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Special Notes

API publications necessarily address problems of a general nature. With respect to particular circumstances, local,
state, and federal laws and regulations should be reviewed. The use of API publications is voluntary. In some cases,
third parties or authorities having jurisdiction may choose to incorporate API| standards by reference and may mandate
compliance.

Neither APl nor any of APl's employees, subcontractors, consultants, committees, or other assignees make any
warranty or representation, either express or implied, with respect to the accuracy, completeness, or usefulness of
the information contained herein, or assume any liability or responsibility for any use, or the results of such use, of
any information or process disclosed in this publication. Neither APl nor any of API's employees, subcontractors,
consultants, or other assignees represent that use of this publication would not infringe upon privately owned rights.

API publications may be used by anyone desiring to do so. Every effort has been made by the Institute to assure the
accuracy and reliability of the data contained in them; however, the Institute makes no representation, warranty, or
guarantee in connection with this publication and hereby expressly disclaims any liability or responsibility for loss or
damage resulting from its use or for the violation of any authorities having jurisdiction with which this publication may
contlict.

API publications are published to facilitate the broad availability of proven, sound engineering and operating practices.
These publications are not intended to obviate the need for applying sound engineering judgment regarding when and
where these publications should be used. The formulation and publication of API publications is not intended in any
way to inhibit anyone from using any other practices.

Any manufacturer marking equipment or materials in conformance with the marking requirements of an API standard
Is solely responsible for complying with all the applicable requirements of that standard. APl does not represent,
warrant, or guarantee that such products do in fact conform to the applicable APl standard.

All rights reserved. No part of this work may be reproduced, translated, stored in a retrieval system, or transmitted by any
means, electronic, mechanical, photocopying, recording, or otherwise, without prior written permission from the publisher.
Contact the Publisher, AP| Publishing Services, 200 Massachusetts Avenue, NW, Suite 1100, Washington, DC 20001-5571.
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Foreword

Nothing contained in any API| publication is to be construed as granting any right, by implication or otherwise, for the
manufacture, sale, or use of any method, apparatus, or product covered by letters patent. Neither should anything
contained in the publication be construed as insuring anyone against liability for infringement of letters patent.

The verbal forms used to express the provisions in this document are as follows.
Shall: As used in a standard, “shall” denotes a minimum requirement to conform to the standard.

Should: As used in a standard, “should” denotes a recommendation or that which is advised but not required to
conform to the standard.

May: As used in a standard, “may” denotes a course of action permissible within the limits of a standard.
Can: As used in a standard, “can” denotes a statement of possibility or capability.

Thisdocumentwas produced underAP| standardization procedures that ensure appropriate notification and participation
In the developmental process and is designated as an API| standard. Questions concerning the interpretation of the
content of this publication or comments and questions concerning the procedures under which this publication was
developed should be directed in writing to the Director of Standards, American Petroleum Institute, 200 Massachusetts
Avenue, Suite 1100, Washington, DC 20001. Requests for permission to reproduce or translate all or any part of the
material published herein should also be addressed to the director.

Generally, AP| standards are reviewed and revised, reaffirmed, or withdrawn at least every five years. A one-time
extension of up to two years may be added to this review cycle. Status of the publication can be ascertained from
the API Standards Department, telephone (202) 682-8000. A catalog of API publications and materials is published
annually by API, 200 Massachusetts Avenue, Suite 1100, Washington, DC 20001.

Suggested revisions are invited and should be submitted to the Standards Department, APIl, 200 Massachusetts
Avenue, Suite 1100, Washington, DC 20001, standards@api.org.
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Technical Report on Pressure-relief System Calculations
1 Scope

This technical report is not a design code. It only provides equations and examples for performing relief system
calculations. Users are responsible for performing their own calculations and using appropriate references
for equations. This report contains a variety of calculation examples for equations and methods found in API
Standard 520, Sizing, Selection, and Installation of Pressure-relieving Devices, Part [l—Installation.

2 Normative References

The following referenced documents are indispensable for the application of this document. For dated references,
only the edition cited applies. For undated references, the latest edition of the referenced document (including
any amendments) applies.

