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1.

Guidelines for Virtual Participation

General Guidelines

Tencent Meeting software (&) ) is recommended for participants whose IP addresses

locate within Mainland China; Voov Meeting (International version of Tencent Meeting)
is recommended for other IP addresses. The installation package can be found in the
following links:

a) BB
https://meeting.tencent.com/download/

b) Voov Meeting
https://voovmeeting.com/download-center.html?from=1001

All the activities listed in the schedule are “registrant ONLY” due to content copyright.
To facilitate virtual communications, each participant shall connect using stable internet
and the computer or portable device shall be equipped with video camera, speaker (or
earphone) and microphone.

Lectures

The lectures are also “registrant ONLY”. Only the students who registered for the course
can be granted access to the virtual lecture room.

To enter the course, each registered participant shall open the software and join the
conference using the corresponding Voov Meeting Number (VMN) provided in the
schedule; only participants who show unique identification codes and real names as
“xxxxxx-Last Name, First Name” will be granted access to the lecture room; the
identification code will be provided through email.

During the course, each student shall follow the recommendation from the lecturer
regarding the timing and protocol to ask questions or to further communicate with the
lecturer.

For technical or communication issues, the students can contact the TA in the virtual lecture
or through emails.

During the course, the students in general will not be allowed to use following functions
in the software: 1) share screen; 2) annotation; 3) record.

Lab Tour

The event will be hosted by graduate students from Center for Combustion Energy,
Tsinghua University and live streamed using provided Voov Meeting Number.

During the activity, the participants will not be allowed to use following functions in the
software: 1) share screen; 2) annotation; 3) record.

Questions from the virtual participants can be raised using the chat room.

Poster Session

The event will be hosted by the poster authors (one Voov Meeting room per poster) and
live streamed using provided Voov Meeting Number.

During the activity, the participants will not be allowed to use following functions in the
software: 1) share screen; 2) annotation; 3) record.

Questions from the virtual participants can be raised using the chat room or request access
to audio and video communication.
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Combustion chemistry and
kinetic mechanism development

Tiziano Faravelli

Tiziano Faravelli professor at Politecnico di Milano.

My researches are mainly devoted to the chemical reaction engineering of
complex systems.

The CRECK modeling group, where | am an active (and the oldest) research
member, develops detailed models for the pyrolysis, partial oxidation and
combustion of both traditional and renewable fuels, i.e. bio-gas, bio-oil and
biomass.

| have been working for more than 30 years on detailed kinetic mechanisms
of gas, liquid and solid fuels. Particularly, this activity focuses on pollutant
formation, like NOx, SOx, PAHs and soot, from all thermal processes.

Recently | also started studying circular economy applied to the chemical
recycle of waste and especially of plastics. Detailed models of the biomass
and polymer pyrolysis and gasification have been proposed and are
continuously developed and updated.

Together with the chemical modeling at the molecular scale, | work on
understanding the physical phenomena at the mesoscale. This activity refers
to the investigation of solid-gas interactions in particles, or the multiphase
gas-liquid flow of isolated droplets.
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The lesson aim

The course aims at showing the main steps of the development of detailed chemical
kinetic mechanisms to describe the oxidation of both fossil and bio fuels.

To this goal, thermodynamics and kinetics fundamentals will be presented. Molecular
and radical stability, classes of reactions, kinetic constant estimation, analogy and rate
rules and lumping techniques will be discussed in details.

The course will cover hydrogen and simple fuels, expanding to large hydrocarbons,
possibly oxygenated, to analyze their behavior, like ignition and laminar flame speed.

Surrogate definition will allow to discuss the oxidation characteristics of real fuels.
Mechanisms of the formation of main pollutants, like nitrogen oxides, polycyclic
aromatic hydrocarbons and soot, will also be illustrated. Tools to support this
mechanism development activity will be part of the course.
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Let’s start from ... the end

Biodiesel + NOx +soot ~ Transportation fuels
(PoLIMIE ()| - b'.d'
) mbicdiese
A mechanism example . ot cocanbe)
" biodiesel (POLIMI)
104 |- A i it g LI
H2+M=2H+M 4.577e+19 -1.400 104400.00 w creis poun SN B
H2/ 2.50/ H20/ 12.00/ CO/ 1.90/ CO2/ 3.80/ HE/ 0.83/ £
P inc-cetane (LLNL} 10 (LML)
H2+0=H+OH 5.080e+04 2.670 6292.00 % ™
@ fmc-potane (ENSIC-CHRS) A nhestane (LLNL)
H2+OH=H+H20 4.380e+13  0.000  6990.00 g o
s CICEHT (POLIMIY
20+M=02+M 6.165e+15 -0.500  0.00 5 108 &M (Rerrav) "4 Hleta s ocane (L & Law)
H2/2.50/ H20/ 12.00/ AR/ 0.83/ CO/ 1.90/ CO2/ 3.80/ HE/ 0.83/ & usco1oal o stem enesane (8 Law)
H+02=0+0H 1.140e+14 0.000 15286.00 g VS EEHEL B, s tcteiions
= CICY Q) OME iCurran)
H+OH+M=H20+M 3.500e+22 -2.000  0.00 crln @ A ,
H2/0.73/ H20/ 3.65/ AR/ 0.38/ O® bafore 2000
GAIL2 gl (Ben Dingo)
0+H20=20H 6.700e+07 1704 14986.80 CHA Lnecis A s 200010 2005
H+O+M=0H+M 4.714e+18 -1.000  0.00 104 |- BE  after 2005
H2/ 2.50/ H20/ 12.00/ AR/ 0.75/ CO/ 1.50/ CO2/ 2.00/ HE/ 0.75/
H202(+M)=20H(+M) 2.000e+12 0.900 48749.00 ‘ > 3
LOW/ 2.49e+24 -2300 48749.0/ o 10 10 10
TROE/ 0.4300 1.000e-30 1.000e+30/ Number of species
H20/7.65/ €02/ 1.60/ N2/1.50/ 02/1.20/ HE/0.65/ H202/ 7.70/ H2/3.70/ CO/2.80/ Adapted from: TF. Lu, C.K. Law, Prog. Energy
H+H202=H20+0OH 2.410e+13 0.000 3970.00 Comb. Sci., 35 (2009)
H+H202=H2+H02 2.150e+10 1.000  6000.00
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Back to the beginning
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Thermodynamics allows to predict the equilibrium state, when time approaches infinite.
Chemical kinetics describes the system evolution and the required times.
After H. Curran Combustion Summer School. 2016
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Thermochemistry and Thermodynamics

Classical laws of Thermodynamics define and govern the final state of a
homogeneous system (after very long time: infinite).

Thermochemistry is the branch of Thermodynamics which focuses on the study
of heat released or absorbed in chemical reactions.

Heat release from combustion reactions induces temperature increase,
therefore combustion reactions are self accelerating.

It is first necessary to define thermodynamic variables:
- Standard Enthalpy of Formation (molar enthalpy)
- Standard Entropy of Formation (molar entropy)
- Molar heat capacities
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Standard Enthalpy of Formation

Standard Conditions: 298.15 K and 1 bar

The standard enthalpy of formation Ah}]‘i of a compound is the
reaction enthalpy (experimentally measured with a calorimeter) of
its formation from pure elements in their most stable state at
standard conditions :

Here and in the following,
capital letters are used for a
property and the small ones
for the unit mass basis &f
the property :
H U; h [1/ke]

Cigraphite)r 2Ha(g) > CHy  ARQ cyyy= -74.8 kI/mol=-17.9 keal/mol

Claraphite) + Oz() > €O,  AR{ ¢, =-393.52 ki/mol = -94. kcal/mol
Hyg+ 0.5 0y, > H,0  AhPy,, =-241.83 kI/mol = -57.8 kcal/mol

Standard Enthalpy of Formation of H,, O,, N, and solid carbon C,

are chosen as zero, because they represent the chemical elements

A more negative (or less positive) enthalpy of formation indicates a more
stable species: CO, is more stable than CH,
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State function

A state function is a property that describes the system and is dependent on the
state variables. When a change of state occurs, the change in value of a state
function depends only on the initial and final locations of the system, not on the
path taken.

In other words:

The value of a state function does not depend on the particular history of the
sample, only its present condition.

Climbers gain the same gravitational

potential energy (mgh) whether they take
the red or blue path.
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Enthalpy is a state function

Enthalpy is a state function
Often, direct formation of a compound from the elements is not feasible or easy.
Formation enthalpy can be determined by combining different reactions.

Claraphite) ¥ Oz 2 €O, Ah? ;= -393.52 kJ/mol =-94. kcal/mol

CO +0.5 0, = CO, Ahy = -283.0 kJ/mol = -67.6 kcal/mol

Subtracting these two reactions, one obtains:
Cleraphite) * 0.5 Oy > CO  Ah? =-110.52 kJ/mol = -26.4 kcal/mol
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Enthalpy of Formation AH®° @ 1 bar and 298.15 K

Chemical Name  State Ah,[kJ/mol] Ah,[k)/g] Ah,[kcal/mol]
02 Oxygen Gas 0 0 0.0
N2 Nitrogen Gas 0 0 0.0
H2 Hydrogen Gas 0 0 0.0
C Carbon Solid 0 0 0.0
H20 Water Gas -241.83 -13.44 -57.8
H20 Water Liquid -285.1 -15.84 -68.1
co Carbon monoxide Gas -110.53 -3.95 -26.4
Cco2 Carbon dioxide Gas -393.52 -8.94 -94.0
CH4 Methane Gas -74.87 -4.68 =Al7E)
C2H2 Acetylene Gas 227.06 8.79 Species Wlth positive heat Of
C2H4 Ethylene Gas 52.38 1.87
C2H6 Ethane Gas -84.81 -2.83 203 formation decompose to their
C4H10 Butane Gas -124.9 L1135 -29.8 elements and release heat
C6H6 Benzene Gas 82.96 1.06
C6H6 Benzene Liquid 49.06 0.63
C8H18 Octane Liquid -250.31 -2.19 -59.8
C12H26 Dodecane Liquid -347.77 -2.17 -83.1
C Carbon Vapor 716.67 59.72 171.2
N Nitrogen atom  Gas 472.68 33.76 112.9
o Oxygen atom Gas 249.17 15.57 59.5
H Hydrogen Gas 218 218 52.1
OH Hydroxyl radical _Gas 38.99 2.29 9.3
NO Nitric oxide 90.29 3.01 21.6
NH3 Ammonia Gas -45.9 284 -11.0
N2H4 Hydrazine Liquid 50.63 1.58 121
S02 Sulfur dioxide ~ Gas -296.84 -4.64 -70.9
S03 Sulfur trioxide ~ Gas -395.77 -4.95 -94.5

1
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Enthalpy of reaction AH,

Reaction enthalpy is the change in the enthalpy of a chemical reaction that occurs
at a constant pressure. It is the enthalpy of the final state minus the initial state of
the system.

NS
Ah%= z V; Ah?i v; stoichiometric coefficient of i-th species
i=1
Heat of reaction is the opposite of the reaction enthalpy Qr = —Ah?,
oA + BB — yC + 8D AhY= yAhQ: + 6ARY, — ahh, — BARE= —Q,

If energy is given off during a reaction, such as in the burning of a fuel, the products
have less heat content than the reactants and Ah will have a negative value; the
reaction is said to be exothermic. If energy is consumed during a reaction, Ah will
have a positive value; the reaction is said to be endothermic.
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Heat of combustion

The heat of combustion is the energy released as heat when a compound undergoes
complete combustion reaction with O, under standard conditions
ngmb = _Ahgomb= - £V=Sl Vi Ah](‘)i
CH,(g) +20,(g) - CO,(g)+2H,0 (g)
Q2 mp,cra= -(74.85 - 393.5 - 2x241.8) = 802.2 kJ/mol = 191.7 kcal/mol = 11960 kcal/kgcy,

C,Hq (g) +3.50,(g) ->2CO,(g)+3H,0(g)
Q2 mp,c2ne= ~(84.81 -2x393.5 - 3x241.8 = 1427.6 kJ/mol = 341.0 kcal/mol = 11400 kcal/kg,q

C;Hg (g) +50,(g) = 3CO,(g) +4H,0 (g)
QCmb,c3rs=-(103.8 -3x393.5 - 4x241.8 = 2043.0 kJ/mol = 488.0 kcal/mol = 11100 kcal/kg sus

C,Hy (8) +6.50,(g) —>4CO,(g)+5H,0 (g)
Q2 mb,canto= -(127.1-4x393.5 - 5x241.8 = 2656.0 kl/mol = 634.5 kcal/mol = 10940 kcal/kggay;0
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Heat of combustion @298 K and 1 bar

Table 1.4, Heats of combustion at 25°C and constant pressure
Lower heating value
Formula (gas) Name §p (kealimol)  [H2O(g)] (calig)
Hydrogen H: 57.80 286723
Methane CHy 191.85 11958 Afl
Methanal CHO 15255 Oxygen presence |ns.|de the
Carbon Monoxide €O 67.65 fuel reduces the heating value
Acetylene C:H, 300.40 11553.8
Ethylene CHy 316.20 nma
Ethane C:Hq 341.30 113503
Allene C:H,y 443.25 110633
Propyne CiHy 441.95 110309
Cyclopropane C3H5 468.25 111274
Propane CiHg 488.35 110746 <—— .
1.3-Butadiene CHg 57590 10646.7 Heat of combustion are
n-Butane CyHypn 635.20 109285 <— similar for homo]ogous
n-Pentanc CsHy2 781.95 108378 Fuel
= Benzene CHy 75750 9697.4 uels.

Cyclohexane CsHy2 85160 10475.1

. n-Hexane CeHyy 929.00 107801 ——

Aromatics _ e CHs %0155 97845 E.g.
~9700 kcal/kg  n-Heptane C:His 107585 107366 —— Alkanes
—— o-Xylene CeHy 104600 98524 _ )
n-Octane CeHp 122270 07038 — LHV = 10500-11000 keal/kg
iso-Octane CaHyx 1219.10 106722
n-Hexadecane CisHu 239780 105888 «——
Law, C. K. (2006). Combustion Physics. Cambridge University Press.
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Heating value

Heating value is the heat release per unit mass when the fuel (at 25°C and 1 atm) reacts
completely with O, and the products are returned at 25 °C. It corresponds to the heat of
combustion in the same conditions.

The higher heating value (HHV) refers to liquid water, while the Lower Heating Value (LHV)
refers to non condensed water:

LHV = HHV — hsg
Meyel
where hy, is the latent heat of vaporization of water at 25°C (2440 kj/kg ~583 kcal/kg)

Mpy20

CH, CH, +20,-> CO, +2H,0

Q0 my=LHV=11960 (kcal/kg)

m
HHV = LHV +—22°

he, = 11960 + 2> 18 583 = 13300
mfuel 79 16

Several databases containing LHV and HHV of most of the fuels are available
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Specific Enthalpy of a compound

Specific enthalpy of a compound at a state other than the standard state can be
evaluated by adding the specific enthalpy change AH between the standard state
and the state of interest to the enthalpy of formation

h(T,p) = AR + [A(T,p) = h(Tref, Pres)] = ARY + AR

dh
Defining the specific heat at constant pressure e = i
T
Ah = cpdT
Tref

Specific heat is needed to evaluate enthalpy of reaction at
temperatures different from the standard ones
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Standard Entropy

Entropy (S) measures the number of possible microscopic arrangements or states of
individual atoms and molecules of a system that comply with the macroscopic
condition of the system.

Thus, entropy affects in some way the reaction rate. We will see how.

The entropy of a pure crystalline substance is zero at the absolute zero of
temperature, 0 K (third law of thermodynamics).

Standard entropy (S°) refers to a temperature of 298 K and 1 atm pressure (i.e. the
entropy of a pure substance at 298 K and 1 atm pressure).

When comparing standard molar entropies for a substance that is either a solid,
liquid or gas at 298 K and 1 atm pressure, the gas has more entropy than the liquid,
and the liquid has more entropy than the solid.

Unlike enthalpies of formation, standard molar entropies of elements are not 0.

The entropy change in a chemical reaction is given by the sum of the entropies of

the products minus the sum of the entropies of the reactants.
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Entropy change for ideal gas

) dh v .
From thermodynamics: ds = T 7dp Being v the molar volume
Ideal gas:  pv = RT dh = ¢, dT
aTr
ds = ¢, d—T — Rd_p In case of isobaric process: ds = ¢, —
T p T
T, dT P2
As = s(Ty,p;) —s(Ty,p1) = f o T Rin—
T P1
Standard entropy @ 1 atm and temperature T~ , T d_T
(generally tabulated at 298 K for many gases) a 0 Cp T
2 dr D2 L dr (T dT D2
As=s(T,p)—s(T,p)=j c——Rln—=f c——j ¢,— — Rln—
2 v T Pr p1 0 Pr Pr p1
=s%(T,) —s°(T) — RInP2 = ps0 — pin P2
D1 D1
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Thermodynamics data

Mechanism development thus needs: enthalpy entropy and specific heat of
reactants and products.

Tables

JANAF Thermochemical Tables 3rd ed., vols. 1-2, M.W. Chase, American Chemical Society, 1986,
SELREF/QD516.D695 1986

Pedley, J. B.; Naylor, R. D.; Kirby, S. P. Thermochemical Data of Organic Compounds: Chapman & Hall,
London, 1986.

Tables TRC (Thermodynamics Research Center) Thermodynamic Tables - Hydrocarbons - Department of
Chemistry, Texas A&M University

On-line databases
NIST Webbook : http://webbook.nist.gov
Computational Chemistry Comparison and Benchmark Data Base http://srdata.nist.gov/cccbdb/

Third Millennium Ideal Gas and Condensed Phase Thermochemical Database for Combustion (Burcat) :
http://garfield.chem.elte.hu/Burcat/burcat.html

Active Thermochemical Tables (ATcT) from Rusic et al., Argonne National Lab https://atct.anl.gov/
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Standard format

In the NASA ‘format’, seven coefficients are provided for two temperature ranges.
Data are given in the following form, with the temperatures in Kelvin:
Name Elements Trin Toax Tj,mmo"
N2 2n__oc__om 00 0G] 0300.00 5000.00 1000.00 1
2.9266400E+00 1.4879770E-03 -5.6847603E-07 1.0097040E-10 -6.7533509E-15 2
-922.76760E+00 5.9805290E+00 3.2986770E+00 1.4082399E-03 -3.9632218E-06 3
5.6415148E-09 -2.4448840E-12 -1020.9000E00  3.9503720E+00 4
High temperature Low temperature
coefficients coefficients
Two expressions for high (T;, cion = Tma)  @nd oW (Tiin ~Tiunction) temperatures
Lo o
;” =ay + ayT + azT? + a,T3 + asT* Ep =ag+ aoT + aoT? + a;,T® + a;,T*
H_,9 s a,T N a;T? N a,T? N asT* a6 H_}’ . asT N aoT? ayT?  a,T*  ags
RT 17 2 3 4 5 T RT 787 2 3 4 5 T
50 asT? | a,T% | asT* s° a10T? | ay T3 | aq,T*
S=gIn(T) +aT+=2—+—-—+=—+aq, = =qgIn(T) + agT + 22—+ L—+ 22—t gy,
R 2 3 4 R 2 3 4
P.A. Glaude. COST- Milan Summer School 2013
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Benson’s group additivity theory

The Benson Group Additivity Method (1958, 1976) uses the experimental heat of
formation for individual groups of atoms to calculate the heat of formation of new
molecules.

This is a convenient way to determine theoretical heats of formation, when experimental
data are not available.

Heats of formations are related to bond dissociation
energies (BDE) and are important in understanding
chemical structure and reactivity.

The theory is old, but still useful as one of the best
methods aside from computational methods such as
molecular mechanics.

