. Flame speed: What do we need to measure for
practical applications?




CAUTIONARY NOTE

The companies in which Royal Dutch Shell plc directly and indirectly owns investments are separate legal entities. In this presentation “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 Royal Dutch Shell plc and subsidiaries in general or to those who work for them. These terms are also used where no useful purpose is served by identifying
the particular entity or entities. ““Subsidiaries”’, “Shell subsidiaries” and “Shell companies” as used in this presentation refer to entities over which Royal Dutch Shell plc either directly or indirectly has control. Entities and unincorporated arrangements over which
Shell has joint control are generally referred to as “joint ventures” and “joint operations”, respectively. Entities over which Shell has significant influence but neither control nor joint control are referred to as “associates”. The term “Shell interest” is used for
convenience fo indicate the direct and/or indirect ownership interest held by Shell in an entity or unincorporated joint arrangement, after exclusion of all third-party interest.

This presentation contains forward-looking statements (within the meaning of the U.S. Private Securities Litigation Reform Act of 1995) concerning the financial condition, results of operations and businesses of Royal Dutch Shell. 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 management's current 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 these statements. Forward-looking statements include, among other things, statements concerning the potential exposure of Royal Dutch Shell
to market risks and statements expressing management's expectations, beliefs, estimates, forecasts, projections and assumptions. These forward-looking statements are identified by their use of terms and phrases such as “aim”, “ambition’, “‘anticipate”’, “’believe”,
"could”’, ““estimate”’, “expect’’, “goals’, “intend”’, ““may’’, “‘objectives”, ““outlook”’, “plan”’, “probably”’, “project”’, “'risks”’, “schedule”, "’seek””, ““should”’, “target’’, ““will”” and similar terms and phrases. There are a number of factors that could affect the future
operations of Royal Dutch Shell and could cause those results to differ materially from those expressed in the forward-looking statements included in this [report], including (without limitation): (a) price fluctuations in crude oil and natural gas; (b) changes in
demand for Shell’s products; (c) currency fluctuations; (d) drilling and production results; (e) reserves estimates; (f) loss of market share and industry competition; (g) environmental and physical risks; (h) risks associated with the identification of suitable potential
acquisition properties and targets, and successful negotiation and completion of such transactions; (i) the risk of doing business in developing countries and countries subject to international sanctions; (j) legislative, fiscal and regulatory developments including
regulatory measures addressing climate change; (k) economic and financial market conditions in various countries and regions; (I) political risks, including the risks of expropriation and renegotiation of the terms of contracts with governmental entities, delays or
advancements in the approval of projects and delays in the reimbursement for shared costs; and (m) changes in trading conditions. No assurance is provided that future dividend payments will match or exceed previous dividend payments. All forward-looking
statements contained in this [report] are expressly qualified in their entirety by the cautionary statements contained or referred to in this section. Readers should not place undue reliance on forward-looking statements. Additional risk factors that may affect future
results are contained in Royal Dutch Shell’s 20-F for the year ended December 31, 2017 (available at www.shell.com/investor and www.sec.gov ). These risk factors also expressly qualify all forward looking statements contained in this presentation and should be
considered by the reader. Each forward-looking statement speaks only as of the date of this presentation, Apr 12th, 2019. Neither Royal Dutch Shell plc nor any of its subsidiaries undertake any obligation to publicly update or revise any forward-looking
statement as a result of new information, future events or other information. In light of these risks, results could differ materially from those stated, implied or inferred from the forward-looking statements contained in this presentation.

We may have used certain terms, such as resources, in this presentation that United States Securities and Exchange Commission (SEC) strictly prohibits us from including in our filings with the SEC. U.S. Investors are urged to consider closely the disclosure in our
Form 20-F, File No 1-32575, available on the SEC website www.sec.gov.

This presentation contains data and analysis from Shell’s new Sky Scenario. Unlike Shell’s previously published Mountains and Oceans exploratory scenarios, the Sky Scenario is targeted through the assumption that society reaches the Paris Agreement's goal of
holding global average temperatures to well below 2°C. Unlike Shell’s Mountains and Oceans scenarios which unfolded in an open-ended way based upon plausible assumptions and quantifications, the Sky Scenario was specifically designed to reach the Paris
Agreement's goal in a technically possible manner. These scenarios are a part of an ongoing process used in Shell for over 40 years to challenge executives’ perspectives on the future business environment. They are designed to stretch management to consider
even events that may only be remotely possible. Scenarios, therefore, are not intended to be predictions of likely future events or outcomes and investors should not rely on them when making an investment decision with regard to Royal Dutch Shell plc securities.
Additionally, it is important to note that Shell’s existing portfolio has been decades in development. While we believe our portfolio is resilient under a wide range of outlooks, including the IEA’s 450 scenario (World Energy Outlook 2016), it includes assets across
a spectrum of energy intensities including some with above-average intensity. While we seek to enhance our operations’ average energy intensity through both the development of new projects and divestments, we have no immediate plans to move to a net-zero
emissions portfolio over our investment horizon of 10-20 years. Although, we have no immediate plans fo move to a net-zero emissions portfolio, in November of 2017, we announced our ambition to reduce our net carbon footprint in accordance with society’s
implementation of the Paris Agreement’s goal of holding global average temperature to well below 2°C above pre industrial levels. Accordingly, assuming society aligns itself with the Paris Agreement’s goals, we aim to reduce our net carbon footprint, which
includes not only our direct and indirect carbon emissions, associated with producing the energy products which we sell, but also our customers’ emissions from their use of the energy products that we sell, by 20% in 2035 and by 50% in 2050.
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FASTER FLAME SPEED IN A SI ENGINE