API| Standard 520, Sizing, Selection, and Installation of Pressure-relieving Devices, Part I[-Installation, 7" Edition

3 Terms and Definitions

3.1

physical acoustic line length

The axial linear distance from the PRV inlet flange to the first significant acoustic reflection point. See API 520,
Part I, Annex C.

3.2

speed of sound

The distance traveled per unit time by a sound wave as it propagates through an elastic medium.

3.3

spring constant
A characteristic of a spring that is the ratio of the force affecting the spring to the displacement caused by it.

4 Force Balance Assessment—Vapor Example

4.1 General

This is an example of a force balance assessment from API 520, Part Il, Section 7.3.6.d for simple installation in
vapor service using reference [1] and [4].

4.2 Example Calculation
1) Obtain the valve and installation information.
— Valve: 172-F-2 bellows, vapor certified.
— Relief fluid phase at inlet of PRV: Vapor.
— Certified orifice area (A,) = 0.3568 in®.
— Certified coefficient of discharge value (K ) = 0.855 unitless.
— Disc backpressure area {AW} = 0.4638 in=.

— Lift (x

FRLE

) =0.182in.
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2 APl TECHNICAL REPORT 522

— Set pressure (P_) = 50 psig.
— Vessel MAWP = 50 psig.

— Blowdown (P

) = 7 % of set pressure = 3.5 psi.

— QOverpressure (P

»») = 10 % of set pressure = 5.0 psi.

— PRV mounted to a 2-in. Schedule 40 [inner diameter (ID) of 2.067 in. and cross-sectional area (A ) of

3.354 in?] inlet line pipe that is routed directly to a pressure vessel with no bends. PRV is not mounted on
a process line.

— Physical inlet pipe length from vessel to equipment (L) = 15 ft.

— Physical acoustic line length {LW} = 15 fi.
— Non-recoverable frictional inlet pressure loss (4 P) = 6 % of set pressure = 3.0 psi.

— Rated capacity of relief valve (based on hexane and certified values) = 2860 Ib/hr.

— The total backpressure (P, ) = 2.0 psig. This example assumes no effects on set pressure from
superimposed backpressure, so the built-up backpressure is equal to the total backpressure. The built-up
backpressure is equal to 4 % of the set pressure.

— Total mass of the PRV (M

I’RV}

=451b .

NOTE This is a hypothetical relief valve for which the spring constant, mass in motion, and damped opening time will be
estimated.

2) Determine the fluid properties.
At PRV inlet pipe entrance:
— Fluid composition = 100 % n-hexane vapor.
— Relief temperature (7) = 300 °F.
— Relief pressure (P) = (50 psig *1.1+14.7) = 69.7 psia.
— Vapor density @ 55 psig = 0.8323 Ib/ft>.
— Compressibility (Z) = 0.8852.

— Isentropic expansion coefficient (K ) = 0.963.

3) Determine the speed of sound in the vapor at the PRV inlet pipe.
Assume that n-hexane behaves as a real gas and ignore the elasticity of the pipe.

The speed of sound for a real gas is given by Equation (1):

USC units:

K ZRx 144in>ft? x 32.1741b, frs21b "' x T K ZRT
c =\ Y = 68.06 ‘\‘l ' (1)
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Sl units:
K ZRT
c=\"m
Where:
¢ speed of sound (USC units: ft.s™7, Sl units: m.s™)
K iIsentropic expansion coefficient (dimensionless)
z compressibility factor (dimensionless)
R gas const. (USC units: 10.731 ft*psiR 'Ib-mol™", Sl units: 8314.46 m’PaK 'kmol)
T absolute temperature (USC units: R, Sl units: K)
M molecular weight (USC units: Ib_.lbmol’, Sl units: kg.kmof™)
o |IIZL!963([}.8852}l{].?Eilf.ra psi R Ibmo 17300 F + 459.67) - 611t s
\ 86.181b /Ibmol

4) Estimate the spring constant using Grolmes’ equations [1].
— Paaigon\ (Bor\ [Py
k=1\"p A X,
sef Y ot
P A
[full flaw N ) [ _
( P ) = le“d(ﬂw) 1.3

. P'.'M A."l-’ Pw'r A."u."
k. = (1.1)(1.3) Tﬂ = 1.43W
Where:
k, Valve spring constant (USC units: /bjn™", Sl units: N.m™)
P on Pressure which rated capacity was calculated (USC units: psig, S| units: Pa(g))
T Set pressure of the relief valve (USC units: psig, Sl units: Pa(g))
A Minimum flow area (USC units: in®, Sl units: nm¥)
A Disc backpressure area (USC units: in®, Sl units: m?)
X Maximum valve lift, or restricted lift (USC units: in, SI units: m)
S 435{];15.{;{ (0.3568in%) 14021 /3
s 0.182in - B

5) Estimate the mass in motion from the Grolmes’ equations [1].