Further developments also refer to Yoneda (1978), Prof. Sidney W. Benson (1918-2011)
Joback (1984), Constantinou and Gani (1994).
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Benson’s groups

Table A.1. Group Values for AHY, Si, and Cjy, Hydrocarbons

[or
Themochemical e S
2| oche!
Kirvetioe 2rd B Group 298 298 300 400 500 600  BOD 1000
C—{H}(C) ~10.20 3041 619 784 940 1079 1302 1477
C—(H){Cha —-4.93 942 550 695 825 935 1107 1234
C—H)NC), <190 ~1207 454 600 717 805 931 10.05
c—Ch 050 3510 437 613 736 8I2 BI7 87
Ca—{H)y 6.26 2761 510 636 751 8BS0 1007 1127
Ca—(H)(C) 8.59 797 416 503 S8 650 765 845
; C—{Ch 1034 —1270 410 461 499 526 580 6.08
y ; C—{CHH) 6.78 638 446 579 675 742 835 899
ey ¥rBenzon CCHC) 888 —146  (440) (537 (599 (6.18) (6.50) (6.62)
[Ca—{CulH)] 6.78 638 446 579 675 742 835 B0
C—{CaliC) 864  (—14.6) (440) (537) (593) (6.18) (6.50) (6.62)
[Ca—CNH] 6.78 638 446 579 675 742 B35 899
Co—{Ca)s 80
Ca—{(Ca)s 4.6

These group contributions often need to be corrected for further interactions such as
cis, trans interactions,
ring-strain in cyclic molecules.....

Values for these corrections are always discussed in Benson (1976).

Benson, Sidney William. Thermochemical Kinetics. Wiley, 1976.
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Group additivity method: examples

AHf Shu
Group 298 298 300 400 500 600 800 1000
C—(H)(C) —10.20 3041 6.19 7.84 940 1079 13.02 1477
C—(H):(C)2 -4.93 942 550 695 825 935 11.07 1234
C—(H)(C), -1.90 -1207  4.54 600 717 805 931 1005
C—(C)s 0.50 -3510 437 613 736 812 B77 876

n-butane
CH;-CH,-CH,-CH,
2 groups C-(H),;-C

2 groups C-(H),-(C),

AHY a0 =2+(=10.2)+2-(-4.93) = -30.26 Reference value -30.1 Kcal/mol

n-heptane
CH;-(CH,)<-CH,

2 groups C-(H),-C

5 groups C-(H),-(C),

AH},nm =2-(-10.2)+5-(—4.93) = —45.05 Reference value -45.0 Kcal/mol
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Less simple example

Iso-octane: 2,2,4,tri-methyl-pentane
Chy CH; group number DH° (298K) S° (298K) Cp° (298K)
HiC T e,
¥ kcal/mol cal/mol/K cal/mol/K
C-(H)5(C) 5 -10.098 30.423 6.15
C-(H),(C), 1 -4.930 9.357 5.47
C-(H)(C); 1 -0.280 -12.808 4.80
c-(C), 1 4.590 -35.720 3.95
CH; 1 5 -0.43 0 0
symmetries -RIn729
total -53.26 99.85 44,97
Symmetries 35+1=729
P.A. Glaude. COST- Milan Summer School 2013
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Benson’s group additivity software

THERM Ritter and Bozzelli (1991)

Decomposition into groups and corrections done by the user
NIST database program Stein et al. (1991) Webbook
THERGAS C. Muller, V. Michel, G. Scacchi and G. M. Come (1995)

CRANIUM : groups of Joback, estimation of other properties
(Topr Teusr Tor Peevs)

o Feeee

P.A. Glaude. COST- Milan Summer School 2013
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Problems with group additivity

While the group additivity method is intuitively simple, it has its drawbacks
stemming from the need to consider higher-order correction terms for a
large number of molecules. Take cyclopentane as an example, the
addition of group contributions yields H° = —103 kJ/mol, yet the
experimental value is =76 kJ/mol. The difference is caused by the ring
strain, which is not accounted for in the group value of C—(C2,H2)
obtained from unstrained, straight-chain alkane molecules.

Cyclics are the biggest problem for group additivity, but some other species
also do not work well, e.g. some halogenated compounds, and some
highly branched compounds. Very small molecules are often unique (e.g.
CO, OH), so group additivity does not help with those.

Species with different resonance forms can also cause problems, e.g.
propargyl CH2CCH can be written with a triple bond or two double bonds,
which should be used when determining the groups?

From prof. Bill Green’s notes
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Thermodynamic properties correct evaluation

Thermodynamic properties (enthalpy, entropy and heat capacity)
can be properly evaluated by performing ab initio calculations
and the density-functional theory (DFT).

Ab initio methods allow determining the fundamental properties
of materials based on the laws of quantum mechanics. The
methods consist of the resolution of the many-body Schrodinger
equation for atoms and their corresponding electrons.

We will be back about this, later...
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Free Gibbs energy

Second law of thermodynamics can be expressed as “The entropy of an isolated
system can only increase”

Specific Gibbs function (G) is definedas: g=h—Ts

A few thermodynamic manipulations allows to show that any process taking place
at a specified temperature and pressure must occur in a way that:

dGly, <0

In particular, the equilibrium state is that with a minimum Gibbs energy
dGITp =0
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Chemical Potential

Any extensive property of a single phase system is a function of two independent
intensive properties and the size of the system

G = G(T,p,n) Being nthe number of moles, i.e. a measure of the size of the system

G =G(T,p,ny,...,ns) Inthe case of a multicomponent system with n¢ species

ns ns
)y = ( oc ) d d
Tp = E n; = 2#1’ n;
=1 In Tpnj =1
a6 Chemical Potential is the partial molal Gibbs energy and
ui = B_m Tonj = Ji; plays a central role in the criteria for chemical and

phase equilibrium

The equilibrium state dGlTp =0

Can be written as
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Ideal gas mixture case

aG
ani

am) 0 (ac) 9 (aa)
op T, dop \on; Tom; on; \dp Tom;

Hi = T,pn;

In the case of ideal gas

i=1

ns
<0V) d (RT
R = — | — n;
on; o on\ p Z ' .

=1

PN
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Evaluating the chemical potential of ideal gas

o RT RT
—l> =— Co— du; =—dp
op).. P p

mnj

Partial pressure of component p;is p; = y;p and, at constant composition, dp; = y;dp
Where y, is the mole fraction of the component i in the mixture.
dp; = Eolzo = Eyidzo = Edpi = RTdIn(p;)
p pi pi
Integrating this equation:

i = uf + RTin(p) = u + RTin(py;)

where uf = EP

Is the chemical potential (equal to the partial molal Gibbs energy) calculated at
temperature T and pressure of 1 atmosphere
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System component changes

Let’s consider a closed system at T and p where a chemical reaction occurs

VaA+vgB2v.C+v,D Where V’s are stoichiometric coefficients

System composition can be expressed as a function of just one parameter (A)

ny =nd — vy ng = ng — Avg ng =nd + vy ng = ng + Avg
Or generically: n; =n? + y;

A is the extent (or advancement) of a reaction, which measures the progress of the
reaction and has units of moles

dni = Vidl

The equilibrium state dGlTp = 0 becomes Equation of reaction equilibriun

S s S S Solving this equation is possible
Z.uidni = z:llivid)L = d?tz;tzvi = Z#ivi = 0 to determine the equilibrium
i=1 i=1 i=1 i=1

composition at Tand p
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Equilibrium of ideal gas mixture

s
Zuivi =0 Inthe case of ideal gas, we got  y; = u? + RTIn(p;)
i=1

s s ns s ns
Zviu? + RTZ vilin(p;) = 0 e—) viud = —RTZ lnp;/i = —RTlnl_[p;/i
i=1 i=1 i=1 i=1 i=1
ns
Z viud = AGO Change in the Gibbs energy for the reaction at temperature T and
— e pressure of 1 atm.
ns
AG® = —RTlnl_[pg’i
i=1
. K, is the equilibrium constant for partial
o—AGO/RT _ . vi_ g = peEppP pressures of the reaction, which can be
b; P pVapVE evaluated from AG°
=1 4 and AG® = AH® — TAS°®
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Equilibrium constant for molar concentration

Ideal gas mixture:
n.
¢ = 71 = RTp; ¢ is the concentration (mol/m3) of the species i in the mixture

ns ns Ci \Vi
Vi i\t
k=] [t =] |G
i=1 i=1

s
v, K.is the equilibrium constant for molar concentrations of
K. = (c)Vi ;
the reaction
i=1

K. = K,(RT)%i=1 Vi

33 Tsinghua Summer School
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Spontaneous reactions

A

B

N

O

—
S

) <0 Reaction A »B is spontaneous
Tp

—
S

) >0 Reaction B —»A is spontaneous
Tp

/N
S

) =0 Equilibrium. Reaction stops
Tp

In general, looking at the reaction:
AG < 0 : spontaneous reactions.
AG = 0 : Equilibrium conditions.
AG > 0 : Not spontaneous reactions.
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Equilibrium composition

ng ns
dG = Zuidni = 2(#? + RTlnpi)dni
i=1 i=1
dnl- = Vid)l

dG =

S
(viu? + RTvilnpi)d/l
i=1

n

dG 0 N Equation of reaction equilibrium Solving this system of

ﬁ =AG" + RTZ Inp;¥t1 =0 equations in p; (or n;) is possible to determine the
i=1 equilibrium composition at T and p

It is more convenient from the numerical point of view to minimize the function, instead

of solving the system

It is key to recognize that the n, in equation are not independent variables. They are constrained
such that the number of moles of each element in the system must remain constant. Specific
algorithm can be conveniently adopted, like Lagrangian multipliers.

Codes are available to find the equilibrium composition: GASEQ, Cantera, OpenSMOKE++,
CHEMKIN

35 Tsinghua Summer School
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An example: Francis diagram

Dehydrogenation reaction of ethane

C,H; & CH, +H,is favored at T > 1100 K
T> 1400 K

h--

T>1100K

noo 1300 1500 ‘K

Dehydrogenation reaction of ethylene
C,H, ¢ G,H, +H, is favored at T > 1400 K
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Vant’Hoff equation

G TdG — GAT T(—SdT) — GdT (TS + G)dT
d = T2 = T2 = T2
pni;

G=H-TS H=G+TS

J G _ Hdr
T T2
png;

At assigned pressure and number of mole, the Gibbs energy is only function of the
temperature, thus it is possible to evaluate the differential of its ratio with T

(5), =GR,

M

From the two previous equations:
(G HdT (@ H
<M> AT = — —— ) M S
T Jpm T2 T Jpm, T2

Vant’Hoff equation
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Temperature effect on equilibrium constant

° (AGO/T)) aH°

T /pm, T?

AG® = —RTInK,

dinK, AH°
R =—
oT T?
oy
If it possible to assume that AH? is constant
(generally not true)

yT
anp (T,) AH°/[1 1 For endothermic reactions the equilibrium
Ink,(Ty) ~R T_1 - T_2 constant increases with the temperature
For exothermic reactions the equilibrium
A more general case AH® not constant constant decreases with the temperature
AH(0K)

B C
+ AINT +=T+—=T?* + ...

Ranp =— T2 > 3
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Le Chatelier Principle

If a dynamic equilibrium is disturbed by changing the conditions,
the position of equilibrium moves to partially reverse the change.

e An increase of temperature decreases the equilibrium constant of exothermic
reactions, whereas, increases the K value of endothermic reactions.

e An increase of pressure (due to decreasing volume) shifts the reaction to the side with
the fewer moles of gas. A decrease of pressure due to increasing volume causes the
reaction to shift to the side with more moles of gas. Equilibrium tries to counteract

the imposed changes in
temperature and pressure!

At high T, the stable products from a C/H/O reaction system can dissociate.
Endothermic dissociation reactions are favored at High Temperatures:

T
C0,2C0+050, 1930 H,=22H 2430 Tyiss is the temperature where
H,0 2 H + OH 2080 0,220 2570 dissociation becomes higher

than 1%, at 1 atm.
H,02H,+050, 2120 N,22N 3590

At higher pressures, dissociation reactions are less favored.
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Approaching the equilibrium

1400 K 2000 K
1.E-01
Isothermal LEO3 4 LEOL 1 o
methane . ol
combustion at % 1E'02 N 0.0000 0.0003 0.0006 0.0009
. o -
atmospheric & e
pressureand 2 LEO
stoichiometric 8
dt 1.E-05 — T T T T T T T 1.E-04 T 1
conaitions 0 10 20 30 40 50 60 70 80 90 10! 0.00 0.05 0.10
1.E-04 4 1.E-02 -
c
,g 1.E-03 A
[%)
S 1605 - /ﬁ
£
[
5 1.6-04 4
£
o
2
1.E-06 T T T 1.E-05 — T T T T T T T
0.E+00 3.E+05 6.E+05 9.E+05 01 2 3 45 6 7 8 910
time [s] time [s]
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Recap

v

ANERN

A R N N N N N NN

Enthalpy of formation: index of species stability
Enthalpy of formation is a state function: independent of the transformation story

Specific heat allows to move from the standard conditions to different temperature
conditions

Heat of reaction: opposite of the enthalpy change of a reaction

Heating value: heat released from a fuel completely oxidized (LHV, HHV)

Standard entropy: measure of the disorder of the system (atoms)

Free Gibbs energy (g =h —Ts)

Equilibrium state dG =0

Minimizing the constrained Free Gibbs energy allows to find the equilibrium composition
Equilibrium constant can be determined from enthalpy and entropy

Temperature, pressure and initial composition affect the equilibrium constant
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Kinetics and reaction rates

Tsinghua Summer School POLITECNICO MILANO 1863




Kinetics and time-dependent system

Species mass balance defines the species evolution in time.

In a closed, isothermal and isobaric system, the mass balance of i-th species can be
written as:

* ¢ is the molar density (concentration)

dc;
—t= R; i=1,..,ng * R is the rate of formation/disappearance of i
dt * ngis the total number of species
ng * v, is the stochiometric coefficient of species i in
. reaction j
Ri=) vyR; i=1,.,n . . o
. ; v s s * Ryis the reaction rate of reaction j
]:

* ngis the total number of reactions

The kinetic system of ordinary differential equations (ODEs) defines the relationship
between the production rates of the species and rates of the reaction steps.

From the numerical point of view, the solution of the system can be challenging
because of the possible large number of species and of the stiffness (very different
characteristic times among the species)

2 Tsinghua Summer School POLITECNICO MILANO 1863

Combustion kinetics

Combustion is a high-temperature exothermic redox chemical
reaction between a fuel (the reductant) and an oxidant, usually
atmospheric oxygen, that produces oxidized, often gaseous
products, in a mixture termed as smoke. Combustion does not
always result in fire, because a flame is only visible when-substances
undergoing-combustionvaperize, but when it does, a flame is a
characteristic indicator of the reaction. While the activation energy
must be overcome to initiate combustion (e.g., using a lit match to
light a fire), the heat from a flame may provide enough energy to
make the reaction self-sustaining.

Combustion is (efter) a complicated sequence of elementary radical
reactions

From Wikipedia
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Radicals

Free radical is a molecule having

unpaired electrons:

e are unstable (&)
* react quickly with other

CO’_“F’OU”dS H atom: radical ~ H, molecule: stable species
* asingle molecule can have several

unpaired electrons, notably oxygen
which can be thought of as a bi-
radical

* rarely occur in nature

g @ Unpared

eegwb eeg electron
Y N

Methane (CH,) molecule: stable species Methyl (CH,) radical
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Radical types

Homolytic bond cleavage leads to the formation of radicals

Single headed arrows are usually used to show the movement of single electrons

Y homolysis
‘B — A-+B
'ﬁ‘) B A +B
Alkane radicals (alkyl) are categorized as primary (1°), secondary (2°) and tertiary

(3°) based on the number of attached R groups.

. L] L]
RCH, R,CH R,C
1° 2° 3°
Ly " e
H_?\Co H—C/ |\C—H H_(I:_H
HoL U T T M
H H—C_L_C|
W Ty NN LT
_eCL H=o~c~f>~c—n H H
H—C~ | ~C | I
T H Rog B
H H
PN
e
H H
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Radical stability

Bond dissociation energy is used as a measure of radical stability.

CH; — CH; + He AHO =439 kl/mol
|!| methyl

CH3CH,CH, —> CH;CH,CH, + He (AHO =424 k/mol

H Propyl (1° radical)

CH;CHCH; — CH,CHCH; + He  AH® =413 kl/mol Bond dissociation energy of
I ° ° . primary C-H
H Isopropyl (2° radical) 450

A
CH;CCH; — CH,CCH; + He AH® =395 kJ/mol
|!| tert-Butyl (3° radical)

AHO (kJ/mol)

410

0 2 4 6 8 10
CH3 CH3 #C atoms

I I
CH3CHCI|-|2—> CH,CHCH, + He AHO =417 ki/mol

H Isobu.tyl (1° radical)
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Radical reactivity

) ) ? ) ) 7
H—C—H R—C—H R—C—H H—Ce R—Ce R—Ce
R R R R R R
primary < secondary < tertiary primary < secondary < tertiary
1.0 3.5 5.0

B yorogen reactivity PSRN stabilty S

Relative bond energy reactivity reflects the radical stability
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Vinyl radical

Presence of double bonds significantly affects the formed radicals and their stability

H
C=C— C=C+He AHO = 462 kJ/mol

ethylene  Vinyl radical

C-atoms involved in double bonds present a sp? hybridization (instead of the sp3 of alkane).
As the s-character of the orbital containing the free radical is increased, the half-filled orbital
containing the free radical is held more closely to the nucleus. This actually destabilizes the
species, because being closer to the nucleus, the electron affinity of the orbital will increase.
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Allyl radical

= Three electrons are delocalized over three carbons. Allyl radicals are more
stable than alkyl radicals due to resonance effects - an unpaired electron can
be delocalized over a system of conjugated pi bonds.

= Spin density surface shows single electron is dispersed

H H
-— |
H— 0 ¢c-H
H H
E—c 1 i i
[T C=Cl y rHe AHO =368 ki/mol
HoH hos
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Radical stability

Summarizing previous slides:

| ) ) ) R !

c=¢ H—C » H—C » R—Ce R—Ce c=c

[ I | | | s
H R R R

vinylic < methyl < primary < secondary < tertiary < allylic

B by

oy f i R
¢=¢ H=C—H H—C—H R—C—H R—C—H C|=$\é_|_|
H H H R R R HoH |

vinylic < methyl < primary < secondary < tertiary < allylic

T hydrogen reactivity ‘
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Inorganic radical stability

H 5 2He AH® =435 kJ/mol
H  hydrogen
OH —>(.)H+Ho AH° =494 kJ/mol
|!| hydroxy
?OH - HOQ + He AH° =367 kl/mol
H hydroperoxy
00— 20: AHO =498 kJ/mol
O  oxygen
| ) ) ) o
(I:=é H—Ce H—Ce R—Ce R—Ce $=(|Z\é_
' f R R R :

O < OH < vinylic < methyl < H < primary < secondary < tertiary < allylic <HO,

11 Tsinghua Summer School POLITECNICO MILANO 1863



Typical bond energies (kJ/mol)

atomor | methyl | ethyl “P‘?&‘J #butyl | phenyl | benzyl | allyl acetyl | vinyl | ethynyl
group CHs C:Hs |(CHy (CHapC | GHs |GHsCH:| CHs | CH,CO | C:Hs C:H
H 439 420 413 400 474 375 369 n 465 547
OH 384 392 400 398 473 339 332 464 552
CHs 375 369 370 362 435 32 a7 352 424 516
C:Hs 369 364 363 353 428 318 346 419 510
(CHy:CH 370 363 358 343 425 319 341 510
(CHa):C 62 353 343 i 410 an 498
CeHs 435 428 425 410 496 381 414 491 588
GH«LCH: | 323 318 319 381 278 290
12 Tsinghua Summer School POLITECNICO MILANO 1863

Radical mechanism

Initiation reactions from stable species initially create radical species. In most
cases, this is a homolytic cleavage event, and takes place rarely due to the high
energy barriers involved

Propagation reactions are the 'chain' part of chain reactions. Once a reactive
free radical is generated, it can react with stable molecules to form new free
radicals.

