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In the next 25 minutes ...

m Why is it important?

m \Where and when does vapour breakthrough play a role?
m How does vapour breakthrough occur?

m What is meant by “liquid swell”?

m \What guidelines and technical standards are available?
m How to protect against vapour breakthrough?

m \What do we do in Rheinland?
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Cautionary note

The companies in which Royal Dutch Shell plc directly and indirectly owns investments are separate entities. In this announcement "Shell", "Shell Group" and "Royal Dutch Shell" are sometimes used for convenience where
references are made to Royal Dutch Shell plc and its subsidiaries in general. Likewise, the words "we", "us" and "our" are also used to refer to subsidiaries in general or to those who work for them. 'Impressions are also

Mch Shell either

are referred fo as "associated

used where no useful purpose is served by identifying the particular company or companies. "Subsidiaries", "Shell subsidiaries" and "Shell companies" as used in this announcement refer to co
directly or indirectly has control, by having either a maijority of the voting rights or the right to exercise a controlling influence. The companies in which Shell has significant inﬂuence
companies” or "associates" and companies in which Shell has joint control are referred to as "jointly controlled entities". In this announcement, associates and jointly contro||ed e also referred to as "equity-accounted
investments". The term "Shell inferest" is used for convenience to indicate the direct and/or indirect (for example, through our 23 per cent shareholding in Woodsi eﬁ m¥d. ) ownership inferest held by Shell in a venture,
partnership or company, after exclusion of all third-party interest. ﬁ
This announcement contains forward looking statements concerning the financial condition, results of operations and businesses of Shell and the All statements other than statements of historical fact are, or may be
deemed to be, forward-looking statements. Forward-looking statements are statements of future expectations that are based on mana %t expectations and assumptions and involve known and unknown risks and
uncertainties that could cause actual results, performance or events to differ materially from those expressed or implied in r éﬁorward lo &:rements include, among other things, statements concerning the
potential exposure of Shell and the Shell Group to market risks and statements expressing management’s expecta N shmafes, fore stkl ns and assumptions. These forward looking statements are identified by
expect", "goals", " bjectives" ﬁk ,¥plan", "probably", "project", "risks", "seek", "should", "target", "will" and similar
terms and phrases. There are a number of factors that could affect the future operations of Sheq ée Group and CW ose results to differ materially from those expressed in the forward looking statements

included in this announcement, including (without limitation): (a) price fluctuations in n¥ natural gas; ! |n demand for Shell's products; (c) currency fluctuations; (d) drilling and production results; (e) reserves

their use of terms and phrases such as "anticipate”, "believe", "could", "estimate", "

estimates; (f) loss of market share and induslry comperi'rion; (g) environmentgl %h rlsks, (h) ri With the identification of suitable po’renha| acqmsmon properhes and targets, and successful negohomon and
completion of such transactions; (i) the risk of doing business in d tries and c to |nternahono| sanctions; (j) legislative, fiscal and regulatory developments including regulatory measures addressing
climate change (k) economic and financial market condE u

e

advancements in the approval of pr0|ecfs and

s countries o||hco| risks, including the risks of expropriation and renegotiation of the terms of contracts with governmental entities, delays or
imbursement fo cosls; and (m) chqnges in 'rrachng conditions. All forward |ook|ng statements contained in this announcement are express|y quahﬁed in their
entirety by the cautionary s’rateme eferred to in this section. Readers should not place undue reliance on forward looking statements. Additional factors that may affect future results are contained in Shell's 20-F for
the year ended 31 Decem Ufch Shell’s 20-F (available at www.shell.com/investor and www.sec.gov).(These factors also should be considered by the reader. Each forward looking statement speaks only as of the
date of this prese rﬁn Shell nor any of its subsidiaries nor the Shell Group undertake any obligation to publicly update or revise any forward looking statement as a result of new information, future events or other
information. In || these risks, results could differ mqferla”y from those stated, |mp||ec| or inferred from the forward |oo|(|ng statements contained in this announcement.

Shell may have used certain terms, such as resources, in this announcement that the SEC strictly prohibits Shell from including in its filings with the SEC. U.S. investors are urged to consider closely the disclosure in Shell's Form

20-F, available on the SEC website www.sec.gov. You can also obtain these forms from the SEC by calling 1-800-SEC-0330.
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Why is it important?

m One of few scenarios that if overlooked can lead to vessel rupture.
m There have been many incidents in the past:
1977 Shell International (2 fatalities), 1987 BP Grangemouth (1 fatality),
1980 Circa Ecopetrol (1 fatality),
2011 TGGT Holdings, E&P Gas Plant (1 fatality)
Near Misses: 1992 Shell Geismar, 2020 Shell Rheinland

m Can have severe consequences.

m Knowledge of vapour breakthrough scenario has improved over last
20-30 years.
m First described in API-521 in 1993.
m “Liquid Swell” added to API-521 in 2020.
m New guidance is not always known by designers.
m Can lead to discovery that existing relief valves are undersized.
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Where and when does vapour breakthrough occur?

m Prerequisites for dangerous vapour
breakthrough:
m Loss of liquid in high pressure
vessel
m High pressure / Low pressure
interface with pressure ratio of
2:1 or greater
m Examples of systems with potential
vapour-breakthrough:
m Hydroprocessing units
(hydrocracker/hydrotreater)
m Amine Gas Treating processes
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How does the scenario occur?