M .

PRV
b = Jo0 (1:8+0.022x M, )

Where:

, mass in motion (USC units: /b )
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4 APl TECHNICAL REPORT 522

M, total mass of PRV (USC units: /b_)
451b
my, = oo (1.8 +0.022x450bs) = 1.261b,

6) Estimate the PRV opening time.

USC units:

T :E:Z:&' Il mﬂ 203198 lﬂ
" 0 NKS::-: 12inft! x 32+l?4fbmﬁ'5_3 ff?I-_l N ‘\lK's

M

1 LK
f== = |
T T T 03198 \m,

| /140.2:&:-;;”

. = — — -~ 1
h= 03198 T 1260, T P
S| units:
T = i 2 IE
] I’L'!” KS‘
1K
f = T g \m,
Where:
T, undamped natural period (s)
w undamped natural frequency (radians.s™)
A natural frequency of the valve (s or Hz)
K, spring constant (USC units: /bjn™", Sl units: N.m™)
m, mass in motion (USC units: /b_, Sl units: kg)
1| 2 o

Iu,u:'.u = 2;.'1_'_}‘; ‘\[Apr.-"l AN_ ] - 2__,};

undamped valve opening time (s)

apen

o
e = 2(33571)

= 0.015155s=15.15 ms

!

apen

I
apen \fl . C::

damped valve opening time (s)

apen,d

' damping coefficient (dimensionless) = 0.5 based on best fit [1]

. _ 0015155
apen,id m

=0.0175s=17.5ms
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TECHMNICAL REFPORT OM PRESSURE-RELIEF SYSTEM CALCULATIONS 5

7) Calculate the inlet line pressure drop [1, 4] (ﬂ P )

! inlet

fnded - /—1 F.'H':H'I' + ﬂ Pj",n'.:.lrw
Where:
- inlet line pressure drop (USC units: psi, S1 units: Pa)
AP, wave pressure drop (USC units: psior Sl units: Pa)
. frictional wave pressure drop (USC units: psi or Sl units: Pa)
USC units:
XM, M, *x144in’f1
si)= + 12
A PO Ty 30 17416, fis 21b 1 ' ¥ 2p, x 321741k fis 21b, ' X A
E[] x Mr{,lmr.' Mrj,rn'u ’
AP (psi)=3.108 x 107 A +2.2378 12 oA
[ 0 p
Sl units:
ﬂ' P (P } {.H' % Mﬁlr}:'.u n o et 3
IV a)=r1 T 7
Wi AF 2}[}”;4“
e mass flow rate of the relief valve at 10 % overpressure, during PRV opening (USC units:
Ib_s77, Sl units: kg.s™")
A inlet line inside pipe area (USC units: in?, Sl units: m?)
c, speed of sound of the fluid at the pressure source (USC units: ff.s77, S| units: m.s™)
2, density of the fluid at the pressure source (USC units: Ib_ft, Sl units: kg.m™)
T ratio of wave travel time (f__ ) to damped valve opening time (rﬂp&ﬂ__ﬂ]
# IIII‘l-'-:l"ll'."
T = mn| |
apen,d
0<r7t=<1
I'-'.'m'-r.' - ZLI,IMHL[]
LW acoustic inlet line length (USC units: ff, S| units: m)
c speed of sound in relieving fluid (USC units: ft.s™’, Sl units: m.s™)

(l

damped opening time (s)

apen.d

t = 2(15f1)/611fts'  0.0491 sec

_ mm(umgl
0.0175

— 2.806. 1) =

28601b hr!

iy — m — —1
M,.. = Scooapi = 07941bs
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) 2

611 ft 5(0.7941bm s ) (0.79421b, 57')

+2.2378(1)?
3.354in’ A 0.83231b ft°(3.354in%)*

AP, (psi) = 3.108 x 102 1]

AP (psi)=4.65psi

AP = rlﬁF}.

fowave

= 1%(3psi) = 3psi

fowave

AP = 3psi+4.65psi = 7.65psi

inder
8) Calculate the force balance.
From API 520, Part Il, Section 7.3.6:

The total inlet pressure loss + 0.1 * the built-up backpressure < overpressure + blowdown. The adjustment to
the built-up backpressure term recognizes that the bellows area isolates a large percentage of the disk area
from the backpressure.