Chain termination reactions occur when two free radicals react with each
other to form a stable, non-radical adduct. This is a very thermodynamically favored
event, it is also rare due to the low concentration of radical species, which hardly
collide with one another
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Initiation reactions

Homolytic bond cleavage

Symmetrical bond-cleavage forming two free
radicals. One unpaired bonding electron stays with
each product

(Y homolysis
P,O:B — AtB

H, - 2H.
CH, —» CHje + He

H-abstraction from a stable molecule

0=0
IJ H/O_Q A stable molecule abstracts a hydrogen from another
< ) .
R=H Re stable molecules forming two free radicals.
HZ + 02 — He + HOZ.
CH, + O, - CHe + HO,e
14 Tsinghua Summer School POLITECNICO MILANO 1863

Propagation reactions

Radical transfer: H abstraction
A radical can break a bond in another molecule and
—  LRIA+p- abstract a partner with an electron, giving substitution
in the original molecule
OHe + H, » H,0 + He
He + CH, — H, + CH,e

4!
Rict A7B

Radical inter-transfer: isomerization

H H
| u | H
H H H H—c| 0 H-c_| H H H
[HLH I~ he > et | [0 lH
H=C e e Cnpmpy — A ] I [ — O g O -C ey
VTR "~c___c" ~c___c" VTR b
H H A H A H H ~c~ “SH H ~c~ SH H H H H H H

H SH H” SH

A radical can break a bond in the same molecule and abstract a partner with an
electron, moving the free radical position
1-CgHqze = 2-CeHy5e
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Propagation reactions

B-decomposition ) )
A radical can break a bond in
position forming a smaller radical
and an unsaturated molecule
e H oY
HoGLEP Ol —— H-C + CZ T CH
HOfH ] i ioH 2-CsHyqe > CHye + C3H,
Radical addition
A radical can add on a double
Tde LY et :
H—C» \CFT~C—H — H ?\C/CI\C_H bond forming a new larger
weono HolboH radical (reverse reaction of 3-
decomposition)
CHge + C3Hg > 2-CoHyjpe
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Propagation reactions

cyclization of unsaturated radicals
A radical can add on an

H H
\/ H__H . .
i i H H H—C4€)\6<H Hoe €S <|-| |ntern.aldou'ble bond forming
D R T T PN [ H  acyclic species
HoloH [ oA ~c_ ¢l HP>c M
H H H e ~CT H

CgHype = cy- CHy e

In some cases this reaction can be very important and favored, like in the formation of
aromatic radicals
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Propagation reactions

Ipso-addition . .
This reaction class occurs on

aromatics. It is the sum of an
R addition reaction on double bonds,

NTY -
éq [3‘7 @ directly followed by a B-scission.
_— _ + R

Examples
CH, ~ CHy
oH H
. e
- v
CHy ~ CHy ~ OH
*OH OH
— — ++CH,
. )
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Termination reactions

Recombination
Symmetrical bond-making from two radicals. One

AN unpaired bonding electron is donated by each
A +B——A:B reactant (reverse reaction of homolytic bond-
cleavage)
2He > H,

CHye + He - CH,

Disproportionation

A One radical abstracts a hydrogen atom from a
R('j' H/O_O' R=H + 0=0  sacond radical, which forms a double bond (reverse
v reaction of H-abstraction from a stable molecule)

He + HOZ- - H2+02
CHse + HO,e — CH, + O,
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Branching reactions

Radicals in reaction products are more than those in reactants

Re+A—> 0o Re+P a>1

Most important Chain Branching Reaction in combustion

He + 0, > O +*OH a=3
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Isomerization reactions: cyclic structure stability

H\ ~\H
Carbon atoms SP3 hybridized have bond angles of 109.5° /C\
H;C 1oos- CH,
CH CH,
CH, H,C———CH, /CH\z e {CHZ H,C~ “~CH,
- HC™ jope ( CH,
60° 909 \ 120° H,C 128 5 CH,
H,CL 22 _CH, N
H,C H, CH, H,C——CH, 2c—CH2

CH,

T .

Bond angles of most of cyclic hydrocarbons are too different from the optimal one.
This induces extra strains in the molecules and moves their atoms by puckering the
ring, adopting non planar configurations, to reduce the angle strain.
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Isomerization reactions: energetic view point

Internal isomerization are not equivalent from the energetic point of view. Some of
them, those including 3, 4 member ring cyclic structure are negligible, the 5
membered ring can occur, but it is penalized. From 6 membered ring and up the
penalty is low.

oo ~CH, CH,
H~" TNCH

R—C CH, R—C _~CH:

H H CH,
o o o s
R-CH,-CH,-CH,~>R-CH-CH,-CH;  R-CH,-CH,-CH,-CH,-CH,~>R-CH-CH,-CH,-CH,-CH,
1-3 isomerization: 1-5 isomerization:
almost impossible no energetic penalty o
2
CHZ Hzg/ \CHZ

/ W \CHZ H \CH
Y \ / \ s 02

R—C CH, R—C—CH, R—C—CH,
H H H
R-CH,-CH,»R-CH-CH;  R-CHy-CH,-CH,-CH,~R-CH-CH,-CH,-CH,  R-CH,~CH,~CH,-CH,~CH,-CH,~R-CH-CH,-CH,~CH,-CH,-CH|
1-2 isomerization: 1-4 isomerization: 1-6 isomerization:
almost impossible energetic penalty low energetic penalty

2
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Isomerization reactions: entropic view point

5 membered ring 6 membered ring 7 membered ring
isometization isometization isometization

Ya%y%,, “5%y%,8 oy

Larger rings have an entropic disadvantage: a larger number of rotors must be
blocked in the transition state to allow a proper configuration of the radicals.
The rate coefficient gradually decreases as the cyclic chain becomes longer.
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Isomerization reactions: entropic view point

The A-factors can be estimated by accounting for the number of rotors that are lost in
the cyclic TS. There is a systematic decrease in the A-factor as the size of the TS ring
increases and more rotors are tied up in the cyclic TS.’ma

A-factor vs. Rotor loss
1 rotor tied up in 12 | 1,2-H (1)
TSring

e

N w1 16411 I\L\

AL A AN g | ey

1.::|'| ™ i i q1154-1[5]\

R’M_—‘[R‘)\j —-n’.\:/\/\. 1E408 E\%v‘
" 4 rotors tied up oy e e

06 08 10 12 14 16 18 20
1000 K/T

Following the ideas of Benson, the activation energy for the hydrogen shift reactions
is the sum of the activation energy of H-abstraction reaction plus the ring strain
associated with the cyclic TS.

The strain for a 3- and 4-member rings are 24-26 kcal/mol.
Mainly 1,4-H, 1,5-H, and 1,6-H shift reactions are effective

Wang and Dean (2018). Rate Rules and Reaction Classes.
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Reaction rate definition

The reaction rate of the reaction j (R)) is the speed at which a chemical reaction
takes place.

It is proportional to the increase in the concentration of a product per unit time
and to the decrease in the concentration of a reactant per unit time.

A(time) large = average reaction rate
Alconcentration]

- Altime]

A(time) small = instantaneous reaction rate.
The difference quotient becomes the derivative

A+B—-C+D
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Reaction rate evaluation

Reaction rate is generally evaluated from:

_— oL o ng, is the number of reactants of the reaction
= k@p) | [
i=1 ¢;is the molar concentration of i-th reactant

(equivalent to [i])

Elementary reaction o is called the reaction order with respect to

A+B - C+D species i (generally experimentally determined).

R = k(T, p)ccp For elementary reactions, the reaction order
corresponds to the absolute value of the

stoichiometric coefficient of the species i

k is the reaction rate constant (it should better to call it reaction rate coefficient).
k may depend on T, P, and the quality and quantity of the nonreactive species
present (for example an inert dilution gas or solvent).

26 Tsinghua Summer School POLITECNICO MILANO 1863

Reaction molecularity

The molecularity of a single chemical reaction is defined as the minimum number of
molecules which must interact.

The rate expression for unimolecular reactions is:

Unimolecular A = Products
R =k (T) [A]

R concentration
- time

units of k. are [1/time]

[A] = concentration

Bimolecular A+ A = Products A + B = Products uiifis 68 fie. A1
(4
R =k [A]z R =k [A][B] [1/time/concentration]
Trimolecular A+A+A - Products A+A+B-> Products A+B+C- Products
R =k [A]? R = k.[A]*[B] R = kc[A][B][C]

units of k. are
[1/time/concentration?]
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First order reactions

A—>B R =k[A] =kcy
0
RA =—k [A] = —kCA CA
k
dc <
A= ke, Initial condition t =0 ¢4 =c§ ©
dt
dc Cadcy ¢
_A:_kdtﬁf ——=—k| dt t
Ca c A 0 0
lTlCA
Cy k
ln—o = —kt ﬁ Cyq = Cge_kt
cy =
Complete conversion only when t »o S
_ .0 _
0 cu=c4 ¢&=0
. Ca—Cy
Conversion: § = —— < t
€a =0 ¢&=1
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Second order reactions

2A- B R = kc? Ry = —kc2
R
dCA _ 2 e . 0
T —2kcj Initial condition t =0 ¢4 = ¢4 k
t J
dey Cadcy,
— = —2kdt =) f —2=—2kf dt
1 cA 1 1 t
—|=| = -2kt mm) ———5=2kt 1
Caf, o Ca €y =
A CA k
3 2
Ca=T———"3—
AT+ 2¢0kt —| &
Complete conversion only when t »o
t
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Experimental reactio

R = k[NO]* [H,]F

>  Expt. [NOJ,
-1 25
-2 25
-3 12.5

R = kINOJ4[H,]?

R, = k[25]¢[5]F=1.2 x 1073

R, = k[25]%[10]F= 2.4 x 1073

n order evaluation

2NO + 2H, »N, + 2H,0
GAN R
10 2.4x1073
5 1.2x 1073
10 0.6 x 103

R = k[NOJ*[H,]?
R, = k[25]°[10]% = 2.4 x 103
R, = k[12.5]%[10]% = 0.6 x 1073

L Ri_ (10 B 24x1073 > B (ﬁ)a _ 24x107%
Ry (?) T 12x10-3 R3 12.5 0.6x1073
(2)F =2 (2% =4
B=1 > o=2
Courtesy prof. Henry Curran
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Rate constant

Rate constant (k) depends on two main factors: the probability of the molecules
to collide and the energy of the molecules, which has to be enough to allow the
reaction to occur

The Arrhenius equation
Eq

k= Ae B Ais the frequency factor, also called pre-

exponential factor, which, according to collision
theory, depends on how often molecules collide
and on whether the molecules are properly
oriented when they collide. It is a measure of the
frequency of effective collisions among the
reactants

E,is the activation energy, which is the kinetic
energy that the molecules must have to react
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Frequency factor

molecule orientation

OHe + CH20 - H,0 + HCO.

Pt

Before collision

X

Ineffective collision

—

After collision — no reactio

—

g

O e =

Before collision

@

Effective collision

—

After collision — reaction

—
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Activation energy
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Together with proper orientation, molecules requires the proper energy.
By assuming a Boltzmann distribution of molecule kinetic energy, we know that the

Eq
fraction of collisions which will have a kinetic energy high enough is e” RT

Fraction of collisions with
given kinetic energy

Minimum kinetic energy
allowing reaction to occur

The shaded areas are proportional to

the fractions of the collisions, which

kinetic energy

33 Tsinghua Summer School

have the minimum activation energy,
at least. Increasing temperature the
fraction increases
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Activation energy concept

According to the ancient Greek mythology, Sisyphus was a very evil king. As a punishment
for his misdoings, he was supposed to roll a large stone up to the top of a long hill. A spell
had been placed on the stone so that it would roll back down before reaching the top, never
to complete the task. Sisyphus was condemned to an eternity of trying to get to the top of
the hill, but never succeeding.

This myth (without the spell of rolling back) is sometimes used to explain the concept of the
activation energy: molecules have to overcome a hill (not always long). The height of the hill
is the activation energy. Contrary to Sisyphus, some molecules reach the top. Only those
molecules (reactants) which have energy enough to be successful can then arrive to their
final destination: the products. Consider that not all reactions have an activation energy!
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Potential energy diagram

Potential energy diagram shows the change in potential energy of a system as
reactants are converted into products.

In transition-state theory, there is the formation of a state, where an activated
complex in between reactants and products is formed.

O +CH, — OH + CH, .*@
2 . OH+H — H,0
= "lh) Transition state Barrier-less reaction

(no activation energy)

>
X0
of N = &
< |reactants .@ 5| &
—_ o
© 5 o
g W& = Wi
g ® £
o [J]
Q products 5
Q
Reaction coordinate Reaction coordinate
(reaction progress from reactants to products) (reaction progress from reactants to products)
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Potential energy diagram and heat of reaction

The enthalpy change from reactants to products (AH) is negative for an exothermic reaction
and positive for an endothermic reaction.
The total potential energy of the system decreases for the exothermic reaction as the system
releases energy to the surroundings. The total potential energy of the system increases for the
endothermic reaction as the system absorbs energy from the surroundings.
Exothermic reaction Endothermic reaction

& &
S ol
S reactants S products
© ©
= AH = AH
g (energy released) S| reactants (energy absorbed)
ol o Meaeent v
= products =

Reaction coordinate Reaction coordinate

(reaction progress from reactants to products) (reaction progress from reactants to products)
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Activation Energy and Temperature Dependency

The activation energy determines the temperature dependency of reaction rates.

Arrhenius' law: k. = ko X exp(— E,/RT) e==)nk.=Inky—(Ey/R) (I/T)
the plot of In k vs 1000/T gives a straight line, where the slope is the activation energy
(multiplied by gas constant).

Temperature dependency of Rate Constant

10409
k1
Ea= 30 kcal/mole
LDE+08
IS
B L0ED7
g Ea= 15 kcal/mole
o
L roEs0s
]
3 \
1.0E+05
1.DE+04
0.7 09 11 13 15
1430K 1000/T 670K

Reactions with high activation energies are very temperature-sensitive.
All the reactions are more temperature-sensitive at low temperatures.
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Modified Arrhenius equation

On relatively small temperature ranges, the classical Arrhenius equation works
_Eq
k = Ae RT
The assumption of a frequency factor temperature
independent does not allow to describe the rate
In(k) =4 -2 constant on large temperature ranges (combustion).
% Moreover, it disagrees with the transition state theory,
- where the frequency factor depends primarily on the
(i) = A+ nT — £ entropy of activation, which is slowly temperature
dependent.
1T
A modified Arrhenius equation is then more correctly
proposed:
Eq
k = AT"e RT
Where n is a parameter, which accounts for the
temperature effect on the frequency factor
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Duplicate reactions

Sometimes, rate constants show very unusual behaviors, which cannot be easily
explained with a modified Arrhenius equations.

HO, + OH — H,0+ 0,

k (em® mol™ s7)

05 1 15 2 25 3 35 4
10007 (K1)

Burke et al., Proc. Comb. Inst., 34, 2013
In this case, the rate constant is assumed as the some of two Arrhenius expressions

Eq

_Ea _Eaz
k=A;T"e RT + A,T™2e RT
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Brief recap

Three things must happen for a reaction to occur

1) Molecules must collide.
2) Molecules must collide with enough energy.
3) Molecules must collide with the correct orientation.

How can we modify the reaction rate?

1) Modify concentration. Increasing/decreasing the concentration
increases/decreases the number of collisions. The more/lesser collisions per second,
the faster/slower the reaction.

2) Modify temperature. Increasing/decreasing the temperature increases/decreases
the number of collisions because the molecules are moving faster/slower.

It also means that more/less of the collisions have/don’t have enough energy for a
reaction to occur. A higher/smaller % of collisions will have enough energy
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Reversible reactions

All thermal elementary reactions are reversible: the reaction products may react
with each other to re-form the reactants.

Forward and reverse rate constants are not independent.

The Micro-Reversibility Principle states that given an elementary reaction, the
reverse reaction follows the same path on the potential energy surface.

A+B2C+D ) ) )
Transition state Irreversible reaction means that either the

> reverse reaction has been neglected
<
& A+B->C+D
S
Q

?QL
S
A B © or that the reactions have been separated
into forward and backwards rates.
A+B->C+D

C,D C+D->A+B

potential energy

Reaction coordinate
(reaction progress from reactants to products)
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Forward and reverse rate constants

A+B2C+D szkchcB

Rr = ercCD
R = Kk¢cpcg — KpccCp

At the equilibrium, the reaction rate is zero: composition does not change

K¢  ccop

R =Kecacp — Kpecep =0 K cacg e
r

From thermodynamics: K, = Kp(RT)Z?i Vi — g=AG°/RT (RTYEZ, Vi

Forward and reverse rate constants are related by thermodynamics:

K K¢ K¢
r= = n
K  e-4GO/RT (RT)Zi=Sl vi
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Pressure dependent reaction

https://chem.libretexts.org/Courses/Universit
p y_of_Arkansas_Little_Rock/Chem_1403%3A_
':\:./J General_Chemistry_2/Text/14%3A_Rates_of _
Chemical_Reactions/14.07%3A_Reaction_Me
chanisms

Originally, unimolecular reactions were thought to do not depend on molecular
collisions and hence occur only by absorbing energy and forming an activated
complex. This was later disproven by showing that believed unimolecular reactions do
not remain first order at low pressures.

Although a unimolecular reaction is supposed by definition to involve one molecule of
the reactant species only, and proceed in one step, the definition was broadened to
allow mechanisms for explanation of unimolecular reactions.
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Lindemann mechanism (1922)

Lindemann proposed that first-order processes occur as a result of a two-step sequence
where the reacting molecule A is first activated (A*) by collision, then A" can decompose or
could be deactivated by another collision.

< K . -~
M is the collision partner (generally
— A*
@ A+M "k'rA +M named “third body”), which can be any
* kp d of the other molecules present in the
é \0 A*—= products .,

The rate of formation of A and A” are:
dcy
E = _kaAcM + chA*CM
dCA*

F = kaACM - kT'CA*CM - kpCA*
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Third Body

cy, is the third body concentration and is generally indicated as [M]
In the case of ideal gas

cy = [M] =—

Not all the molecules show the same effectiveness as collisional partner. Some are
more effective other less effective.
Thus, when calculating the effective concentration of the third body, the collision

efficiencies g, should also be taken into account:
s

[M] = Z &iC;

i=1
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Steady state approximation

The steady-state approximation is a method, which assumes that one intermediate in the
reaction mechanism is consumed as quickly as it is generated. As a consequence, its
concentration remains the same in a duration of the reaction.

A+MZ2A*+M

A*— products

If A* consumption is much faster than its formation, it cannot accumulate: its accumulation is

negligible
gligi de,e

dr
dCA*

7 = kchCM - erA*CM - kpCA* =0
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Overall reaction rate constant

dCA*
? = kaACM - kTCA*CM - kpcA* =0

o = krcacy
4 kpew + Ky

N . . d
Substituting this value in the A balance: % = —kpcpcy + kpcqrcy
dcy krcacy kekypcacy
A=k +k =- =—
dt A T I, M T ke + koA

According to the Lindemann approach the overall reaction rate constant of A
depletion is then: Kk

k =)t P
T kyey + ky
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Pressure dependence

dCA
dr = —koverca
_ kfkpCM
over erM + kp

At high pressures there are a lot of molecules around, [M] is high: k,.[M] > k,, thus:

kek

f"p
k. =—==K- -k
@ k, P

where k, is the high-pressure-limit rate constant and K is the equilibrium constant (k;/k,.).
Thus at high pressures the decomposition process becomes overall first-order.

At low pressures, the concentrations drop (not many molecules around) and k,.[M] < ky, ,
then reaction is of second-order and the low-pressure limit rate constant (k,) becomes:

ko = kp[M].
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Fall-off region

The fall-off region is the transition between linear dependence on pressure and no
dependence on pressure. Many reaction systems, combustion too, fall in this region

______________________________

igh pressure limit,
k independent of [M]

Low pressure limit,
k dependent of [M]
p

Lindemann simply proposed to account for the whole pressure range, using the sum of the

reciprocals of low and high pressure limits
11 1

k ko koo
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Troe formulation

Troe formulation is a more precise expression for the fall-off region.

the apparent first-order rate coefficient at any pressure can be calculated by:

k= koo( P, )F where b _ koM If F= 1,.th|s is t.he Lindemann
1+Py r Ko expression again
211
log F = logFsen: |1+ logh + ¢
0 =
& B cent n — 0.14(logP. + ¢)
¢ =—0.4—0.67logF.ent n = —0.75 — 1.271logF sen¢

Feent = (1 — a)exp (— TL) + aexp (— Tl) + exp (— TT)

four extra parameters a, T***, T*, T** must be defined to describe the fall-off curve!!
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LOGP formulation

Troe fitting is not always accurate. Errors up to 30-40% can be found for some
reactions.

Current best option is to evaluate rate constants (k;) for a specific reaction at
different pressures (p;) and to tabulate them.

