risk of vibration induced 
failure of the relief piping

The models can be coupled with MTD Guidelines to provide the user with a clear 
indication of potential vibration risks

Screening results can be also used to develop mitigation measures or used as 
inputs to a more detailed piping structural analysis

For high pressure piping system, design engineer should evaluate the risk of 
vibration induced fatigue
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About ioMosaic Corporation

Founded by former Arthur D. Little Inc. executives and senior staff, ioMosaic Corporation is the 
leading provider of safety and risk management consulting services. ioMosaic has offices in 
Salem, New Hampshire and Houston, Texas, and Minneapolis, Minnesota.

Since the early 1970's, ioMosaic senior staff and consultants have conducted many landmark 
studies including an audit of the Trans-Alaska pipeline brought about by congressional whistle 
blowers, investigation of the Bhopal disaster, and the safety of CNG powered vehicles in 
tunnels. Our senior staff and consultants have authored more than ten industry guidelines and 
effective practices for managing process safety and chemical reactivity and are recognized 
industry experts in LNG facility and transportation safety. 

ioMosaic Corporation is also the leading provider of pressure relief systems design services 
and solutions. Its pressure relief system applications are used by over 250 users at the world's 
largest operating companies. It holds key leadership positions in the process industries' most 
influential and active pressure relief system design, and chemical reactivity forums, and plays a 
pivotal role in defining relief system design, selection, and management best practices.

SALEM OFFICE
93 Stiles Road
Salem, New Hampshire  03079
Tel: 603-893-7009
Fax:603-893-7885
Email: trainingondemand@iomosaic.com
Web: www.iomosaic.com

HOUSTON OFFICE
2650 Fountain View, Suite 410
Houston, Texas  77057
Tel: 713-490-5220
Fax:713-490-5222
Email: trainingondemand@iomosaic.com
Web: www.iomosaic.com

MINNEAPOLIS OFFICE
333 Washington Avenue North
Minneapolis, Minnesota  55401
Tel: 612-373-7037
Fax:832-553-7283
Email: trainingondemand@iomosaic.com
Web: www.iomosaic.com
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