In equation form:

AP, +0.1P < P + P, forbellows valves

inlet ek

Where:
e total inlet pressure loss, including both the wave component and the frictional (non-
recoverable) component of pressure loss (USC units: psi; Sl units: Pa)
P overpressure (USC units: psi; Sl units: Pa)
P blowdown (USC units: psi; Sl units: Pa)

BD

ok built-up backpressure at the relief device discharge (USC units: psi, Sl units: Pa)

7.65psi + 0.1 - 2psi < Spsi + 3.5psi
7.85psi < 8.5psiis true; therefore, the PRV passes the force balance assessment.

Note that the force balance may only be one criterion of many in an engineering analysis for the acceptability of
elevated inlet pressure drops. Refer to APl Standard 520, Part ll, Section 7.3.6 for more information.

5 Force Balance Assessment—Liquid Example

5.1 General

This is an example of a force balance assessment from AP| 520, Part |l, Section 7.3.6.d for a simple installation
in liquid service using reference [1].

5.2 Example Calculation
1) Obtain the valve and installation information.
— Valve: 1-D-2 bellows, liquid certified.

— Relief fluid phase at inlet of PRV: Liguid.

Copyright Ameril::an:_F"mrnleum Instiute



TECHMNICAL REFPORT OM PRESSURE-RELIEF SYSTEM CALCULATIONS f

— Certified orifice area (A,) = 0.128 in®.
— Certified coefficient of discharge value (K ) = 0.67 unitless.
— Disc backpressure area (A ) = 0.1664 in“.

— Lift (x_)=0.095in.

X

— Set pressure (P ) = 50 psig.
— Vessel MAWP = 50 psig.

— Blowdown (P

) =10 % of set pressure = 5.0 psi.

— Qverpressure (P, ) = 10 % of set pressure = 5.0 psi.

P

— PRV mounted to a 2-in Schedule 40 [inner diameter (ID) of 2.067 in. and cross-sectional area [A;:} of

3.354 in?] inlet line pipe that is routed directly to a pressure vessel with no bends. PRV is not mounted on
a process line.

— Physical inlet pipe length from vessel to equipment (L) = 15 ft.

— Physical acoustic line length (L ) = 15 ft.
— Non-recoverable frictional inlet pressure loss (4 P) = 8 % of set pressure = 4.0 psi.

— Rated capacity of relief valve (based on liquid hexane and certified values) = 29 USGPM = 9287 Ib_/hr.

— The total backpressure (P, ) = 4.0 psig. This example assumes no effects on set pressure from

superimposed backpressure so the built-up backpressure is equal to the total backpressure. The built-up
backpressure is equal to 8 % of the set pressure.

— Total mass of the PRV (M, ) = 40 Ib_

PRL’}

NOTE This is a hypothetical relief valve for which the spring constant, mass in motion, and damped opening time will be
estimated.

2) Determine the fluid properties.
At PRV inlet pipe entrance:
— Fluid composition = 100 % n-Hexane liquid.
— Relief temperature (7) = 100 °F.
— Relief pressure = (50 psig *1.1+14.7) = 69.7 psia
— Liquid density @ 55 psig (p) = 40.3 Ib/ft?
— Specific gravity (60 F/60 F) (S) = 0.647

— Real heat capacity ratio {Cﬂf C)=1.31

3) Determine the speed of sound of the liquid at the PRV inlet pipe.

Copyright American Patroleum Instduta



8 APl TECHNICAL REPORT 522

Ilgnore the elasticity of the pipe.

The speed of sound for a liquid is given by the following equation (API 520, Part Il, C.4).