The actual rate constant (k) at the pressure p, is obtained by the linear interpolation
inIn (p)

Inp — Inp;

Ink = Ink; + (Ink;;; — Ink;)) ——
P1 n nl+(nl+1 nl)lanl—lnpi

P2
P3

In k

Being p; and p,,, the closest lower higher pressure
values of p and k; and k;,, the corresponding rate
constants

P

1000/T
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Kinetic equations

Simplest system to study kinetics is the isothermal Batch Reactor (BR) at
constant volume.

BRis an ideal closed reactor, where the reactants are initially charged into a
container, are well (‘perfectly’) mixed (i.e. mixing is much faster than
reaction time) and left to react for a certain period

The material balance of any component i is quite simple, because the composition is
uniform throughout at any instant and no flows enter in or exit from the reactor.

dN; L o 0
— =R,V Initial condition ¢t =0 N; = N;
dt
being N; the moles of i
If the volume is constant.
ﬁ =R; Initial condition t =0 ¢; = CiO
a . . ) N;
where c; is the molar concentration of i ¢; = I
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A simple example

Two successive first order reactions

Balance Equa_tions d(g?] __ k1 [A]
kg B k, C -isothermal system B]
A — —
=== 4K [A]-k, [B
Initial values (t=0) d Ki[Al-k, [B]
[Al= [A] d[C]
[Bl,= [ci’[):o P +Kk,[B]

Analytical solution

[Al=[Aly exp(-kit)

2 @
n ™

>
@

k
[B] = [l —, [ exp(-kzt)-exp(-k,) ]
1 2

e
=

2
a

Cl=[Al,| 1 ks k,t ko ki t
[CI=[A], _k1—k2 exp(—K, )+k1—k2 exp(—kK; t)

normalized concentration c/c,
o

a

1 2 El 4
dimensionless time k;t

Temporal behavior of species concentrations
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Rate constant effect

1
0.8
£ 08
é 0.4
0.2

o /It - : :

o 0.5 1 1.5 2 5 3 35 4
Time =K.t [-]
Temporal behavior of species concentrations
at different values of [k,/ k;]
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Stiffness problem

An ODE system is stiff if the ratio between the real parts of maximum and the
Re[Amax] > 1
Re[Amin]

Stiffness refers to multiple time scales. If the problem has widely varying time scales, and the
phenomena that change on fast scales are stable, then the problem is stiff.

minimum eigenvalues of the local Jacobian matrix is very large:

In the previous example (two successive first order reactions), the eigenvalues correspond to
the rate constants (k; and k,), which are the characteristic chemical times. If they significantly
differ, the system can be stiff and a numerical solution (i.e. the explicit Euler method) can fail if
the integration step is too large.

k,=0.07s? k,=10s?
At=0.2s At=0.05s

e
2
2
o
e
2
&

umerical solution

0.01

o
S
2

numerical solution
LY

analytical solution

-0.005

analytical solution

0 5 10 15 20 25 0 5 10 15 20 25
time (s) time (s)
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5

01

Normalized concentration c/c,
Normalized concentration c/c,




Steady state approximation

Possible solution to stiffness can be the steady state approximation of fast (short life
time) intermediates. Thus, the largest eigenvalues are removed from the ODE system.

. k1 [Al
For [k, / k] >>1, MaxB > 0 Steady Stat
(as soon as formed B is consumed by the = +ky[A]-k,[B]~0 <:| A::ro‘:(ima;:ion (SSA)
second reaction) d[C]
——= +k,[B]
dt
[Al=[Al, exp(kit)
N K Bl e & ssa)
0.08 3 [B]SSA = k_1[A]
2

[CI=[A], [1 —exp (-kit) ]

Comparison of SSA (dashed lines)and analytical solution
(solid lines)

Temporal behavior of [B]/[A], versus t at different values
of [k,/k,]

o
o
o
o
N
N
o
w
w
2
IS
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Kinetic equations

Summarizing: the reacting gas mixture is usually governed by an ODE system:

dw
T f(w, &)

where w is the vector of unknowns (concentrations, temperature, pressure, etc.), £ is the
independent variable (time or spatial coordinate) and f(w, £) is a non-linear function of the
unknowns.

For large kinetic mechanisms, the ODE system contains a large number (large number of
species) of non-linear (product of concentrations and exponential with temperature), stiff
equations (the chemistry involves a wide range of characteristic times).

normalized mass fraction
=
2

1EQ7 LEDS 1EQ3 1LED1

time [s]
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Sensitivity analysis

Given the ODE governing the reacting system, sensitivity analysis allows a quantitative
understanding of how the simulation results depends on the various model parameters.
The first-order sensitivity coefficients, with respect to the reaction rate coefficients (pre-
exponential factor, activation energy or kinetic constant), can be easily obtained starting
from the ODE system describing the reacting system:

do f(w,¢ )
—=f(w,¢ a
dt

where a is the vector of kinetic parameters.

The first-order sensitivity matrix is defined as:
Jw Jdw;
§ =—  whose coefficients are: s;; = —
oa aaj
Sensitivity coefficients are conveniently normalized in the form of logarithmic derivatives:
Jlnw dlnw; a; Jdw;

S = whose coefficients are: §;; = —— =
5= Gina Y dlna;  w; 0
For large mechanisms, the sensitivity matrix is very large
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A simple example

(A=Al exp(~k,1)
[B1= Al [ exp(k;)-exp(k,D) ]
A% B C Tk 1

[C] = [Aly| 1-— (ko) 2 exp(k, 1)
= - exp(— + exp(—
o K, —k, P(—Ky K, —K, pPL=K,

sensitivity of species C to the kinetic constants k; and k,

Alk
ok = ac] = 7[ bk > {e-kz‘ +e (Kt kit —1)} =k
ok, (k1 - kz) Scx, = |:C]sc,k1
Alk
ok, = —aa[kc] = —(E lk ‘)2 feM vt (kt-kt-1)} |5 _K
2 17 R

sc,k2 = |:C:| sc,k2

This result was obtained when k; = 2k,.
C is more sensitive to the reaction 2, because it is
slower, thus it is the rate controlling step.

0
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Sensitivity coefficient evaluation: Brute Force

dw; _ wi(a; +Aa;) — wi(a;)

(Finite difference approximation)

Evaluation of the different parameter effects (sensitivity) requires to carry out
many simulations (as many as the parameters whose effect has to be estimated)

ASBSC

A B
\ === ——=
\ ’,/ - Change of A and B profiles, when k; is

R ) increased.

\
\ I -

/ AN Sensitivity coefficients can be then

/) N . .
p DN estimated, either locally or globally

~
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Sensitivity coefficient evaluation: Direct method

Let’s consider the o derivative of o, :

9 (dw;) _dfi(w,a) d (dw;\ 0f; of; dw
B2 = 42 L)

0o dt\da; ) da; dwy, da;

0 _ 1 : _ 0
sij=11if qj=w;

_,d _0f; of; sh =0 if aj # )
dt (Sij) - da; + zk: (awk Skj

. das
equivalently: i Jo+JuS

J, is the Jacobian of the kinetic equations, thus it is possible to integrate simultaneously the
kinetic equations and the sensitivity coefficients.

The problem dimension can become quite huge, because it includes nxm new equations of the
sensitivity coefficient variables, with n number of species and m number of parameters
(reactions)
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Sensitivity coefficient: bar plot

CH, stoichiometric combustion in PSR @ 1200 K and 1 atm

Sensitivity Analysis - CH4
R =HCEADD

- R271: HOR+CH2=OH+CH3O

R22: HeCH3(+M)=CH4(+M)

R22(inf): H+CHA(+M)=CH4(+M)
R151: CH30H(+M)=CH+CH3(+M)
R4: OH+HO2=02+H20

RS73: H20+CH3=>CH4+OH
- R174: HCO+M=CO+H+M

- R23(inf): 2CH3 (+M)=C2HE(+M)

R16: O2+HCO=CO+HO2

R11: H+HO2=CR+H2
. R23: 2CH3(#M)=C2HE(+M)
. R405: CH4+H=H2+CH3
B =2 oz-cara=oichzcro
W ~eeGicrecine >

R18: CO+OH=CO2+H

R327: O2+CH2=H20+CO
B s caHaroH=nzowcHe

62 Tsinghua Summer School

Rate of production analysis (RoPA)

If CH, reacts too fast
(or too slow,) we could
ozez  work on the first two
reactions (if we know
their values are

o1 UNcertain), decreasing
(increasing) the
former or increasing
anz  (decreasing) the latter.

°°™ |tis useless to work on
0.088 .
ooa  eaction CH, + O for

cose  example

POLITECNICO MILANO 1863

The rate of production analysis (RoPA) determines the contribution of each reaction

to the production or depletion rates of a species.

For each species i and each reaction j it is possible to define a normalized production
contribution CP; and a normalized depletion contribution CD;.

The normalized contributions to production and depletion sum to 1.

Rate of Production Analysis - H20

H+OH+M=H20+M

2OH=H20+0

pe—
- H2O0+H=H2+0OH

OH+HOZ2=02+H2O
20H=H20+0

H202+H=H20+0H

OH+HOO=H20+C02

H20Z +OH==H20+HO2 I
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Reaction flux

On the basis of RoPA it is possible to draw reaction fluxes, showing the relative
importance of the different fluxes

@ x=18%
¥ 4% _ CH,OH o+ NS 12%
(R 49% / 7% ’." CHoHY AN 8%
3% /,
_/\ +CH,0 \,\\01 Ra) P—— Re) 23%) o VAL 3y

%
4% 0,
2/,
Butanal 6% //+0; /Yo?

C;H,CHO \\ +CH,CHO IV Butenol isomers
RO,* 3%

!
2% lm 2%

H,0 + HCO 2% % .
+propanal +——— *QOOH ———> OH +Epoxy Alcohols

1%

507 4% OH
o \\<i

OH + carbonyl/enols/alkenes
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RECAP

Combustion consists of radical chain reactions

Radicals are different and have different stability

Initiation, propagation and termination reactions form the radical chain mechanism
Different reaction classes describe the whole radical chain mechanism

Reaction rates allow to quantify the mechanism description

Reaction rate is proportional to reactant concentration through a rate constant
Rate constant is described by classical or modified Arrhenius equation

AN N N N NN

Frequency factor, temperature exponent and activation energy are the parameters of the
rate constant

<

Forward and reverse reactions are related by thermodynamics (reaction enthalpy and
entropy)

v’ Rate constant can depend on pressure

v' Rate constants have very different values: characteristic times of the species are different and
the resulting ODE system is stiff

v’ Sensitivity analysis and rate of production analysis are useful tools to unravel mechanism
complexity
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Kinetics and time-dependent system

Rate constant estimation
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Rate constant estimation

> Large number of reactions in a combustion mechanism

» Direct experimental determination often difficult for elementary reactions
over a wide range of temperature and pressure

> Few experimental data, limited to light species

> Estimation methods:

* Collision theory (kinetic theory gas) pre-exponential A, radical
combination

* correlations between structure and reactivity

* methods based on the Transition State Theory (estimation of the TS)

* quantum calculation and TST
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Databases

» On-line databases
NIST Chemical Kinetics Database, Standard Reference Database 17
http://kinetics.nist.gov/kinetics/index.jsp

> Review
* D.L. Baulch, C.T. Bowman, C.J. Cobos, Th. Just, J.A. Kerr, M.J. Pilling, D.
Stocker, J. Troe, W. Tsang, R.W. Walker and J. Warnatz, Phys. Chem. Ref.
Data, 34, 757 (2006)
* Tsang,W., Hampson, R. F., J. Phys. Chem. Ref. Data 15:3 (1986)
* Tsang,W., J. Phys. Chem. Ref. Data 20:221 (1991)

» On-line mechanisms:
* Estimated rate constants for most reactions, to handle and mix carefully
* GRI-mech, LLNL, Leeds, Konnov, NUIG, POLIMI, Jet-Surf, UCSD...

» Good website for general links: https://c3.nuigalway.ie/links/#

Courtesy of Henry Curran
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Direct experimental determination

Pseudo first order reaction A + B
=
L
S ® =
° |:> Plots at different
®
Results from experiments at temperatures
different reaction times In(c )= In(c° ) ke N7
A) T A
. Lt t
H+0,=0+O0H
T T I—D—ahindal. 19&1»1@@
o ixon-Lewis
Pami In(k,)
(d
3
E o
o
[ J
E RS
In(k)=In(k,)- =2
04 06 08 10 12 YT
1000 K/ T
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Collision theory

Reaction: A + B - products

Assumptions:
1. molecules are rigid spheres
2. every collision results in reactions 20, 20y

the coordinate system is such that molecule B is stationary with reference to molecule A so that molecule A
moves towards molecule B with a relative velocity v,5. Molecule A moves through space and collides with all
B’s within a collision cylinder, whose cross section is TT04

Collision radius is opg = 0+ Op

when the center of a "B" molecule comes within a distance 055 of the center of "A“, they collide.
The single collision of A with B per unit time, or collision frequency (Z,) is:
Z, = Cgm(oa+ 05)*Vap

Being E‘; the molecular concentration of B (molecules/m3), i.e. the number of B molecules per unit volume
and (o452 vapt) the volume of the cylinder, whose length is just vy gt

5 Tsinghua Summer School POLITECNICO MILANO 1863

Collision theory

Total collision rate (Z,g) of all A molecules with all B molecules results:
— a2
Zpag = CACpmoapVaR

The relative velocity can be expressed in terms of the Maxwell-Boltzmann distribution of velocity

_[BkgT
VaB = T
kg = Boltzmann's constant = 1.381x1023)/K/molecule
. _ Inpmg
W is the reduced mass: W = m, + mg
T(mp + m
In usual units (SI): vag = 4.6 M Tin [K]; min [kg/mol]
mpmg

Being any collision a reacting act, the reaction rate corresponds to the collision rate:
R = Zsp = CACpTO4RVAR

Avogadro number allows to pass from CTto G

In the usual Arrhenius format R = kC,Cp

From which:  k = mo3gvap
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Collision theory: application example

H+0O,-> OH+O
my = 1 kg/mol My, = 32 kg/mol T=300K

6, =0.61x10m Go, = 1.5x1010m

vag = 4.6 M = 2559 m/s About 7 times the speed of sound!
J mpamg

k = modgvap =3.6x106 m3/molecule/s

Convert to cm3/mol/s

k = 2.15x10* m3/mol/s Experimental: k = 1.91x10®* m3/mol/s

Reasonable estimation (anyway too large error). Above all, T-dependence all wrong

7 Tsinghua Summer School POLITECNICO MILANO 1863

Collision theory: hypothesis relax

Assumptions:
1. molecules are rigid spheres
2. eWs

Introducing a parameter ¢ and a critical value g.. Only if € 2 €. the reaction occurs.
Fraction f of collisions having € 2 €. can be derived from Maxwell-Boltzmann theory
f Ec _ ( Ec)
= exp keT) exp RT
E
k = moigvagexp (— C)

RT

Rate Constant is smaller now and is T-dependent.

New problem: how E.
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Collision theory: hypothesis relax

Collision theory rate constant vs. Arrhenius rate constant:

EC EA
E T(m, + mg) E E

= 1162 =€) = o2 VAT B _—C) = T2 __C
Keon nGABVABexp( RT) moap4.6 Ay exp( RT) oT exp( RT>
Inkogy = Inc + SInT — o€ = Ing — ~1n (=) — =C
nkeon = Ina 2n RT—n(x 2nT T
d(lnkcoll) — _1 _ E d(lnkArr) _ _E_A
d(1/T) 2 RT d(1/m) RT
Equaling the two derivatives: —~T — <G = — A B = Ep—
qualing the two derivatives: —> RT = _RT c =Ea——

(RT is generally small in
comparison with most E,’s)

Ec Ea
Keoll = TOARVAREXP (— ﬁ) = TO4VaB (— ﬁ) e'/?

9 Tsinghua Summer School POLITECNICO MILANO 1863

Simulation of Molecular systems for
Chemistry, Materials and Biology

Chemical Kinetics

a

.

—
=

-
A

=
-

s
=

Carlo Cavallotti
Dip. Chimica, Materiali, Ing Chimica
Politecnico di Milano
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- molecular partition functions

- transition state theory

- where to get data: ab initio simulations

- limits of TST: degeneration of internal degrees of freedom into
hindered rotations

- beyond TST: RRKM + master equation theory

- beyond TST: quantum tunneling

- beyond TST: spin forbidden reactions
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transition state theory
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Statistical Thermodynamics

main results (macrocanonic ensamble)

Z:Ze _5 Partition function
F k,T Ej = energy of J state

U=) WE =) E exp(-E,/kT)/ Z

S=—k, Y w, Inw, =kInZ+kBE =%+klnz

F
F=—k,TInZ  when P=-0F/aV)

13 Tsinghua Summer School POLITECNICO MILANO 1863

Molecular Partition Functions

- (Zzi)”l B (Zexp(—ai /khT)’l - (zm])‘“
N N! N

Z,. is called molecular partition function as it is a function only of
molecular properties (structure, bond energies, molecular weight, ...). Tt
can be decomposed into 4 parts:

Z =2, 2y 2y 2, With Zmy = exp(—&™ /ksT) 2z, =..

The accessible energetic levels can be computed through the solution
of the Schrodinger equation:

HY = Ey Where H is the Hamiltonian, E the energy and ¥ the
wave function

H expressed as:
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Schrodinger equation

For translational, vibrational and some rotational motions the Schrodinger
equation has an analytic solution. In particular for a particle confined in a
box the Schrodinger equation assumes the form:

_ inz +V lp( x) = E¥ \ o) |
2m dx* i
0 for <x<a
V= Boundary conditions
w forx<Oorx>a
n
V. (x)= C,,S'{%X) Wave function
n’h?
With eigenvalues E,6 = 5 n=1273--
8ma

POLITECNICO MILANO 1863
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vibrational and rotational motions

For vibrational and rotational motions the analytic solution of
Schradinger equation is a bit more complex and we report only the main
equations of the vibrational problem.

The Schradinger equation associated to the motion of a particle subject
to an elastic strength F=-kx can be expressed as:

2 2
A R B
2m 0x 2

2
Ee (L) (L | X
2 m 2 O

The vibrational partition function can then be calculated as:
—hv

—(1/2+n)hv]_ e’

Zn =), ch{ k, ] = ZCXP[ k,T Hy

_ @kl
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rotational symmetry

The rotational partition function is obtained using a similar procedure
and can be expressed as:

- 5 2\ 8772 2 JLLIL
Z,= Zexp[ S’J =Y (2J+1) exp[ J(J;+ UL ] = ( rd(,,T)S £
kT, 87 Ik, T oh
Where I is the molecule inertia moment and ¢ the rotational symmetry

number (number of identical configurations that can be obtained
rotating the molecule around symmetry axes).

For example CsHs; has a 5 fold degenerate rotational axis and 5 2 fold
degenerate axes > rotational symmetry number = 5 + 5 = 10

POLITECNICO MILANO 1863
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RIGID ROTOR HARMONIC OSCILLATOR

Finally, for non excited molecules, the electronic partition function is
simply:

= exp| — %a

el P ka

Where ¢, is related to the energy of interaction of electrons with nuclei,
and is defined by the solution of the Schradinger equation for a multi-

nuclear-multielectronic Hamiltonian
Summarizing:

Z

F=-k,TihZ Z :% Zinol = Zia ZvinZ ot Zal

2k,T —
_ (2mmk,T mv . 8’ (2nk, T)"? V1 , ¢ 7, =exp( Ed)
tasl 2 o 3 —

h ch 1= eht

To calculate zi it is thus necessary to know: m, I, v, g,

THIS IS THE RIGID ROTOR HARMONIC OSCILLATOR
APPROXIMATION (RRHO) How can I exploit this knowledge?
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Application of molecular partition functions

Which state equation is predicted?

P =—(0F/8V),
N

F=—k,TInZ=-k,T 1n% ~—k,T-(NInz,, — NInN+N)

Since the only z,, with a functional dependence from V is
Z,..s1, then

P:_(a_p] :kﬂm(émzm,) _
v )y N ),

Which is the state equation of a perfect gas. This is
consistent with the hypothesis of non interacting molecules
that is at the basis of the zmol expression derivation.

dlnaV

kBTN[ ] =k, TNV
4

The perfect gas state equation had already been known for
some time, which other predictions are possible?