Level sensor [@
reads false high,
opens valve.
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How does the scenario occur?
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Level sensor
reads false high,

opens valve.

30 barg 5 barg

Vapour breaks through the
boundary - exiremely fast
pressure increase in the low-
pressure system

LP

).
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Relief valve lifts.
Last line of defense,
or low-pressure vessel
ruptures.

Y Pressure control valve

will open but can’t
keep up and maintain
pressure.
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Significance -
Let’s step back in time... 1987, Grangemouth

m Significant overpressure potential
m What happened at Grangemouth on 22" March 19877
m Relief valve not sized for vapour breakthrough.
m Overpressure caused the vessel to rupture.
m One fatality
m Rebuilding took over 18 months and the total

cost was around $100 million.

L T e

External Link to HSE for the publication
The Hydrocracker Explosion and Fire at a Site in Grangemouth, 22nd March 1987
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Are there other concerns to consider?

m \What happens if the downstream vessel cannot Z@
accommodate the upstream liquid inventory

prior to the vapour breakthrough? T

— %P e e Pl —

30 bCII'g E 5 bqrg
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Relief valve lifts.
But likely to be too
Vapour breakthrough - Are there other concerns? Vsmall!
. . N
The “liquid swell” Scenario

(This is a normal design case) o

— " e peey —

m The vapour is pushing liquid out of the vesseland |

through the relief valve. Potentially two-phase. 3 1
Liquid-/two-phase = Hydraulic piston effect I (( )
m 10 times larger relief than gas.

30 barg 5 barg

Gas expansion -
displaces liquid
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Vapour breakthrough - Are there other concerns?

The “liquid swell” Scenario i

(This is a normal design case)
—HP

m Sensitive to the size of the low-pressure vessel and

Relief valve lifts.
But likely to be too
smalll.

7 —

________________________________

the liquid inventories in the high and low-pressure
systems.

m It is a problem if there is not enough room for

liquid/vapour disengagement.
m It is a problem if the feed nozzle is covered.
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What can be done?
Protecting against vapour breakthrough & “liquid swell” at Rheinland

m Two potential relief events to consider: ’ ?

1)  Low pressure (downstream) vessel can take the upstream

liquid volume (vessel, pipes). r

________________

(B

-

m Relief valve has “safe” distance to liquid level. HP i o

m Design the safety valve for the vapour/2-phase flow.

2) Low pressure (downstream) vessel cannot take the

—
[
[
[
|

e ol LP| ey

m Increase the size of the low-pressure separator. D'<f

upstream liquid.

m Provide high integrity instrumented shut-off on the high-

pressure system that isolates the flow to the low- 30 barg

!

pressure system.
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Summary and Key Learnings

m Vapour breakthrough is an important scenario to be considered for high-pressure / low-pressure interfaces.
m One of few scenarios that if overlooked can lead to vessel failure.
m “Liquid swell” needs to be recognised as a design scenario for over pressure.

m Understanding for the scenario has improved over time and although now documented in design
standards/guides since 2020, it is still easily missed.

m Standards: APl 521 section 4.4.8.3 and Annex G (ISO 23251 sections 5.10.3, 5.10.6, and 5.10.7)
m Design relief valve for “liquid swell” is often not practical or in many cases very complicated.

m We in Rheinland usually use instrumented trip functions to prevent this scenario.
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Vapour Breakthrough - How does the scenario occur?

Thank you T
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° The “liquid swell” Scenario
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1980 Circa Ecopetrol (1 fatality), HP 7oy
i . m Sensitive to the size of the low-pressure vessel and ~
2011 TGGT H0|dl|'lgS (E&P Gas Plant} (1 fatallty) the liquid inventories in the high and low-pressure S 7 =
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. ) m There is a problem if there is not enough room for .
| H!gh potential & liquid/vapour disengagement.

F: There i blem if the feed le i d.
m Vapour breakthrough scenario has changed over last 20-30 years RS SR eDRIiTTSmetnoas s o

m First described in API-521 in 1993

Gas expansion >
displaces liquid

m “ Liquid Swell” Added to API-521 in 2020 Acknowledgments .
m New guidance is not always known by designers
m Can lead to discovery that existing RVs are undersized H Kevin Campbe”

m Marcel Steenhoek and other

colleagues at P&T for developing the

Vapour Breakthrough and “liquid swell” - What can be done?

?:“‘ = Two potential relief events to consider:
Y1) Low pressure (downstream) vessel can take the upstream liquid volume (vessel, pipes).
= Understand if there is two phase flow through the safety valve (vapour-liquid
L3

understanding of this scenario

m BP for sharing the video

disengagement study).

of
4 m Safety valve has “safe” distance to liquid level. s of Nl
1 = Mitigation: Design the safety valve for the vapor/2-phase flow. e - - .
g 2) Low pressure (downstream) vessel cannot take the upstream liquid. .\?ﬂg? ¥ ~ For more Inform atlon please ContaCt.
E m Low pressure vessel overfills before the vapor breakthrough.
X

m Safety valve is in contact with liquid.
= Mitigation: API-521 offers a range of solutions.

m Kalika Wagner-Gillen

(To design the safety valve for liquid relief is likely not feasible).

m Email: P. Wagner-Gillen@shell.com
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