USC units:
2
¢ = 8.62 x VE
S| units:
K.
I i
c = \'S

The isentropic bulk modulus of elasticity may be calculated as:

o= - 1
5 C‘U .FC.;.
H‘ p— & . K j— & W l
5 Cv T Cv ﬁr
Where:
K isentropic bulk modulus of elasticity (USC units: psi, S| units: Pa)
C/C, real heat capacity ratio (dimensionless)
K. isothermal bulk modulus of elasticity (USC units: psi, Sl units: Pa)
B, isothermal compressibility (USC units: psi', Sl units: Pa™)
& specific gravity of the fluid

The isothermal compressibility can be obtained from a process simulator directly or by calculating the slope of
the density to pressure at constant temperature, then dividing by the density. A recommended range is 20 % of

the set pressure at the relief temperature.

5 :_l(é‘_V) zl(ﬁ_ﬂ)
- v\ér/,  rP\oP/,
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y = 0.0005x+ 40.271
R*=1

o
<
3
=
&
B
-
v
a
=
2
=3
I:

50
Pressure, psig

Figure 1—Isothermal Bulk Modulus of Elasticity at 100 °F

1

= (0.0005). = 1.24 % 105 psi!
Pr= g0z 0000 07 pst
l .
= 131 = 105,586 p
" 124 x 105psit  102280P8
. 105,586 psi A e
S = :‘.ti — v
¢ = 862X V5647 A2t S

4) Estimate the spring constant using Grolmes’ equations [1].

k = P—'Fj'nl'{ﬂm" A-r”’-” P'.':*r Aﬁ.‘
s F'." A;,ﬁr Irrr{r.'r

P A
Jull flow o r ﬂ? —
(5) = 1 (37) <12
P A, s
k, = (1.1(1.3) —Ime = 1.43 X

Where:
k, valve spring constant (USC units: /bjn”", Sl units: N.m™)
P it Pressure which actual capacity was calculated (USC units: psig, Sl units: Pa(g))
P Set pressure of the relief valve (USC units: psig, S| units: Pa(g))
A Minimum flow area (USC units: in®, Sl units: n¥)
AW Disc backpressure area (USC units: in?, Sl units: m#)
. Maximum valve lift, or restricted lift (USC units: in, S| units: m)
ko= 143 20ps8* OA8inD oo
§ 0.095 in f

5) Calculate the mass in motion from the Grolmes equation [1].

Copyright American Patroleum Instduta
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MPRF
m, = 100 (]‘8 +0.022 % MPHF)
Where:
m, mass in motion (USC units: /b _)
M, total mass of PRV (USC units: ib_)
401b_
m, = 0o (1.8 +0.022 x 40 /bs) = 1.07 Ib_

6) Estimate the PRV opening time.

USC units:

m i

2 [
(

1

i i
= (03198 AI—
\k,

.~ P\K % 12infr ' x 32.1741b, fi s21b,"

K,

N s
j;r - rrr - {]3]98 \lmﬂ

1 96.3 Ibflin

J = 03198 V1.07 1bm

Sl units:
T = Lo 2 I[E
1 t",f}" ‘\‘ Kj
11K
’}ir a f" - Zﬂ- mﬂ
Where:
1,
k

m D

= 296s"!

undamped natural period (s)

undamped natural frequency (radians.s™")

natural frequency of the valve (s77 or Hz)

spring constant (USC units: Ib,in”", Sl units: N.m™)

mass in motion (USC units: /b _, Sl units: kg)

| 2

= |
e 2?1?;;- VAI}H!JIAN B l

apen

1
'oen = 2(29.6)

f-: e, 'NII 1 — {:g

open,id

Copyright American Palraleumn Institute
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¢ damping coefficient (dimensionless) = 0.5 based on best fit

o 0016957
expend "'ulll — 0. 53

=0.01955=19.5 ms

7) Calculate the inlet line pressure drop (A Pg,,m) [1].