19 Tsinghua Summer School POLITECNICO MILANO 1863

Which thermodynamic state functions are predicted?

S=3J 4k, InZ=k,Inz,, +kBT[%]
T T ),

known z,,, thus mass, geometry and molecular vibrational frequencies
(z., becomes 0), it is possible to calculate the entropy of any gas. The
necessary data can either be determined experimentally or calculated
through quantum mechanics simulations.

A comparison between computational predictions based on QM
calculations and experimental data is reported below (in cal/molK):

S° trasl | S° vibr | S° rot §° calc | S° exp CPU
CH, 34.3 0.09 10.2 445 44.51 60 s
H,O 34.6 0.01 10.5 451 4511 20s
CeHs 39.0 44 20.7 64.1 64.34 20s
20 Tsinghua Summer School POLITECNICO MILANO 1863




Comparison with experimental data

S° trasl | S° vibr | S° rot S° calc| S° exp CPU
CeHia 393 | 219 273 | (885 92,9} | 108 min
1,3C,Hq 379 | 59 236 | 67.4 66.6 78 min
C,HNH, 383 | 58 236 | 67.8 708} | 16 min

The disagreement is due to the degeneration of some vibrational
motions with low frequencies into rotational motions, which are usually
referred to as hindered rotational motions, as they are restrained by
a potential energy field.

The proposed approach has general validity and can be used to study

systems for which no thermodynamic data are available.

An example of its application to the study of the gas phase chemistry
of Cu precursors to the deposition of Cu thin films is reported below:
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Cu'(hfac) - 1*(COD) - Cu'(hfac) + n*(COD)  AG =35.6—T-0.0404

Cu' (hfac)— PM, — Cu' (hfac) + PM,
AG =384-T-0.0323

AG =33.6—T-0.0388
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Transition State Theory (TST)

Transition state theory has the aim of predicting the rate at which a
chemical reaction takes place. The basic idea is that molecules react
following a well defined reaction coordinate, A,which connects reactants

to products

Energy ST
reactants -
roducts <
-
Reaction Coordinate A

Fundamental hypotheses (almost always satisfied)
Separability of electronic and nuclear motions (Born-Oppenheimer)

Maxwell-Boltzmann velocity distribution

23 Tsinghua Summer School
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Hypotheses

Restrictive hypotheses
1) molecules that have crossed the TS once cannot cross it again (non

recrossing)
+ 2) in the TS the motion along the reaction coordinate can be

separated from the other internal motions and be considered as a

translation
+ 3) there is equilibrium between the transition state and the reactants

Energy

TS: the potential energy

reactants
products surface (PES) is almost
flat
Reaction coordinate A
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The equilibrium hypotheses (3) between reactant and TS for a
generic reaction A+B - C+D translates into:

A+Bo X" »>C+D

where Xz is the concentration of molecules at the TS

C Can be deduced from

S Km‘ exp(—~AG°/RT) = H Zivi ]/' F=-k,TIn(z,,,)N/N!
CACB

where z; is the molecular partition function.
The reaction rate can then be defined as the flux of molecules
crossing the TS, which can be expressed as (1):

1 Speed of molecules
R :_Cx« — at the TS
23],

Distance to travel

Statistical factor
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assuming a Maxwellian velocity distribution function, v* can be

expressed as:

Ve = JZkBT
™

Thus the rate constant expression becomes:

P v* 1 [2kpTCx. 1 2kBT1—[ vi

cn =M=y Ty oM s 285 mm L 1T

1 [2kgT  zf
= % M l-[Z_reactants
13

Remembering that z | =7 4% Z o Zq

And that according to hypothesis 2 one vibrational motion becomes
translational, z,, at the TS can be expressed as:

# 2o
zmt

*

_ # #_ o+ #_1D-TST
mol  — Zirasl Zvih(m_?) 2ot

Z A 2 st

=7

+
sl Zvib(3N-7)
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The final expression is thus

1 [2kgT  z* 1 |2kpT ZhasiZiot Z5inan -7 267 2TMKT /H26
kcin = % ™ Hzireactants = % ™ Hzl?”eactants

Which leads to

* * L # *
Kk _ kBTZtraslzrotzvib(3N—7)Zel
cin h l-[ ereactants

Making the electronic partition function explicit and grouping the
vibrational ZPE we obtain:

kgT z;asszatZ;b(e,N—nrm exp (L Y.(¢; + ZPE)y;

k. =-5°
cin h H Zireactants kB T /
z(H1's1‘ - Hreactants)OK
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Reaction rate example

The data required for applying TST in the RRHO approximation are:
* structure and energy of reactants

* structure and energy of TS

* vibrational frequencies of TS and reactants

Two approaches are possible to determine the required data:
- approximated methods (BEBO, Benson, ...)
- quantum mechanical calculations

Example: C4H;O0H > C¢H,O + OH
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Reaction rate example

The TS and reactant data calculated using DFT at 300 K are:

Reactant: TS:

zvib: 67.2 zvib: 39.8

zrot: 3.5-10° zrot: 2.9-10°

Eel+ZPE: -385.411 Hartree Eel+ZPE: -385.380

5 low vibrational frequencies 5 low vibrational frequencies
103; 141; 175; 208; 235 -732; 106; 142; 192; 229

_ kgT ZiotZhinaN-7yria (_ (e* + ZPE* — greact _ ZPEreacf)>

k..o =——0
cn reactant reactant
h Zyot vib kBT

=3.110'2 exp( — 19.3/RT)

nergy TST

. . reactants
NB: for unimolecular reactions Q

translational of TS and reactant are the products
same, and thus cancel out

Reaction coordinate }\,
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Structure of the reaction TS

| MOLDEN)

The negative vibrational
frequency corresponds to
a translational motion
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Quantum Mechanical computation of TST data

The data necessary to compute the partition functions are:

- Translational: mass 2> Molecular Weight

- Rotational: principal inertia moments > geometry

- Vibrational: vibrational frequencies: - normal mode analysis

- Electronic: QM energy + spin number

- Geometry + Vibrational Frequencies + Energy possible through ab
initio (QM) calculations

Structure determined
QM energy through variational
| BO minimization of energy

A = Ey— v=wlt, =

Optimization calculation
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Quantum Mechanical computation of TST data

Energy of molecular system: key quantity to
define reactivity. It is a multidimensional
surface: the Potential Energy surface
EERV2>R

For a system containing two molecules of Na and
Nb atoms, the potential energy surface (PES)
dimension is:

N = 3Na + 3Nb - 6 = 3 (Ntot atoms) — 6

6 as independent of rototranslation of frame of
reference

For H,+OH the PES is 6 dimensional.
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Quantum Mechanical computation of TST data

If a PES is fully known at a high level of detail than kinetics is a solved
problem:

F=-VE

Possible Approaches:

- Born Oppenheimer Molecular Dynamics (BOMD): trajectories over PES
integrating Newton equation

- Ring Polymer Dynamics or Quantum Scattering: full quantum calculations

Problems:

- Dimension of PES explodes with number of atoms

- PES sometimes necessary also for excited states

- High accuracy is not simply attainable

Alternative:
Limit study of PES to stationary points (minima and saddle points) and use
Transition State Theory (Kinetics).
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Key info from ab initio calculations

Key quantities:

- Energy at minimum energy structures (Optimization)
- Geometries at minimum energy structures

- Minimum energy paths (Intrinsic Reaction Paths)

- Gradients (first derivatives)

- Hessians (second derivatives) = frequency calculations
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The Potential Energy surface

Second Order Saddle Point

Transition
Structure B

Transition Structure A

Minimum for
Product A

Second Order
Saddle Point
Valley-Ridge
Inflection Point
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ab initio calculations

FCI FCl/ FClY oy ECl/ I exaet
STO-3G 321G 6-31G* 6-311G(2df) | i
.. o H(@:R) W(@:R) = ER) Y(:R)
CCSD(T) | CCSD(TY | CCSD(T) | CCSDNTY | COCSD(T)W ; CCSD(T)
STO-3G 3-21G 6-31G* 6-311G(2df) [ limit
CCSD CCsn/ CCsDy CCsD/ CCsDr i CCSD
STO-3G 321G 6-31G* 6-311G(2df) H Jimit
MP2 MP2 MP MP2 MP2/ 1 MP2
STO-3G 321G 6-31G* 6-311G(2d4f) H limit
HF HFf HF/ HF/ HF/ i HF
STO-3G 321G 6=31G% 6-311G(24f) 1 limit
T : X
STO-3G 326G | 6316% [6311G(40 | eas | complete
| Il i
T -
; ; 1n(d & & n A Zy
Correlation AQO Basis Set H(r;R):—‘—Z ?+_+_ _ZZ =
2T\ o A &y T aim TRy
1ZZ 1 A& ZuZ
J. Phys. Chem., Vol. 100, No. 31, 1996 b= %
Y : ’ ’ 275N -] 2TF R Ry
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Analysis of a PES: Normal mode analysis 1/2

The energy associated with the translational motions of a non
linear polyatomic molecule that moves by xi with respect to
equilibrium can be expressed as:

ov 1 oV
V=V — | X +— '
()+Z[6&]¢,*+2§ X0, fx"

For small movements we have:

V=— X, =— XX
2%‘:{5’45"1 1,&)‘1 2%‘:&‘“’

Generalized force constant

ki o’V
Introducing g = rr;!’r 2y K = 5=
B mm, )" oq0q, ),
1 . 1 : 1
We obtain =52ml.xi2 =52qi2 V:§§ Kijin
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Analysis of a PES: Normal mode analysis 2/2

. I . |
From which E_T+V_§Zqi +E;Kng"]j

The normal mode analysis consists in determining the
transformation of coordinates qi >Qi, with Qi linear function of
qi, for which Kij(i=j)=0. The problem can be solved by
diagonalizing the Kij matrix.

The result is a set of constants Kii, of which 6, corresponding to
external rotational and translation motions, become O.

In practice, the evaluation of the normal vibrational modes
requires the evaluation of the second derivatives of the energy.
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Problems with Harmonic Approximation

S° trasl | S° vibr | S° rot S° calc| S° exp CPU
CoHus 393 | 219 273 | (885 929} | 108 min
1,3C,H, 379 | 59 236 | 67.4 66.6 78 min
CHNH, 383 | 58 236 | (678 708H | 16 min
!

The disagreement is due to the degeneration of some vibrational
motions with low frequencies into rotational motions, which are usually
referred to as hindered rotational motions, as they are restrained by
a potential energy field.
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The approach

Steps involved in accurate calculation of rate constant in the ab initio Transition State
Theory based master equation approach

Potential Energy Surface investigation
(multi Well)

l

Geometry and frequencies of stationary points:
Reactants, TS, Products

van der Waals wells I'; - Ab Initio
Conformational | | Anharmonicities High Level I Svmrnetn,r_] Intrinsic Reaction
Analysis Hindered rotors Energies Coordinate
I | Analysis
Transition

Rate Estimation: { ]
Conventional/Variational TST/VRC-TST
Quantum Tunneling

Master
Master Equation I Equation
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- State
[ Theory

Degeneration of low vibrational frequencies in hindered

If low vibrational frequencies (< 150 cm -!) can “degenerate” in free or
hindered internal rotors, they must be excluded from the calculation of
Q.- and treated adopting a suitable theory, for example as rotors:

I
2
m_ T

ml_-G ( hg

oty

Z

8”1k T, S _ 1
yoow 7 exp(~hv/k,T)

Considering an internal motion as a vibration or a rotation can affect
significantly both the rate constant estimation and the estimation of the
entropy.

= how can it be determined if an internal motion can be treated as vibration
or not?

A first indication is the analysis of the low vibrational frequencies, which
indicate that the energetic barrier for the corresponding internal motion is
small. In particular it is quite common to find low vibrational frequencies in
the TS corresponding to the formation or rupture of chemical bonds
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Small vibrational frequencies

For example, in the case of butadienylphenyl dissociation, we can find 5
vibrational frequencies smaller than 150 cm!
C10H‘10C6
C4Hg + CgHy CioHy" CioHio"
120.1cm-" CioHyo®
34.8 cm!
40.2cm"!
DFT
82.4cm!
An approach to treat these 5 small vibrational frequencies has been
suggested by Gilbert
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Gilbert method

The decomposition of a AB molecule in the fragments A and B
correspond to the loss of 6 vibrational frequencies, which transform into
6 new degrees of freedom, 3 rotational and 3 translational. These are
usually called transitional modes.

Gilbert proposes that in the TS the disappearing vibrational frequencies
become:

2 bi-dimensional rotors (4 vibr. freq)
1 mono-dimensional rotor (1 torsional vibr. Freq.)
1 imaginary frequency (translation along TS coordinate)

At a first level of approximation, they can be calculated using 2D
and 1D rotational partition functions as:

1
2 — knT. 8’ 1 |1-cos 8 L _ n? _(8n2 1 kg T);
rol o hz 2 o h2
o,

G
The pre-exponential factor of the reaction calculated with Gilbert method
changes significantly from that determined with vibrational TST, going

om 110 - 114
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Gilbert method

Gilbert approach is based on the assumption that the two molecular
moieties moves freely around the pivot points and are blocked only by
steric impediments. In reality the moving moieties are restrained by a
multidimensional potential, function of the fransitional modes. To correctly
account for such motions it is possible to refer to the 1D rotational
Schrddinger equation:

Hy = Ey __apg 2;‘11 3 :’ V(9)y(¢) = Ey(¢)

V(¢) is the potential, which can be exw Fourier expansion
as:

Not easily defined!
2 possibilities = average values or

=1
Vau(9,)= ZEmG “(1-cos(k9,,)) |1 of the rotational moiety

k=1
The solution of the 1D Schrédinger equation allows to determine the
eigenvalues 5‘,«, from which the rotational partition function can be
computed as: £,(m)

e

Qinn = —— ng(m) exp(— T
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Gilbert method

The QM estimation of the rotational energy associated to the rotation
of C4H6 around the butadiene-phenyl bond lead to:

ROTATION 22.4 cm ™'

23

1.8 1

1.3 1

0.8

ENERGY [kJ/mol]

0.3

-0.2 T T T T T T _ ~
0 ) ) 3 . 5 6 v=224cm’
Angle [rad]
The energy barrier is small, only 1.8 Kcal/mol. At 300 K the pre-

exponential factor becomes
K vibrational ‘ K int rot QM‘ K Gilbert

6.8 x 1010 1.5x 1012 1.8 x 101
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Gilbert method
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Entropy correction

This type of correction can be relevant also for the evaluation of the
entropy. For C6H14 we found using the HA:

‘ s° trasl‘ s° vibr‘ S° rot ‘ S calc | S° exp

CoHua ‘ 39.3‘ 21.9 ‘ 27.3 ‘[88.5 92.9)

But this molecule has 3 very low vibrational frequencies: 73, 98 and 131 cm,
which are better described as internal torsional rotors rather than vibration.
A QM calculation of the corresponding PES and of the associated Qrot, allows
to correct the rotational and vibrational partition functions, increase by 3
cal/mol/K, thus significantly improving the agreement with experimental data
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Estimation of TS symmetry/degeneracy

It is the number of equal reaction channels. Usually indicated as o :

kpT ZirasiZiot Zoib(3N—7)rid exp (_ X+ ZPE)”i)

Kein = 0——
cn h H Zireactants kBT

Es.: CH4 > CH3 + H has a
degeneration factor of 4.

The estimation of ¢ can get rapidly
complicated

Es.: SiH4 > SiH2 + H2
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Estimation of TS symmetry/degeneracy

SiH4 > SiH2 + H2

The degeneracy factor is directly related to the rotational
symmetry number
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Estimation of TS symmetry/degeneracy

From a rigorous standpoint, it is defined as:
o, M
Ors MMy

Where:

- o of r and ts are the rotational degrees of symmetry of reactant
and TS

- m is the number of optical isomers
for CH4 decomposition:

otst = 3 oCH4 = 12 mCH4/TST =1 c=4
For SiH4 decomposition :
otst = 1 cSiH4 = 12 mSiH4/TST =1 =12
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Reactions without a distinct TS

It happens when the PES, scanned as a function of the reaction
coordinate, shows that the transition from reactants to products takes
place without passing from a maximum.

>How can we determine a rate constant for such reactions?

Es: C5H4_CCH2 > C5H4_CCH + H
| MOLDEN
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Variational TST

TS variational theorem
The rate constant calculated applying TST as a function of the reaction
coordinate is an upper limit of the ‘real’ rate constant

k

(

Procedure: Reaction Coordinate

1) Scan PES as a function of reaction coordinate

2) Frequency calculation for each scan point

3) determine kcin at different Temperatures

4) problem: large amplitude motions - Variable Reaction Coordinate TST

Ab initio kinetics for pyrolysis and combustion systems. SJ Klippenstein, C Cavallotti
Computer Aided Chemical Engineering 45, 115-167

53 Tsinghua Summer School POLITECNICO MILANO 1863

MultiWell reacting systems

Often happens that multiple wells can be present on the same PES - it is
necessary to pass through several intermediates before reaching the
reaction bottleneck

- How to study such reactions?

First step: investigate the PES

\B*
C*
A
A
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Example: benzyl decomposition

High temperature (unimolecular)

Smith (1979): benzyl > cC;H; + C,H,

Colket and Seery (1994)

Hippler and Troe (1990) benzyl > C,Hs (?)+H — Direct
Braun Unkhoff et al. (1990) measurements

Ohelshlaeger et al. (2006)

Brenzisky (2006): benzyl » CHg () +H Shoqk tubg exp
C,Hg + H > cCgHs + C,H, + simulations

l Fails!

benzyl > cC;H; + C,H, — Fitto exp data

Specific AIM: determine benzyl decomposition mechanism, nature of C7H6 product
and successive reactivity of C7TH6
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Approach and Computational Protocol

)

Simulation of Experimental Data “

Identification of a reaction
mechanism of elementary
reactions

Calculation of structures, energies and
vib. freq. of unknown reactants and
transition states with quantum chemistry

. 3

Insertion of ab initio rate constants in
complex gas phase kinetic model

Ab Initio Calculations details
«Structures and energies of reactants and TST optimized at the B3LYP/6-31g(d,p) level
« Vibrational Frequencies at B3LYP/6-31g(d,p) level
» TST structures located using synchronous transit method
« Explicitly account of degeneration of low vibrational frequencies in internal rotors
* Energy refined at G2MP2 level on B3LYP/6-31g(d,p) structures

EG2MP2 = E(QCISD(T)/6-311+g(d,p))+E(MP2/6-311+g(3df,2p))-E(MP2/6-311+g(d,p))+ZPE+ HLC

Accuracy of 1-2 kcal/mol. e.g. toluene - benzyl + H AH,,, = 89.6 % 1 kcal/mol AH,.= 90.7 kcal/mol
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Investigated C7H7 Mechanism

Tsinghua Summer School

Exp activation energy ~ 81 kcal/mol

Pre — exponential ~ 10'%
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Potential Energy Surface 2
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Potential Energy Surface 3
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Calculated Rate Constant

k(s") -
108 —~-[6]
5 vvvvvvvvvvvvvvv [1 O]
10 *-[15]
104 —3]
103 ~*-Present work
102 [
10" | Rate constant
determined assuming
100 [ equilibrium between
101 | reactant and
bottleneck TS.
102 | But...
102 | What if this hypothesis
is not valid?
104 |
0.5 0.6 0.7 0.8 0.9 1
1000/T(K)
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Violation of classic TS Theory Hypotheses 1

Equilibrium between reactants and transition state not valid.

The violation consists essentially in a decrease of the population of molecules
at elevated internal energies. In this sense, what it is violated is the Boltzmann
energy distribution function. When this happens, the rate constant exhibits a
marked pressure dependence. These reactions, that have been known for some
time, are called fall-of f reactions.
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Fall off Reactions - experimental evidences

Experimentally, it is found that for some reactions a decrease of the
pressure leads to a decrease of the rate constant, up to the point at
which the rate constant becomes linearly dependent from the pressure.
The transition to the linear dependence regime is called fall off regime.
0 g -
-0.2 } Log(k/k0)
04
06
0.8
-1 CH i
3+ H —CH 4
-1.2
14 a)
0 1 2 3 4 5 6
Log(P/mbar)
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Fall off — physical origin

The pressure dependence of the rate constant is determined by the
decrease of the population of the excited vibrational energy levels.
To describe this behavior adequately it is thus necessary to treat
explicitly the molecular vibrational excitation dynamics.