m Decreases burn duration
m Increases P,
m Earlier pressure rise and CA50 for given spark

timing. Faster Flame Speed
m Can lead to improved efficiency
m Strongly influenced by engine turbulence Pressure 701 Normal
levels as well as laminar burning velocity bar) .| o, /
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LAMINAR BURNING VELOCITY - A THEORETICAL CONCEPT

Burned
Unburned ’

Su

(Unstretched) Laminar Burning Velocity is the velocity, relative and normal to the surface of the
flame front with which the reactants move into this front and are converted in to products.

" Laminar Burning Velocity typically increases with T and decreases with p
] T)’pICCI”)/ Su o 19 p-0.2 (Marshall et al: Comb. Flame 158 (2011) 1920)

" Desire for a correlation in range 20 -130bar and between 50 -1050K.



GASOLINE COMPONENTS DIFFER IN BURNING VELOCITY
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m Need for an extensive a

W

d self-consistent data set

Component S, from Farrell et al., 2004 (SAE 2004-01-2936 (Combustion bomb - 450 K, 304 kPa))



SINGLE CYLINDER ENGINE TESTS

m Ricardo Hydra engine

m Fixed spark timing - 10° retarded from MBT

m No knock sensor

m Calibrated using base fuel (95 RON EU)

m Run against dynamometer inertia

m Performance : 40 accelerations — last 20 chosen
m Power : steady state at 1500 rpm, 7 bar IMEP

m RUN in sequence A-B-A-B-A-B-A..........

Fuel A= ULG 95 gasoline
Fuel B = 80% Vol. Fuel A + 20% Vol. Single Component (known S )



FUEL BLENDS m Fuel A= ULG 95 gasoline

m Fuel B =80%vol. Fuel A + 20% vol. Single Component (known S )

Component S,
Component Added (450K, 304kPa)

(m/s)

Olefins

2-methyl-2-butene 0.705
Cyclopentene 0.765
2-pentene 0.770
1-octene 0.821
1-hexene 0.832
1-heptene 0.835
1-pentene 0.840

']A‘r;';‘oﬁ'cs . 0561 Component S, from Farrell et al., 2004 (SAE 2004-01-2936 )
e IS ST ' Measured in a Combustion bomb - 450 K, 304 kPa

Meta xylene 0.562
1,2,4-trimethyl benzene 0.585
Para xylene 0.612
Toluene 0.679
Isopropylbenzene 0.764
Ethylbenzene 0.770

Paraffins

Iso pentane 0.662
Iso octane 0.665
Methyl cyclopentane 0.710
n-hexane 0.766
n-heptane 0.781
Cyclohexane ) 0.782




RELATIONSHIP of S,ON P, .
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Laminar burning velocity (m/s)

m Laminar Burning Velocity of component (added at 20%) DOES affect Pmax.
m BUT what happens to performance?

Component S, from Farrell et al., 2004 (SAE 2004-01-2936 )

SAE 2012-01-1742

Measured in a Combustion bomb - 450 K, 304 kPa




RELATIONSHIP BETWEEN ACCELERATION TIME AND S,
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m Laminar Burning Velocity of component (added at 20%) correlates with acceleration.

Laminar burning velocity (m/s)

Component S, from Farrell et al., 2004 (SAE 2004-01-2936 (Combustion bomb - 450 K, 304 kPa))

SAE 2012-01-1742
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ETHANOL BLENDS- FLAME SPEED IN DISI ENGINES
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= Higher ethanol content leads to faster combustion
Turner et al: Fuel 90 (2011) 1999



VEHICLE TESTS (1)

m Five US vehicles and 4 European vehicles

m Test fuel blend (35% aromatics, 18% olefins - selected for higher S ), same reference fuel

m 70-120 km/h accelerations on Chassis Dynamometer

m A-A-B-A-B-A-B-A-B-A sequence

m Desire to separate potential flame speed benefits from octane effects

> Vehicles selected to be insensitive to octane in range tested

> Confirmed by looking at spark timings

Toyota Camry
Results

SAE 2012-01-1742
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VEHICLE TESTS (2)

Acceleration Benefit

6%
5% -
4% -
3% -
2% -
1% -
0% -
1% -
2%

EU Vehicles

Vauxhall Vauxhall

Cavalier ¢, valier Hyundai Fiat Nissan
ULG?P1 ULG95 Coupe Punto Micara

3% -

2%

1%

Acceleration Benefit

0%

US Vehicles

Chevrolet Chrysler Ford Toyota  Ford
Malibu Sebring Fusion Camry Explorer



BOMB (SEF) METHODS TO DETERMINE FLAME SPEED R

m Use data at small flame radius before significant pressure rise

Flame

> Use Schlieren images. (Need to correct for flame stretch)

> Use early pressure rise data and assume Su is relatively
independent of T and P. Use thermodynamic model to
calculate R

dr; (Rj, —R}) dp

Su = —
"dt 3RIyP dt

(Need to correct for flame stretch)

Burning
velocity

iy
=Y

m Use full pressure rise data and acknowledge that Suisa = *
function of T, P and ¢. Use thermodynamic model Fitto a ..
function - e.g.