= AP+ 4 PM_M_P
Where:
e inlet line pressure drop (USC units: psi, Sl units: Pa)
e wave pressure drop (USC units: psior Sl units: Pa)
. frictional wave pressure drop (USC units: psi or Sl units: Pa)
USC units:
AP (psi) =t - Mrm + 72 M*mj ML
wave A x32.1741b fts=*1b" 2p, % 32.1741b fis*1b, ' X A ?
AP (psi) = 3.108 x 10 20 Mo - Z.Z?TRTEMW"E
3.10¢& A 8T A
S| units:
AP (Pa) = rﬂ[] " Mw” + 2 —— 2
wave A 2p,A
Where:
e mass flow rate of the relief valve at 10 % overpressure, during PRV opening (USC units:
Ib_s, Sl units: kg.s™")
A inlet line inside pipe area (USC units: /n?, Sl units: m?)
c, speed of sound of the fluid at the pressure source (USC units: f.s™*, Sl units: m.s™)
P, density of the fluid at the pressure source (USC units: /b_ft~, Sl units: kg.m™)
T ratio of wave travel time (t, ) to damped valve opening time (f_, )
r
T = mfn( f;:,l,-:;f l) 0<7<1
t . =2L)Jc,
Where:
L, Acoustic inlet line length (USC units: f, SI units: m)
c, speed of sound in relieving fluid (USC units: ff.s77, Sl units: m.s™)

damped opening time (s)

open,d
= 2(15/1)/3482f 5" = 0.0086 sec

T
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. {0.0086 _ )_
¢ = min(( g5 = 044.1) =044
9287 lbmhr ' B
wn = 3600shrt 200 Pu®
sas2gs (2815, 57) G5
. ] = ) 2 . % #t +72 ) . } .
AP, (psi) = 3.108 x 10°2(0.44) ST 2.2378(0.44 A ST

AP, (psi) = 36.64psi

AP = 1°AP,

fwave f

0.44%(4 psi) = 0.78 psi

fwave

AP, = 36.64psi+0.78psi = 37.4psi

e

8) Calculate the force balance.
From API 520, Part ll, Section 7.3.6:
The total inlet pressure loss + 0.1 * the built-up backpressure < overpressure + blowdown. The adjustment to
the built-up backpressure term recognizes that the bellows area isolates a large percentage of the disk area
from the back pressure.

In equation form:

AP +01P <P +P,
Where:
" total inlet pressure loss, including both the wave component and the frictional (non-
recoverable) component of pressure loss (USC units: psi; Sl units: Pa)
P, overpressure (USC units: psi; Sl units: Pa)
P, blowdown (USC units: psf; Sl units: Pa)

built-up backpressure at the relief device discharge (USC units: psi, S| units: Pa)

ok

374psi+ 0.1 - dpsi < Spsi+ Spsi
37.8psi < 10psiis false; therefore, the PRV does not pass the force balance assessment.

6 Critical Line Length—Vapor Example

6.1 General

This is an example of a critical line length calculation for a simple installation in vapor service using references
[1] and [2].

6.2 Example

Th;e critical line length calculation is calculated based on the lzuchi criteria [1][2]. It can be expressed as:

Copyright American Patroleum Instduta
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I

3 X

0 | e e
L I \|I+I”{USC units: fr, SI units: m)

Where:
c, speed of sound in fluid (USC units: ft.s77, Sl units: m.s™)
I natural frequency of the valve (s or Hz)
X valve lift (USC units: in, Sl units: m)
X initial compression of the spring (USC units: in, Sl units: m)

When the overpressure is set at 10 %, the initial compression of the spring (x ) can be simplified. As a result, the
critical length calculation becomes:

I _ E{] II 1.43x
i — 4f \1.43x +x

ML

The equation above shows how the critical length (L_,) is dependent on the valve lift (x).
Where:
Cy speed of sound in fluid (USC units: ft.s™, Sl units: m.s™)
I natural frequency of the valve (s or Hz)
maximum valve lift (USC units: in, Sl units: m)
X valve lift (USC units: in, Sl units: m)

1) Determine the properties.

¢, 611 fts™ from Section 4 example

f, 33 s7" from Section 4 example

x 0.182in. from Section 4 example

m

Assume that the valve is at full lift.

x=x = 0.182in

Ly

2) Calculate critical line length [1].

I C | 1.43x
i — 4f \1.43x +x

FILET

" 611/t | 1.43(0.182in)
ot = 433 51 V1.43(0.182m) + 0.182 in

L, =3.55ft
L =15 ft

Since Lp > 1.2x L __, the valve is expected to cycle at full lift.
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