40000

35000

SiH, +H

e e

Energy [1/cm]

Reaction path
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Density of states

110 |
o intfroduce a correct description of the vibrational states dynamics, It

is necessary to introduce the concept of Density of States.
For a molecule with energy E, the DOS is the number of different ways
in which the energy can be partitioned among the S harmonic

oscillators(vibrations) of the molecule
DOS = number of states

1.00E+07

between energy E and E+dE/dE 1-00E+05 /
The DOS can be readily B //
calculated with the Beyer - . 1.00E+04

Swinehart algorithm, 5 j{
remembering that each g te

oscillator can contain only

quanta of energy proportional 1ooEe

to hy; 1.00E+01

The minimum vibrational i
energy level is the Zero ' 5 T e T
Point Energy

Energy [1/cm]
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Vibrational energy distribution function

The vibration energy excitation takes place through the collision made by each
molecule with the surrounding bath gas. At the equilibrium the vibrational
energy population is described by the exponential law known as Boltzmann
distribution function. This is the law that is violated and that invalidates the
TS assumptions.

1E+00 -7

1E02 - it
| f(E]:DOS(E) T
1E-04 - 9]
§
£ 1e06 = —k—ET
§ Q=Y DOS(E)e *
5 1E-08 | E=0
:J_:gr: 1E-10 -

1E-12 <

1E-14 - . . |
0 10000 20000 30000 40000

Energy [1/cm
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Low Pressure Effect

1E+D 1E+0
— Equilibrium | — Equilibrium
1E-1 Population | Population
e _ —Calculated | 16219 | —Calculated
Population | Population
1E-3 ,“\\ .‘_:i 1E-4
e e
5 k g 1E6
=
1E-8
§ 16 | s‘ )\ \
1E-7 —- | *
| 1E-10 v
1E-8 |
1E-12
1E-9 - | N
1E-10 T T T T T 1 1E-14 T T T T T T
0 5000 10000 15000 20000 25000 30000 35000 40000 0 5000 10000 15000 20000 25000 30000 35000 40000
Energy [1/cm] Energy [1/cm]
High pressure reacting molecules Low pressure reacting molecules
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Master Equation

In order to determine the dynamics of a system that it is not in
Boltzmann equilibrium, it is necessary to study explicitly the population of
each vibrational energy level. This is accomplished through the integration
of the master equation:

6 o

M5 2.3 (EE)-nE)-PE.H-nE)-kEND

E-0

It is a population balance of the generic energy level E, which population is
assumed to be n(E):

P(E,E%): probability that
a molecule at energy ET
goes to energy E
through a collision

L ETIEEYY

K(E) rate constant for

=N
/ %“’“’ the reaction of a
SiH, Woon

molecule with energy E

T
Reaction path
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Master Equation: parameters determination

To solve the master equation it is necessary to know k(E) and P(E,EI).
Several possibilities exist to calculate P(E,EI):
E-E
P(E,E")=—L—¢ * (E<E') exponential down model
N(E’)
B-EY
P(E.E')= (IE')"’_( ) (E<E") Gaussian model
1 _E-E _E'-E d bl
T e [(kf)e ¥o4a ¥ ] (E<g’) double
N(E') exponential down model
1 _E-E
o L Exponential model
P(E,E'):;;% (B>E) N(E?) is a normalization
N(E') acto
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Master Equation: parameters determination

The microcanononical reaction rate constant of a molecule excited at
energy level E can be calculated through Marcus theory as:

E
[ Pio(E~ E¥)aE*
KE)="5

101 4

hp,(E)

10! 4

10"

k RRKM (s'')

Where p(E) is the ::,3
density of vibrational
states

10000 15000 20000 25000 30000 35000 40000 45000
E [1/em]

k(E) is known as RRKM rate constant and gives the TST classic
expression if the molecules are at the Boltzmann equilibrium
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Master Equation + RRKM: integration

3 possibilities:

MESS: from chemical significant eigenvalues: https://github.com/Auto-
Mech/MESS

Mesmer: (https://pubs.acs.org/doi/abs/10.1021/jp3051033)
(https://www.chem.leeds.ac.uk/mesmer/introduction.html)

Mixed stochastic/numeric: Multiwell (Barker)

Example: stochastic code

- single molecule dynamic directly tracked

- the possible transitions are NR and can either be transitions between
different energy levels or reactions (all frequencies) R

Ezi
>. R

- a transition is chosen determining a random number U;, which

satisfies the condition: ZHR <U Z“’Q <ZjR
| ' 1 1 17

The time is
incremented by

Transition probability

At =-In(U,)/ R,
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Master Equation + RRKM: KMC solution

Calculation of all

probabilities

Initialization of
transitions for event 1

Random Choice
of a transition

Total
reactive
events
reached

Update
simulation time
Update list of
transitions

No
Reaction
event?
Yes
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Master Equation + RRKM: SiH4 — SiH2 + H2

LA
; — Equilibrium population 10000
1 — Calculated population
10- 9000
10+ 2000
10 7000
10+
E 6000
105 =
£ 5000 -
107
1% 4000 L‘w_\‘—_—
10+ S
lu—iﬂ —
o SEIIUO lﬂ(‘ﬂn Iﬁﬂlw :oc;uo 22000 SUE;W J;W 1000 =
E [1 .fcm] o 1000 2000 3000 4000
g reacted molecules
Rate constant calculated as k = number of reactive events/total time
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Master Equation + RRKM: Results

— 1100 K
— 1200 K

1300 K
— 1400 K
— 1500 K
~ 1600 K
— 1700 K

k (s)

107 102 10" 1 10!

Pressure (atm)
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Master Equation + RRKM: Results

W
» — MC_RRKM 0.& [Am]
+ PETERSEN 0.6 [am)]
MATSUA 06 [Atm]
o & WCH 06 [Atm]
7
=
E 10
W0
; -
05 0S5 08 D65 07 075 0B 085 08 096
1000T (1K)
i —MC_REKM 2 (A
s * PETERSEN Z [Atn]
100
Rl
g
E 1w
1w
10 >
05 055 08 065 07 075 08 085 09 005
1000T [1K]
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— MC_RRKM 1 39
o PETERSEN 1 [Am]

MATSUA 1 [Atm|
+ SMRNOV 1 [Atm]
0 M * MICK 1 [Awm]

05 055 06 085 07 075 08 085 09 085 1

000 {14

— MC_RRKM 4 5 [Atm)]
* PETERSEN 45 [Atm]

=
05 05508 06507 075 0.8 085 08 095
1000/T [17K]
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Master Equation + RRKM: bimolecular reactions

!

SiHa

14101
1.210M +
110%

8101 A

K [em’mal's ']

61013 -
410%™ A

2107 -
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SiH; + H < SiH,* = SiH, + H,

Procedure:

-time O it is generated a
molecule at energy E given by
the sum of the vibration
energies of the reactants,
estimated through 2 random
numbers assuming Boltzmann
equilibrium

- same simulation protocol as
unimolecular reaction

- kcin determined as reaction
probability with respect to
stabilization and multiplied by
the association constant
between SiH3 + H
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Violation of TS Theory Hypotheses 2

Maxwell velocity distribution not valid
(i.e. non classic description of nuclei motion).

In some conditions, it is possible that some quantum effects influence the
rate of a chemical reaction. This is for example the case of tunneling
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Quantum Tunneling

Reaction coordinate

From a quantum standpoint, a particle moving along a PES tunnels
through energetic barriers even if its kinetic energy is smaller than
the height of the barrier.

This effect is known as quantum tunneling
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Tunnel effect for barrier of fixed width and height

E 2 2
[-hdz+ V}‘P(x) -EY
2m dx
V ___________________________
d
F Y »
©A B c
E E 2d 2
The probability to cross p= 4; 1—; cXp ‘7(2”1(V‘E))
the barrier is:
The crossing probability increases with the decrease of mass of the
moving particle and of the width d of the barrier. At very high T it is
usually negligible.
An indirect estimate of the width d is given by the value of the imaginary
equen Q - es i v > 1500i cm-!
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Quantum Tunneling

Extending the theory to molecular system complicates the problem
significantly since:

- multi atomic reacting system > complex PES

- the PES has not a rectangular shape

The tunneling contribution is usually indicated as ztunnel:

_ kBTZtunnelzfraslZ;totZ:;ib(SN—Drid X(& + ZPE)y;
kein = h 1 Zireactants exp | — kT

Among the approximate solutions proposed in the literature, the Shavitt
proposal is remarkably simple:

:]_L(ﬂﬂ“ﬂ]
Zue =24k T) U T Ea
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Quantum Tunneling

A

YA

More complex approaches are reported in the literature. To use such
theories the procedure is usually the following:

-The reaction coordinate s, is centered on the TS

- the PES must be determined as a function of s, which is defined as the
length of the bond formed before the TS and of that broken after

- the possible theory level are then classified as:

- Wigner Shavitt: only geometry of TS and vimm

- Eckart: only Eact, vimm, and barrier width are necessary

- Post-Eckart: SCT, ...: PES as A function of s, vimm + all vibr. freq along
PES

Recommended: Polyrate code from Truhlar/ EStok TP
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Quantum Tunnel - examples

Table 2 Calculated transmission coefficients for H + CH,F reaction

T/K Kger Kzer Ky Kpckan Kpouy Kpcui

250 151.69 12.64 441 49.50 247 200.45

300 3285 5.14 336 12.04 10.77 39.43
400 6.72 217 2.33 336 347 1.36
500 316 1.45 2.05 1.93 2.02 3.33
600 2.06 1.15 1.59 1.42 1.48 2.14
800 1.31 0.90 1.33 1.03 1.06 1.34
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Violation of TS Theory Hypotheses 3

Born Oppenheimer non valid

This happens when the crossing between different PES (i.e. with different
electronic configurations) becomes necessary. Such reactions are usually
called spin forbidden.
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Spin Forbidden Reactions

Sometimes it happens that, along the reaction coordinates, the energy
decreases if a change of spin takes place (spin flip). This might
happen when the spin state of the product is different from that of
the reactants.

Es: GeH2 (TV) > GeH (1) + H ()

E

\ Conical intersection

Reaction coordinate

In the standard BO approximation it is not possible to hop from one
surface to the other, as they do not cross because of spin-orbit
interactions.
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Spin Forbidden Reactions

In reality the two wave functions are coupled by the interaction between
the electron spin and the orbital angular momentum (Hso). Adding Hso to
the energy calculated in the BO approximation the intersection between
the two PES of different spin is avoided (in general singlet and triplet).

v Hiz= <y Hgoowo>

Adiabatic
Surface B

Minimum Energy
Crossing Point
(MECP)

Diabatic
Surface 1

&

Diabatic
Surface 2

Adiabatic
Transition
State

Adiabatic
Surface A

Products,

Reactants

R
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Spin Forbidden Reactions — Rate constant

The evaluation of the rate constants of spin forbidden reaction is a
complex problem. However, often the PES crossing takes place before
the TS, so that classic TS Theory can still be applied.

The most reasonable approach to calculate the rate constant is to use
microcanonical theory, as in RRKM, with:

N, (E)

N,(E)=[dE,po(E~ E\)Prp(E,)  PrlB)=(1-Ro(1+R2)

Ncr is the effective density of states at the conical intersection

Psh is the intersystem hopping probability

PLZ can be expressed through Landau Zener theory as a function of
Hso (ref. J.N. Harvey, Phys. Chem. Chem. Phys. (2007), 9, 331-343

2
P, = exp - M el
hAF \2E

86 Tsinghua Summer School

POLITECNICO MILANO 1863



References

Chemical Kinetics, Leidler
Chemical Kinetics and Dynamics, Steinfeld, Francisco, Hase
Theory of Unimolecular and Recombination Reactions, Gilbert and Smith

Molecular theory of gases and liquids, Hirschfelder, Curtiss, Bird

- Ab initio kinetics for pyrolysis and combustion systems. SJ
Klippenstein, C Cavallotti Computer Aided Chemical Engineering

45, 115-167 (I general the whole book is a good reference)

- Spiers Memorial Lecture: theory of unimolecular reactions. DOI:
10.1039/D2FD00125J (Paper) Faraday Discuss., 2022, Accepted
Manuscript

- From Theoretical Reaction Dynamics to Chemical Modeling of
Combustion Stephen J. Klippenstein Proceedings of the Combustion
Institute 36 (1), 77-111

- Variational transition state theory: theoretical framework and recent

developments. Chem. Soc. Rev., 2017, 46, 754
87 Tsinghua Summer School POLITECNICO MILANO 1863

Quantum chemistry computational cost

Problem of computational chemistry is
that the computational effort
increases exponentially with the
number of electrons (i.e. the number
of atoms) of the system.

Computational time

# of atoms

Chemistry of real fuels, like in the case of dieses or jet fuels, or formation of pollutant
like soot involves large molecules, which prevent the use of the theoretical estimation
of the rate constants.

This increase depends on the accuracy of
the estimation. Small errors require larger
computational time

Computational time

accuracy
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Analogy rules

molecule properties.

w o ooy
H—(IZ/E\(IZ/E\(IZ/E\Q—H OH + NC,H,q 2 H,0 + 1-C,H
H H H H

OH

OH + nCH,, 2 H,0 + 1-CH,,

OH

89
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Analogy rules

The forces between atoms are generally very short range (Benson, 1976), i.e. in the order
of magnitude of the bond lengths: each atom contributes constant amounts to the

RT

OH
ot Taty Bo5.4
e §eTcH OH+1-CHy @ H,0 +1-CHyp6 k= 1.37 x 107T #3exp (——
AR N

868.4
— 771.813 _
k=2.73x10'T exp( RT )

868.4
k =273 x 107 T813exp <— —)
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OH + nC,H,¢ 2 H,0 +2-CH,,

H OH +nC,H, g 2 H,0 + 1-C,H,

OH +nCH,, 2 H,0 + 2-CH,,

OH +nCyH,, 2 H,0 + 1-CH,,

OH +1-C,H,, @ H,0 + 2-C,H,5-6 k= 1.41 x 1010T%%5exp (—

OH + 1-C,H;, 2 H,0 + 1-C,H, ;-6

Ratio between abstracting a secondary and a primary H atom is the same

90
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504.7
k=141x 1010T0'9356Xp (— W)

868.4

- 771.813 _ooex

k=273x10"T exp( RT )
ks(1000K)

S _—1.44
k, (1000K)

504.7
k= 1.41 x 101°T%35exp (— —)

RT
868.4
- 771.813 _ooo®
k=273x10'T exp( RT )
ks(1000K
g =1.44
k,(1000K)
504.7
RT
868.4
- 771813 _
k=137x10"T exp( RT )
ks(1000K
M =1.44
k,,(1000K)
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Analogy rules

H H H
H T H T H T H 15600
Ho OOty HO2# NGHG 2 HO +1-GHy; k= 2,08 x 10°Texp (‘T
I'H [ H I H 4
A H A H B0H OH +nCyHy 2 H,0 + 1-CoHy k = 2.73 x 107 T*¥13exp (— %)
Kou(1000K)
Knoz2(1000K) — 9000
- 173.59 15600
HO, +nCH,;, 2H,0+1-C;H,; k=2.08x10'"T>*"exp | — T
868.4
OH +nCgH;, 2 H,0 + 1-CH,g k =273 x 10T 813exp <_W)
Kou(1000K) _
Kpoz(1000K) 9000
— 173.59 15600
HO, + 1-C;Hyy @ H,0 + 2-CH 56 k= 104 x 10MT3exp | ————
868.4
OH +1-C;Hy, 2 H,0 + 1-C,H, ;-6 k = 1.37 x 107T*#3exp (— W)
Kou(1000K) _
Kpo2(1000K) 9000
OH abstracts about 9000 times faster than HO, (at 1000 K)
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H-abstraction reactions

Generalizing the Habstraction reactions:
R+R'H—->RH+R’
It is possible to roughly and simply estimate the rate constant:

Kiabstr = KeerrRCR/H Ranzi et al., Comb. Sci., Tech., 95, 1993
where k?eﬁR represents the intrinsic reactivity of the abstracting radical R radical and Cyry
is the relative reactivity of the removed H-atom.

This assumption simply means that the contributions for evaluating the rate constant only
come from properties related to the abstracting radical and to the type of the hydrogen
atom to be abstracted.

Theoretical basis for this simplification can be partially found in the assumption of short
range forces among atoms (Benson, 1976).

This estimation is quite approximated and should be used only when no
theoretical or experimental data are available, like for large molecules
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Summary of analogy rules

A few reference kinetic parameters allow to estimate a large number of rate
constants, laying the foundation for possible automatic mechanism generation

H-Abstraction Reactions
Primary H atom Secondary H atom Tertiary H atom
Primary radical 108.0 exp (-13.5/RT) 108.0 exp (-11.2/RT) 108.0 exp (-9/RT)
Secondary radical  108.0 exp (-14.5/RT) 108.0 exp (-12.2/RT) 108.0 exp (-10/RT)
Tertiary radical 108.0 exp (-15/RT) 108.0 exp (-12.7/RT) 108.0 exp (-10.5/RT)
Isomerization Reactions (Transfer of a Primary H-atom)
1-4 H Transfer 1-5 H Transfer 1-6 H Transfer
Primary radical 1011.0 exp (-20.6/RT) 1010.2 exp (-14.5/RT) 109-7 exp (-14.5/RT)
Alkyl Radical Decomposition Reactions to form Primary Radicals
Primary radical Secondary radical Tertiary radical
1014.0 exp (-30/RT) 1014.0 exp (-31/RT) 1014.0 exp (-31.5/RT)
Corrections in Activation Energy to form:
Methyl radical Secondary radical Tertiary radical
+ 2. -2. -3.

Ranzi et al., Comb. Flame, 102, 1995
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RECAP

Combustion consists of radical chain reactions. Rate constant can be estimated from:
v’ Experimental measurement
v" Collision theory
v Quantum calculations
= kinetic theory of gases
= Rate constant expression and limitations
= transition state theory
= formulation
= RRHO approximation
= potential energy surfaces
= limits of TST: degeneration of internal degrees of freedom into hindered rotations
= beyond TST: RRKM + master equation theory
=  beyond TST: quantum tunneling
=  beyond TST: spin forbidden reactions
v’ Analogy rules
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Combustion mechanisms
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The mechanism hierarchical structure

A Diesel
Jet fuels

C,-C,
S
= =
£ c
9 4

v
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An important combustion parameter

Stoichiometric combustion is the ideal combustion process where fuel is burned completely. A
complete combustion is a process burning all the carbon (C) to CO, and all the hydrogen (H) to
H,0

H, +1/20, - H,0 C,Hg +7/20, - 2CO, + 3H,0 C,H, +30, - 2CO, + 2H,0
CH, + 20, » CO, + 2H,0 C;Hg + 50, » 3CO, + 4H,0 CgHg + 15/20, - 6CO, + 3H,0
Fyet/Oxidizer @ = 1 stoichiometric conditions

Equivalence ratio: & = ® < 1 Lean conditions: more oxygen than needed
(Fuet/ Oxidgizer)stoich @ > 1 Rich conditions : less oxygen than needed
® =0 no fuel (i.e. no combustion)
Equivalence ratio equivalent in mass or in moles @ = oo no oxygen: Pyrolysis

. F/o __ me/mo _ _ me/ng
(F/O)stoich (mF/mO)stoich (nF/nO)staich

Oxidi er/Fuel 1
Sometimes air—fuel equivalence ratio (A) or air excessis used 1 = z =—

(Oxidizer/Fuel)stoich B @
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Homolytic bond cleavage H, — 2He
H-abstraction from a stable molecule H, + O, = He + HO,e
Radical transfer: H abstraction HO,e + H, = H,0, + He
Homolytic bond cleavage H,0, - 20H.

Radical transfer: H abstraction OHe + H, » H,0 + He
Radical addition He + O, = HO,e
Branching reaction He + O, - OHa + O:

4 Tsinghua Summer School POLITECNICO MILANO 1863




Homolytic bond cleavage H, - 2H.