Pressure
Pu/Ps

=]

Bumingveglt\; {cm/s)

=]

Temperature
TufTo

Su=[Suo + Sua(@=1) + S,2(¢—1)* + S, 3(¢—1)° + Sy, (¢—1)*] X T*
W PJS e (I_HIIFUJE‘F{‘;'—I}Fg}) 0 10 20 30 40 50 60 70 80

Radius (mm)

April 2019
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AGREEMENT BETWEEN BOMB METHODS

Pre-pressure: Radius development early flame determined via Schlieren. Extrapolation to zero stretch

Pressure: Fit to function and get correlation depending on P, T and ¢

Burning velocity (cm/s)

80
70
60
50
40
30
20
10

0

2 bar

~ Correlation - 380 K
I EE— 5 ' ' Correlatian - 450 K

® Schlieren-380K
® Schleren-450K

e 07 08 09 1 11 12 13 14 15

Equivalence ratio

N. Hinton, C.R. Stone, R.F. Cracknell: Fuel 211 (2018)

446-457

2019
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ISSUES WITH BOMB EXPERIMENTS (1)

mXiouris et al (CNF 163 (2016) 270) claim that neglecting radiation can lead to
an error of up to 15%.

» Built a radiation model into thermodynamics calculations

mLinear versus non-linear extrapolation to zero stretch ( Kelley and Law; CNF 156,

(2009), 1844)

mCellularity and Effect of spark

April 2019



ISSUES WITH BOMB EXPERIMENTS (2)

S (m/s)

1.6-

1.5

e 11 mJ
—16 mJ
—36mJ

Methane-air mixture ( $=0.8, T=358 K, P=0.3 MPa).

® For low/negative Markstein lengths, it can be
difficult to find a region to extrapolate to zero
stretch, which is independent of spark strength
AND without a cellular flame.

» Apparent Markstein length can depend on
spark energy

Lawes, M, Sharpe, GJ, Tripathi, N and Cracknell R.F.:
Fuel, 186. (2017) pp. 579-586.

April 2019 16



DISCUSSION - IS LAMINAR BURNING VELOCITY THE RIGHT TARGET TO

BE MEASURED? Faster Flame Speed
Pre(ls)sur)e 704 Mo, / Norm0|
" Faster combustion in engines can lead to improved RN
efficiency, but is strongly influenced by engine o

turbulence levels as well as laminar burning velocity
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® Laminar Flame Speed is a theoretical concept:

> For some systems (e.g. with low or —ve Markstein length ) an unstretched laminar flame speed may
not be definable at alll

> Attempts to correct for stretch lead to error
" Need an extensive and self-consistent data set. Results in an engine do correlate with measured LBV
" Key question in engines is “How fast does the pressure rise”

» Can we just compare pressure rise rates and compare fo standard components (e.g. iso-octane
and n-heptane)



REFERENCES

D. Turner, H. M. Xu, R. F. Cracknell, V. Natarajan and X.D. Chen “Combustion performance of bio-ethanol at various blend ratios in a gasoline direct injection engine” , Fuel,

90 (2011) 1999.

Marshall, SR Taylor, S; Stone, CR Davies, TJ and Cracknell, R.F “Laminar Burning Velocity Measurements of Liquid Fuels at Elevated Pressures and Temperatures with Real
Residuals Comb Flame, 158 (2011) 1920.

Cracknell, R.F; Prakash, A.; and Head, R.: Influence of Laminar Burning Velocity on Performance of Gasoline Engines., SAE Technical Paper 2012-01-1742, 2012

Cracknell, R.F; Head, R.; Remmert, S.; Wu, Y.; Prakash, A.; Luebbers, M.: Laminar Burning Velocity as a Fuel Characteristic: Impact on Vehicle Performance, Proceedings of

|.Mech.E Internal Combustion Engines: Performance, Fuel Economy and Emissions, 27-28 November 2013, London 2013, Woodhead Press

Cracknell, R.F.; Remmert, S.; Prakash, A.: Evaluating Fuel Laminar Burning Velocity as a Parameter in Performance of Spark Ignition Engines, Fisita World Automotive
Congress, 2-6 June 2014, F2014-CET-0332.

Hinton, N, Stone, C.R. and Cracknell, R.F. “Laminar burning velocity measurements in constant volume vessels — Reconciliation of flame front imaging and pressure rise
methods”; Fuel 211 (2018), 446-457

Lawes, M, Sharpe, GJ, Tripathi, N and Cracknell R.F.: Influence of spark ignition in the determination of Markstein lengths using spherically expanding flamesFuel, 186.
(2016) pp. 579-586.



Questions and Answers