All colliders
107

FRREETEES

g
I e

Symbols = different authors
Colors = different bath gases

ST TR TIeT

111

TIK

10! . -
10° 10t 10? 10° 104
p/torr

H,+M22H+M

104400
k =4.577 x 101°T 14~ RrRT

Third body efficiencies: HE 0.83/ CO 1.90/ CH4 2.00/ H2 2.50/ C2H6 3.00/ CO2 3.80/ H20 12.00/

5 Tsinghua Summer School POLITECNICO MILANO 1863

H-abstraction from oxygen H, + O, - He + HO,e

H,+0,=H+HO,

1.00E+08
1.00E+05
1.00E+02
1.00E-01
1.00E-04
1.00E-07
1.00E-10
1.00E-13
1.00€-16
1.00-19
1.00E-22
1.00E-25
1.00€-28

@ Michael et al. 2000
© Baldwin etal. 1979
© Thrush1981

—— This work

k [em3/mol/s]

0.4 0.9 14 19 24 29 34
1000/T [1/K]

Relative Energy (kcal/mol)

H,+0,=H+HO,

1.00€+10

® Michael etal. 2000

60 HOOH —— This work

1.00€+09

Courtesy of Stephen Klippenstein

1.00E+08

k [cm3/mol/s]

644 e
k =1.13 x 107T1%%eRT

1.00E+06

04 07

1000/T [1/K]
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Radical transfer: H abstraction HO,e + H, > H,0, + He

3654
HO,e + H, » H,0,+He k = 3.35x 107T191e ™ "RT

1318
OHe+H,>H,0+H.  k =8.68 X 101T338¢ RT

3507
total k= 1.52x 108T157¢ " RT_

In principle two channels available, but it is inappropriate to treat separately

10 o 79 BAL_WAL_a
1.0E+13 A 74_GOR _VOL b
® 77_MIC_WHY
. = = =H202+H<=>H20+0OH
E 0N Y H202+H<=>H2+HO2
< [ o 1OE+12 5 i
ERERN 3
5 -30 : eTE
5 £ 1.0E+11 1
b7 S
© -40 x
2 L
©
K] -50 1.0E+10
A
-60
70 1.0E+09 + +
0 1 2 3 4
Courtesy of Stephen Klippenstein Temperature [K]
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Homolytic bond cleavage H,0, > 20H.

60
50
40
E 30
E 20
= 10
>
= 0
@
i -10
2 -20 OH+OH<=>H202
E .30 10" [—— T m.
2 |—— Troe, Combust. Flame, 158 (2011) 594-601
-40 [—— Sellevag et al. J. Phys. Chem. A, 113 (2009) 44574467
|—— Troe&Ushakov, Phys. Chem. Chem. Phys. 10 (2008) 3915-3024
-50 |—=— Fulle et al. J. Chem. Phys. 105 (1996) 1001-1006
60 HOOH ® Forster etal. J. Chem. Phys. 103 (1995) 2949-2058

|[—=— Zellner et al. J. Phys. Chem. 92 (1988) 4184-4190

Courtesy of Stephen Klippenstein ;g 10%4
g
763 1
k =1.11 x 10*2T%52¢RT 107 I
(High pressure limit) . . . . .
1 2 4 5
1000K/ T
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Radical transfer: H abstraction OH + H,-> H,0 + He

o1 L]
m o * 8
O 89 BOT_( _MIC_ X 85_¢ 12
¢ 85_FRA_JUS © 81_RAV_NIC + 80_SWO_HOC
5 | A 73_WES_DHA —— This work_Theory
03
. a
3 Y o
E T 02 MM
= <
8 ]
= K]
= 3
3 g
= -5 I}
i | £
2 =
= o
= =]
@
o« -10 |
300 800 1300 1800 2300
Temperature [K]
-15 L 1.0E+13
Courtesy of Stephen Klippenstein
— 1.0E+12
2
°
E
“E 1.0E+11 4 13_LAM_DAV A 06_ORK_KOZ
[CA ® 04_KRA_MIC m 96_TAL_GIE
= 4 92 _OLD_LOG * 88_DAV_CHA
0 89_BOT_COH © 88_MIC_SUT
1.0E+10 X 85_SCH_ZHU © 85_FRA_JUS
— 871.54 ,— o B1_RAV_NIC + 80_SWO_HOC
= 1.85 x 10°T e RT D AMESoEA  —hwor Trooy
—Kifit
1.0E+09
300 800 1300 1800 2300
Temperature [K]
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Radical addition: He + 02 - HO2. CEm mah, -

e p—

203 .
e +  1BRICARKES = 1GTTELA
kHPL =1.31X% 1012T0'57e RT H 40, (sH) > HO, ()
536 X -
kLPL = 8.00 X 1021T—1.7Be RT Collider H,0 —.g o
254 &
— R—— H E
kLPL =1.90 X 1020T 1.56e RT Collider Ar "E
ol oC’P) + OH
-10 te+15
- Collider effect i
§ 50 |- HO, (A) i H'D,{;N,Dwm,w,llﬂ ters W40, foa 5 HO, (ua9) ]
60 |
70 HO, (A") 1e+17 |

k {om”® molecule” 7')

Te+is L

¥ fem” motesule” 57

W0 B0 1200 1600 2000
- . Temperature (K]
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125 [ ) T NP SN IPUPRPA SR IR e |
200 400 600 800 100D 1200 1400 1600




Branching reaction: He + O, - OHe« + O:

m  SCH/KIN1958 m  BRABEL1971 ® MASHAN1990 = KEY1983
® FENJON195S @ EBEHOYIO7I @ SHUIMCI991 & SMISTE1994
14 W DIX/SUT1965 A SHUAPE1971 A YUAWAN1991 < ROB/ISM2002
10" o Baucowisez v 1973 v DUHES1992 P
' GUTHAR1967 = DIX1983 4 YAN/GAR1994 =—  FIT August 2018
238 1 . < —— Re-ft October 2018
—_ KUR/BOU1968 4 FRA/JUS1985 ® HONDAV2011 — Reit Excl. flame data
— 137 -0.25 v FUUISHI1988 = LEWWAT1980 —— Re-fit w3point weighti
IC1~e17 - E;-E;‘} >< ]_() 7” é? quw . 4 PIRMIC1989 & HOWSM1981 —  HONDA\ 1 FIT "
1 A BRUISCH1983
1

OHe + O: > He + O,

10"

k/cm® mol' s

500 1000 1500 2000 2500 3000 3500 4000
Temperature / K
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H, whole mechanism

H2+M=2H+M 4.5770e+19 -1.400 104400.00 0+H202=0H+HO2 9.5500e+06 2.000 3970.00

H2/ 2.50/ H20/ 12.00/ CO/ 1.90/ C02/ 3.80/ HE/ 0.83/

H2+0=H+OH 5.0800e+04 2.670 6292.00 OH+H202=H20+H02 1.7400e+12 0.000 318.00
DUPLICATE

H2+OH=H+H20 4.3800e+13 0.000 6990.00 OH+H202=H20+HO02 7.5900e+13 0.000 7269.00
DUPLICATE

20+M=02+M 6.1650e+15 -0.500 0.00 H+HO2=20H 7.0790e+13 0.000 295.00

H2/ 2.50/ H20/ 12.00/ AR/ 0.83/ CO/ 1.90/ C02/ 3.80/

HE/ 0.83/

H+02=0+0H 1.1400e+14 0.000 15286.00 H+HO2=H2+02 1.1402e+10 1.083 553.78

H+OH+M=H20+M 3.5000e+22 -2.000 0.00 0+HO2=02+0H 3.2500e+13 0.000 0.00

H2/ 0.73/ H20/ 3.65/ AR/ 0.38/

0+H20=20H 6.7000e+07 1.704 14986.80 OH+H02=02+H20 7.0000e+12 0.000 -1092.96
DUPLICATE

H+O+M=OH+M 4.7140e+18 -1.000 0.00 OH+H02=02+H20 4.5000e+14 0.000 10929.60

H2/ 2.50/ H20/ 12.00/ AR/ 0.75/ CO/ 1.50/ DUPLICATE

Cc02/ 2.00/ HE/ 0.75/

H202 (+M) =20H (+M) 2.0000e+12 0.900 48749.00 2H02=02+H202 1.0000e+14 0.000 11040.88
Low/ 2.49e+24 -2.300 48749.0/ DUPLICATE
TROE/ 0.4300 1.000e-30 1.000e+30/
H20/7.65/ C02/1.60/ N2/1.50/ 02/1.20/ HE/0.65/ 2HO02=02+H202 1.9000e+11 0.000 -1408.92
H202/7.70/ H2/3.70/ C0/2.80/ DUPLICATE
H+H202=H20+O0H 2.4100e+13 0.000 3970.00 H+02 (+M) =HO2 (+M) 4.6500e+12 0.440 0.00
Low/ 1.74e+19 -1.230 0.0/
TROE/ 0.6700 1.000e-30 1.000e+30 1.000e+30/

H2/1.30/ C0/1.90/ C02/3.80/ HE/0.64/
H20/10.00/ AR/0.50/

H+H202=H2+HO2 2.1500e+10 1.000 6000.00 O+OH+M=HO2+M 1.0000e+16 0.000 0.00
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Mechanism works

Flame Speed (H2/Air) Tse et al., (2000)

IDT (H,/Air, p=16 bar, ®=1.0)

- 300 120 Kéromnes, et al. (2013)
L = 1E-02
S, 250 - °E 100
] S =
@ 200 2 2
2 g % E 1£03 +
[ 2 =
g 150 - @ 60 &
© E <
o K-} a
§ 100 4 @ Tse et al. 2000 ‘:'xi 40 @ Tse et al. 2000 .§ 1E04 ¢ &
£ S =
E 50 - ‘e = = &
5 ’ p=1atm, T,=298 K, N, E 20 p= 10 atm, T,= 298 K L
0 0 1.E-05 } } } + f
00 05 1.0 15 2.0 25 3.0 3.5 40 45 07 09 11 13 15 1.7 19 21 0.55 0.65 0.75 0.85 0.95 1.05 1.15]

Equivalence Ratio

Equivalence Ratio

JSR(H,/Air, p=1 bar, ®=0.22) Le Cong & Dagaut (2009)

1.2€-02

L
1.0€-02
8.0E-03
6.0E-03 |

4.0E-03

Mole Fraction

2.0E-03

0.0E+00

900 1000
Temperature [K]
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Explosion diagram

1.20€-02

1000/T [1/K]

1.00€-02

8.00E-03

6.00E-03

4.00E-03

Mole Fraction

2.00E-03

0.00E+00

900 1000
Temperature [K]

1100

POLITECNICO MILANO 1863

Hydrogen/oxygen

explosion diagram

Lewis,B., von Elbe,G.

‘Combustion Flames and Explosion of Gases’ Academic Press New York 1961

14

Tsinghua Summer School

10000
8000 e
6000 \\
~
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by,
2000 ~
N
1000 \\
800 ‘\
600
= 400
I no explosion|
_E: 200 //
§
£ -
60 ya,
40 )6,
2 v
10
/|
8
6 / n
. / explosion
2 N =
L
0 L ==
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Chemical system ignition

Skeletal mechanism of chain reactions suitable for the combustion of a generic fuel S:
1. initiation S - 2Re
2. propagation S+R > oRe + P
3. termination Re+S+[M] =P+ [M]
4. wall termination R. + wall ->P
5. termination Re + Re + [M] = P+ [M]
Re generic radical
P stable products
o > 1 propagation - branching
15 Tsinghua Summer School POLITECNICO MILANO 1863

Lower ignition limit

Lower limit of the explosion diagram: wall termination rules the radical depletion, being
the radical termination negligible, because of the low pressures which make less probable
an event proportional to the square of pressure: reactions 3 and 5 can be neglected

Radical conservation: 1 S>2Re
d[R ] 7 S+R—>v[xR;+P i
o 3. Re+S+[M]>P+[M
— = 2k, [S] + (@ — Dk, [S][Re ] — ko[Re] P L
dt 5. Re+Re+[M]>P+[M]
First ignition occurs when only a few reactant is consumed, then:
[S] = [S]y = constant
[Re ] [Re] [Re]

dlRe] B diRe]
2k;1[S1, + {(a — Dk3[S], — ka}[Re] ! 2k1[S]o + B[Re] Of a
B = (a—1k;[S], — k4

In(2ky[S], + B[R+ 1) 2k, [S], (e — 1)
B ¢ R
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Lower ignition limit

2k, [S],(e”* — 1)
Rel=—""Fp——
Casel: B = (a—1k,[S],—kis<O0 g
lim[Re] = %[S]" Stationary state solution >0 829
t—o0 il .
i B<O
Case2: B =(a—1ky[S],—ks>0 t
':ILI&[R.] = Radical concentration continuously increases
Case3: B = (a—1Dk,[S], =k, =0 Critical limit between stable stationary solution
and explosion
. - d[Re]
Radical conservation: = 2k, [S]+ {(a — D)k, [S] — ky4}[Re ] = 2k4[S],
m) [R.] = 2k, [S]ot

17 Tsinghua Summer School POLITECNICO MILANO 1863

Lower ignition limit

Case 3: Critical limit between stable stationary solution and explosion
B =(a—Dky[Slo —ks=0
Ideal gas behavior:

p
(a - 1)k2 ﬁxSo - k4, =0

ignition

k4(T)RT

P =@ = Dip(Mxs,

Slow reaction
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Hydrogen case

2. propagation 0,+H - OH+0 a = 3: from 1 to 3 radicals: => branching
4. wall termination H+wall =P

=152
ky = 1.14 x 10'*e™ &7 Units are: cal, mol, cm3, s

Wall termination reactions of radicals is the result of two consecutive processes:
- diffusion of the radicals to the wall

- interaction of the radical with the surface.
We assume that first process is the rate limiting step (diffusion is slower).

Diffusion rate constant which for the cell with characteristic size d can be
derived from the Einstein diffusion equation:

AD
ke = kairr = 7

Where the coefficient A depends on the shape of the cell (A=39.6 for a

sphere, and A=23.3 for a very long cylinder). The diffusion coefficient
D depends on the temperature and pressure:

-5 (3)

D, is the diffusion coefficient at normal conditions, T, and p,

19 Tsinghua Summer School POLITECNICO MILANO 1863

H, first limit estimation

(0( - 1)k21x5 - k4 =0 % “\
RT ~° 5000 S~
4000 f,’:;_
Substituting the expressions of k, and k, and 00 b~
recalling that a. = 3 N
1000 \\
800 N
5 N
2, Py A0, (T) (2) =0 2
e RT —Xgp, — =5 — — | = g axoiosk
2 RT 00, d2 0 TO Do £ o explosion
£ 7
£ ]
£z =
o
w0 o
05 » ped
A D T RT g_% 7
= |53 - —e
p d2 0 TO Po 2A2X002 g //
j 4 explosion
: 1”'@7&"“#:::—___
0 W00 420 440 Léo 480 S00 520 B’Sﬁo 580
* temperctire, ['C]
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Second ignition limit

At assigned T, pressure increase inhibits the ignition reactions.

Higher pressures make less important wall termination reactions. Pressure

affects more the termination
1. initiation S — 2Re
2. propagation S+R = oRe + P
3. termination Re + S+ [M] > P+[M]
4. wall termination Re + wall ->P
5. termination Re +Re+[M] = P+[M]
Radical conservation:
d[Re]
7t = 2halSTH (@ = DkolS1[Re | — k3[R« 1[S1[M]
First ignition occurs when only a few reactant is consumed, then: [S] = [S], = constant
[Re] [Re]

d[Ro] f d[R. f dt
2kq[S1o + {(a = Dka[S]o — k3[S]o[MI}[Re ] 21y[S], + BIR« T

Bt _
(pey - Zallete” 1
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B = (a — 1)k;[S], — k3[S]o[M]

Second ignition limit

Critical limit between stable stationary solution and explosion
B=(a— 1)k2[5]o - k3[5]0[M] =0
Ideal gas behavior:

p p
(a — Dk, RT XS0~ ks RT XSORT =

—_Ez
A, —(Ez—E3)
=(a 1)RTA—e RT

AzeRT r 3

P Slow reaction
Second limit

ignition

. -

low reaction
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=(a— l)RTk— = (a — 1)RT




Hydrogen case

2. propagation
3. termination

0,+H > O0H+0
H+0,+M —>HO,+M

Even though second reaction appears as a propagation
(radical H, is transformed in another radical HO,), it can be
considered a termination: HO, is a very stable radical, less
reactive than all the other radicals and during its long life
could also diffuse to walls.

—15286
ky, =1.14 x 10%e™ T Units are: cal, mol, cm3, s

Low pressure limit of the falloff
expression

ks = 1.74 x 101977123

A, —(E;—E3)
p=2RT—e RT
Az

23
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Third ignition limit
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Third limit is at quite high pressures. In these conditions,
the system cannot be considered almost isothermal up
to ignition, as in the case of first and second limit.

Thus, the heat loss plays a fundamental role and the
thermal ignition (Semenov equation in its simplest form)
competes with the branching ignition.

From the chemical point of view: at high pressures, HO,
becomes more reactive, abstracting and forming H
radical or recombining and later forming two reactive

OH radicals, through a very fast hydrogen peroxide
decomposition:

HO,+H, > H,0,+H
HO,+HO, —>H,0,+0,
H,0,+M  —>20H+M

24
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Summarizing

e 1st limit

(sensitive to surface, vessel shape, heat transfer & added inert gas)
— Competition between branching and diffusion to wall of H*
— no explosion wall < H* + O, — O°® + OH* explosion

e 2nd limit (dependent on intrinsic kinetics)

— Competition:
- H*+0,+M > HO,*+ M no explosion third order
— H*+0, —»> O*+ OH* explosion second order

hydroperoxyl radical HO,* much less reactive than H®, OH*

@ 3rd limit (sensitive to vessel shape/size/inert gases)
— rate very fast (H* +O, — O° + OH*), faster than can be conducted away
= thermal explosion

— added gases have effect because of their heat transport properties, as well as
of their third body effect.

25 Tsinghua Summer School POLITECNICO MILANO 1863

Carbon Monoxide Oxidation

The direct oxidation CO + 0, - CO, + O
has a high activation energy (48 kcal/mol) and g&;&?\:?*coz 7:015e+04 2.053 -355.7

is a very slow process even at high T. OH+CO=H+C02 5.757e+12 -0.664 331.8
DUPLICATE

Very low temperature dependence

However, in the presence of ppm of H,/H,0, OH Temperature (K)
radicals are formed, then the effective 0, S0 30 20 150 190 &
conversion proceeds via the reaction !

CO +°OH - CO, + He

The H atoms produced feed the chain-branching
reactions H+0,, and thereby accelerate the CO
oxidation rate.

K, (em’molecule’s”)

\ Bauichetal (51) 10"

04 06 08 10 12 14
1000KIT

Davis et al. [52] (ommm?

k, (cmPmolecule”’s™)

S ]

Davis et al. (52)

Low-pressure limit (This work)
L L "

s L L
0 2 4 6 8 10 12

At high pressures, it is also important the reaction 1000kiT
° . AV, Joshi, H. Wang Int.J. Chem. Kinet. 38
Co+ HOZ é c02 +OH (1) (2006) 57-73.
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Water effect

Temperature 1300 K
100 Traces of water are sufficient to form H
99.99% CO; 0.01% H,0 . .
80 atoms, whose effect is purely catalytic,
through the OH formation:
c 60
o
g 40 H,0 — OH® + H*
&
© 20
0 co CO+ OH*— CO, + H°
0 0.2 04 06 08 1 He + 0, - OH* + O:
Residence time (s)
CO + O: (+M) — CO, (+M)
2CO + 0, — 2CO,
27 Tsinghua Summer School POLITECNICO MILANO 1863

Methane Oxidation: complexity increases

More than the correct rate parameters of
: B H : specific reaction, it is important to
| Aromatics | | co | : include all the relevant reactions and the
: : " proper relative selectivity of

. i OH arallel/competing reaction paths
| soot | co, | P petng patis:
Hir Pyr = Iy5| R Oidapioe e
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Mechanism growth

[w, ]

[ on |« no, |

[ o |
2
'g CH4 (30 species — 200 reactions)
Q.
w
=+

‘ H2 ‘ (8 species — 20 reactions)
# reactions
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Larger molecules

N\

Pyrolysis: Oxidation:

C-C bond cleavage from C-H bonds

/ I \ }C'Oanle-0<
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Larger molecules combustion complexity

Low temperature High temperature

+0, 10xidation Pyrolysis
% 3

1 Pyrolysis +0, Oxidation
ol Bt o’

POLITECNICO MILANO 1863
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Propane Pyrolysis

Chain Initiation Reactions

o L]
N >  CyHg +CH, The chemical bonds with a smaller
P ) BDEs are more prone to dissociate
than those with larger BDEs.

Dehydrogenation are less favored than

N — »
pyrolysis reactions.

Chain Propagation Reactions:
- H-Abstraction Reactions & Radical Decomposition Reactions

[
—> LN —> CH, +CH,

RH + -
Re + "\ —p \\‘A

[ ]
—> /\ —> C3H5 + He
Chain Termination Reactions

CHy +CH; ——>  CyHg
o o H radicals are not effective in
CH3 +GHy ——» G3Hg recombination reactions.
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n-butane Pyrolysis

33

n-butane Pyrolysis

34

|

Chain Initiation Reactions CH, CH, Y Y CH
n-
AN > eGH; +eGyHs CH/ Y MJ 4710
3 2 ) (%]
L]
AN > e +1GH,
n-butane pyrolysis is similar to the pyrolysis of propane.
ANV — > H +1-C4Hg Always the same reaction classes are present:
- Chain initiation - H-abstraction
AN —» N
H +2-CHy - H-radical decomposition - Radical recombination.

Chain Propagation Reactions:

- H-Abstraction Reactions - Radical Decomposition Reactions

—— S T NN —» CoH, + CH,
RH + NS N
Res AN —> 1.-C;Hg +H
He H2 . °
CH3 @ e L—p A~ AN ——> GHg +CH,
N —— 1-CHg +H
. . . . o

Chain Termination Reactions AN 2-C,Hg +H

®CH; +eCH; ——»  C,H;

®CH; +8C,H,——» CH, recombination reactions.

He radicals are not effective in

Tsinghua Summer School POLITECNICO MILANO 1863

Butadiene, Benzene and heavier
species are due to successive
addition and condensation reactions

m-burane pyralyst

{ n-butane pyrolysis
& 1100 K and 1 atm @ 1106K and I atm

Oy o
_——f’”.S_

Time [1]

Reaction Path
Analysis (RPA)

n2 LE]

Time 5]

2CHeo
I NS — F HCHe
a% -

Tea

f\/+H-

v

H-Abstractions prevail
on Initiation Reactions.

A 2%, CHe 0
T ] AN #0Hs Dehydrogenation

¥
J CHy*+GoHye T reactions of alkyl
radicals are of
50% n-butane conversion /\/ e

@ 1100K, 1 atm, and .04 s limited importance
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n-heptane Pyrolysis

Chain Initiation Reactions n-heptane pyrolysis is similar too, Always the same
NN ——> 1-E3H7 + 1-E4H9 reaction classes are present, but their number increases:
P U oCoHg + 1-8H,, Chain initiation H-abstraction

. - H-radical decomposition - Radical recombination.
NN ———PeCH; +1-CHy,

NN\ —— H+nGHg

Chain Propagation Reactions:
- H-Abstraction Reactions - Radical Decomposition Reactions
.
AN\ P CHg + CHy

NS P GH, + INN—D CH, + 1-CH,

AAA P CH, + A

RH +
Re+ NN —p I IEH . >
-GR; + A
He H, N\/\“::’CH + AN
CHy ® CH, I 3

NN —p 'CZHS + AN

~
Radical decomposition reactions forming hydrogen and the different heptenes (1-, 2-, 3- C,H,,) are not
shown, being of lower importance because of the higher energy of C-H bonds compared with the C-C bonds
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Oxidation of alkanes

nC;H,¢ H
1 n > A H
p-Decomposition AN - AN - A
nC,H,» == Products { } N\
o ‘o o« IAA A
+02 ‘ ~ \@\N‘\ CH; fo
=0
R700 Te = O
O
OH>D HOO
®Q700H AT AR
+02 Hop HOO
O -p
€00Q700H QQO <00
1 (&
HOO "o 0
0Q700H + OHe =
@ﬂ\ - '@c\ﬁ - AM + «OH
1 0 OOH OOH
paYe)
Degenerate
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Oxidation of alkanes

nC;H,¢
1 p-Decomposition
nC,H,® — Products
+02 ‘ + O& O/OH
el
R700 e HO,e + nC;H,, AN O
o
(0} Z o]
©Q700H OHe + ~AAN
Q == Cydlic Ethers g - eon
+02 \ 2\
_OH /g
€00Q700H 0 Q
OHe + eRCHO + »/\)\7+/§ -»A/H\+/\\+.OH
1 anZn V/&
0Q700H + OHe
Degenerate
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Oxidation of alkanes

nC,H,¢ High epera ure
Mechanism
(Eapp =30000 cal/mol) ¢ NTC
c e
nCH® > Products % L
[ ' '
+02 \ g KA
S / |
R700 ® ) :
{ N
° —
Q00H Cyclic Ethers Reactor Temperature
+ 02 t \
€00Q700H OHe + eRCHO +
1 anZn
Intermediate Temperature
0Q700H + OHe Mechanism
1 (Eapp =21000 cal/mal)
Low Temperature

(Eapp =0 cal/mol)
Tsinghua Summer School POLITECNICO MILANO 1863
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Is low T true and significant? T

E — Hal rabeass rate
T Neadie i
-
i
&
When valves are close, the cylinder is a B
close system with heat exchange E
;s
8
I 4 =50
i &
Crank Angle, CAD
Neglecting low T mech. can result :
in a dramatic error
-4
o
50 ES
— 40
E LT+HT
5 30
g
3 20
A
2 10 HT a
o -
0 - ; : : ——me—
-180.00 -80.00 20.00 120.00 B :
CAD [deg] TDC CAD
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Mechanism competition

Transition from the LT to the HT mechanism ruled by the competition between
decomposition of alkyl radicals (pyrolysis) and formation of peroxy radicals (oxidation)

Re + 02 <5 ROOe Addition (oxidation): Koqq= 10° [I/mol/s]
Re = dec. products Decomposition (pyrolysis): k.= 103 exp (-30000/RT)  [1/s]

Competitive pathways: at high temperatures alkyl radicals are favored over
the peroxy radicals, or pyrolysis is favored over oxidation.

Ceiling Temperature is the transition temperature from one mechanism to
the other

At the equilibrium the addition and the decomposition reaction rates are equal:

ladd = Fdec ) Kyqq [R®][02]=ky, [R@]
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Ceiling temperature vs. pressure

Fadd = Fdec - kadd [R‘][02]=kdec [R‘]

100

30000

10" exp(————
:rdi:—kdec :—p( RT ) 10

T kaa[05] ()9 2 x
RT ™ o !
0.1
013 p(— 30000)
P ; 4t KE 0.01
X 10° 800 900 1000 1100 1200 1300
0, T

ceiling

Ceiling temperature increases with the pressure: higher oxygen concentration favors direct reaction of
peroxy radical formation: NTC region moves toward higher temperatures
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Tsinghua Summer School

Mechanism competition: LT vs. intermediate T

Transition from the LT to the intermediate mechanism ruled by the decomposition of
peroxy radicals

¢QOOH + 02 =5 00Q00e
¢QOOH s dec. products

=100
= 10" exp (-21000/RT)

Addition (oxidation): Kaqd
Decomposition (pyrolysis): k

[I/mol/s]
[1/s]

dec

Transition Temperature is the transition
temperature from one mechanism to the
other one

At the equilibrium the addition and the
decomposition reaction rates are equal:

40 = Taec ) k_,, [#QOOH][02]=k,,, [#QOOH] ***
1000
21000 100
10" exp(— 22
— rdeu — kdec ~ ( ) a 10
Tia  Keaa [02] 097 Xo, 1
RT
1 e 21000 o
7107 exp(- 200 001
p;_— 600 700 800 900 1000 1100 1200 1300
xo 109 Ttransition
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C;Hg/O, ignition in closed adiabatic system

1000
950

900 No heat exchange

850 No mass exchange
800
750
700 7

650 S

600

Temperature (K)

time

- One or two stage ignition.

- NTC between 650-700 K

43 Tsinghua Summer School POLITECNICO MILANO 1863

C;Hg/O, ignition in closed non adiabatic system

7201 Heat exchange
3 No mass exchange
Q UAT
2 680}
e
g
£ ea0l At lower temperatures first flame occurs
= later (even minutes). More time to
accumulate reactive species, thus higher
600 heat release.
3000
Second flame less exothermic, because
2500 part of the fuel already consumed
% during the first flame and not replaced.
@ 2000
2
© At very low T (~ 550 K) the first flame is
@ 1500 ; . ;
o so exothermic that it allows the high T
E 1000 mech. to start (two stage ignition) and
| no other flames occur.
500
time

44 Tsinghua Summer School POLITECNICO MILANO 1863



Heat exchange effect

a

UAT

710
< 690
> Heat exchange
3 No mass exchange
©  670f
[}
Q.
IS
@ 650f

630

0

time

- High heat transfer coefficient reduces both the first flame peak and the second flame
peak

- Low heat transfer coefficient does not cool the system enough after the first flame.
The temperature is not low enough to allow the low T mech to express an evident
second flame
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Explosion diagram of C;H;/O, system

¢
UAT
T
800 800
IGNITION AT>1000 K
t
700 1 700
< SLOW * D time
= COMBUSTION B — D: Hot Ignition
600 C 600
B T
AT=100-200 K
1
® A
500 500
0 0.2 0.4 0.6
P atm time
C : Cool Flames
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C,H,¢/O, ignition in open non-adiabatic system

U?
900
o 850 =3
@ 800
*?u 750 \ At lower temperatures flame occurs
?g 700 LW A \L \ \‘ \‘ later. More time to accumulate
€ 650 \ ) \J reactive species , thus higher heat
2 600 release.
550

Moving toward intermediate T,
3000 dumped cool flames first and no
cool flames then

& 2500

g
3 2000

I

3 1500 At very low inlet T, the reactivity
GE, 1000 drives the system to high T which
= allows high T mech to occur

500 :
time
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Cool flames observed in experiments

EXPERIMENTAL
720 i-CgH,o/air mixture in a JSR at 7 bar.

Temperature [K}
8 %2 g 3
Temperature [K ]

g

640 .
600
— R e
8s 8s &
@ (b) E
PREDICTED §
g 720 g 720 — T
g
680 680 | 4
o L L . L
500 550 600 650 700 750
F 640 A 640 b 4 Inlet Temperature [K]
600 SEE—
0 Zﬁm: [516 8 Y 2Iiu: (516 8 E. Ranzi, T. Faravelli, P. Gaffuri, A. Sogaro, A. D’anna,
A. Ciajolo, Combustion Flame, 108: 24-42 (1997)
(c) (d)
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Low T pathologies

Rapid Compression Machine T Conv.

Shock Tube
Close, Adiabatic system

T Conv.
Batch reactor

B!

Close, non Adiabatic system i

T Conv.
Jet stirred reactor

Open, non Adiabatic system

time time
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Peroxy and hydroperoxy alternative pathways

R,00- HO—O HQ=0 o Ranzi et al., Combust. Flame,
’ N el IR 0o 2015, 162, 1679 - 1691
¥ & q,00H ~—+ Q,00H — Q,0 +-OH ~L
Q,00H Héo . dione +-OH
+0, . o PV
H O OOH

r—-00Q,00H LK

[o] HO—0 o}
~

At ! H%’/):O ~

T Unsaturated ketone + —____, aldehyde +-OH
hydroperoxy alky

radical

H0O,0
[

Re .
*OH + 0Q,00H=+ 0Q,00H

HOO OOH

s HOOP,00H
+Oz’ Third oxygen

addition
—— H OO |I37OOH HOO OOH

oo X

(o}
Il
Unsaturated ketone + HO3

olecular 4 centet oo &
HOO OOH de position . dione + alcohol

OP;00H +-OH

OOH
Keto-di-hydroperoxide "X 33"

o
HOO
o

~y b

OQ’“ 0 OH
aldehyde + hydroxy ketone
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Products found from low T oxidation

N-butane oxidation in jet stirred reactor (n-C,H,,/O2/Ar = 4/26/70 mol%)
30604 T et Soe0s 0 Acrolein
2.56-04 | & Ethanol uuu 40504
§ 2.0e-04 s
T £ 30804
© 15604 g o
- o ©
) o 20504 &
5 10804 <
2 S.06-05 = joe0e o a
o
0.0E+00 0.0E+00 s oo
500 700 500 600 700 800
Temperature [K] Temperature [K]
2.06-04 3.08.04
O Hydroxypropanone " 4 T4 diores
25604
15604
S o 5 20004
B B
£ 1oe0 a £ 15t
2 @ n 2 ioeoe
E° 5.0€-05 o, P e E°
N 50805 Exp. data:
0.0E+00 0.0E+00 Herbinet et al., Phys. Chem.
500 700 500 700 Chem. Phys., 2011, 13, 296-
Temperature [K] Temperature [K] 308.
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Oxidation of iso-alkanes
n-heptane ON=0 iso-octane ON=100

L]

Cs
Peroxy Au

H H radicals H

2

4 secondary H atoms 2 secondary H atoms
Isomerization (1-5): Isomerization (1-4):
six membered ring five membered ring
k=4x1011.%exp(-20000/RT) [s1] k= 2x1011-8 exp (-26000/RT) [s1]
OH OH
e 0 Alkyl-hydroperoxy .0
M radicals
H
k(700)= 1054[s] k(700)= 1040 [s1]

Isomerization reactions of peroxy radicals contribute explaining
lower reactivity of different primary reference fuels
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Oxidation of iso-alkanes

Homolysis Reactions

H
(o]
Oﬁ N o
00 ) O 4+ HO,e| =) + CH,0 + HO,.

Hydroperoxy alkyl
peroxy radicals

H
(o]
/I\/?\ O/O
S ) [ + HO,o| ) % + CH;COCH; + HO,.
9&

Not all the hydroperoxy alkyl peroxy radicals can undergo
degenerate branching paths. This contributes explaining lower
reactivity of different primary reference fuels
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Oxidation of iso-alkanes

nC;Hye iCgHyg
nC,H,» ==p == C.H,,®
+02t +o& +Oz/+021
R700 @ RsOO0 o HO,e + C=
®*Q7/00H =) 4—'Qs(§OH ©Q,800H =) OHe +
Cyclic Ethers Cyclic Ethers

+ 02 \ / + 02 + 02
©00Q700H OHe + oRCHO + ©¢00QsO0OH ¢00Q;s00H

\ CnHZn / \
0Q700H + OHe 0QsOOH + OHe
1 1

Degenerate

Degenerate
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Ignition delay times of alkanes

10* - Experimental data: iC.H .
- - Fieweger et al. (1997) 18 ]
g |
> L
E w0
T
@
el |
=4 . PRF100
L2 10 4 PRFS0 | -
[ e  PRF8O |
- [ v PRFB0

[ . »  PRFO
101 tasadlreaalsy ||-|-|||||-|||||||-“||
07 08 09 1 B 1.2 1.3 1.4 1.5
1000/T (1/K)
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Oxidation of alkenes

/ ne7Has
- H
B-Decomposition %

nC,H, ;0 ==p Products - +XH

+ 02 t @\\O
S700 o f@v\ -~

0>
OH HOO
®D700H «vbkg-» AARA
HOO
+ 02 . - HOO
*00D700H < .00
1 e
OD7OOH + OH HOO @\o 0
7 + ° -
%’P - w - /\\M + «OH
1 [0] OOH OOH
atYed

Degenerate
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Oxidation of alkenes

/ e
B-Decomposition

nC Mo = Products
+02 t + 02 &
e
$700 o HO,e + nC,H,, %\A - A + HO,e
z 3
0 0
*D700H OHe + .
Cyclic Ethers /\\XZ - AN + «OH
+O(:)2 00| \ _OH %/\%
e00D70O0H 5 p .
g":_|°+°RCH0+ '*"V\"w+«\ - + A ++OH
1 n'i2n y/% Nk

OD700H + OHe

|

Degenerate
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Alkene vs. alkane

6 primary H atoms 6 primary H atoms

10 secondary H atoms 4 secondary H atoms
2 vinyl H atoms (more difficult to remove: high DBE)

2 allyl H atoms (easier to remove)

H 9 H H o H H H H
LA A LA RN

secondary radical allyl radical (resonantly stabilized)

Alkene less reactive than alkane
(double bonds reduce reactivity at low/intermediate temperature)

POLITECNICO MILANO 1863
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Addition reactions

Double bonds allow new reaction classes to occur: addition reactions

T
&
T
T

H H
3 L RN

H U H H H ° H H
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Oxidation of alkenes

nC;H,* 7
B

nC;H,,

-Decomposition o .
nC,H,» === Products <@==mmm °Q70H mv\
+ 02 t + o& + 02 t
$700 ¢ HOe + nC;H,, ©00Q70H === HO,e + QOH
*D700H =) OHe + v
Cyclic Ethers Waddington
+ 02 Mechanism
e00D700H OHe + oRCHO +
anZn (\
S
°°’°i" o R

Degenerate
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Alkane and alkene ignition delay time

(b)
100} 15 bar
m
E
@
E
E 10F
3
= 1st total
:% n-heptane —&— —/\— 4=1.0;
© qf I-heptene @~ -O— g 5o
2-heptene —-— {1 ’
1.0 1.1 1.2 1.3 1.4 1.5 1.6
1000/T (1/K)
Wu et al., Combustion and Flame, 197, 2018, 30-40
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Oxidation of aromatics

Aromatics only show the high temperature

1 G mechanism. High energy is required to initiate the
@' —_—) O reactions: aromatic rings are very stable and are
difficult to be activated.
Aromatics are so stable that oxidation is needed
|

first to allow the successive pyrolysis of the
oxygenated species.

Typically, there is the formation of an aryloxy
radical, whish in turns open the ring, forming CO

CO+ and a smaller ring or linear species

=
1+02\

0]
@_, AZ +cO
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Oxidation of alkyl-aromatics

Also toluene shows only the high temperature mechanism. High energy is required to
initiate the reactions on the ring. Primary hydrogens of the methyl group are much
more available, because of the formation of the long-life resonantly benzyl radical.
However, when formed, the benzyl radical is so stable, that it does not easily react
further.
Q-0 O
©/ )
\ . O /o . /O
l @ —_ —_ — —_ @ +CO
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Toluene blending effect

Toluene has an interesting blending
effect. At low temperatures, benzyl

LE+02 o . .

P = 10 atm - fixed nC7 radical is easily formed, because of its
£ resonant structure. The resonance
g makes also benzyl a long-lived radical.
Z e n-heptane (neat) Thus, benzyl acts :a\s a rafjlcal .
© scavenger, removing active radicals
S rheprane/eraen (like OH) from the system, through
2 ike rom the system, throu
& 1E01 - - -n-heptane/benzene Y ! g

termination reactions: OH
——n-heptane/toluene []

1.E-02 4 ; ; ; : : |

0.7 0.9 1.1 1.3 1.5 1.7 +eOH

1000/T [K1]

At intermediate T, benzyl radical starts reacting, thus toluene becomes more
reactive than an inert or than an aromatic like benzene and the induction time of
the mixture is more similar to that of the pure n-heptane, only a bit slowed down.
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Oxidation of cyclo-alkanes

E;j Cyclo-alkanes oxidation pathways

O B-Decomposition are very similar to those of

i ‘Pmd"“s alkanes, with few differences:

O»°° - Decomposition involves the
Olefin + HO; ring opening and several

! OOH isomerizations

g Cyclic ether +-OH - Isomerization of peroxy

} radicals involves a double ring

Q’ and consequently some extra

Soe strain, compensated by a lower

} entropy penalty, because the

OOH
B-scission products

0
+OH rotors are already blocked
OOH
00 OOH
O[Oy~
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Decomposition of cyclo-alkanes

é‘E :I' o v Cyclo-alkanes are
LT mechanism ” d/ .
t

isomers of alkenes,

g . thus the isomerization
/O é — and decomposition
-00 ” ” O - reactions of high and
intermediate

O— 0= U: O O‘I: é @ o temperatures form a
3

lot of species, whose
) — 2~~~ + «CH, huge number becomes
a problem
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Decomposition of alkyl-cyclo-alkanes

ReO)

Difficulty with the number of species becomes much worse with alkyl-cyclo-alkanes
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Alkane and cyclo-alkane ignition delay time

. 1.E4+02
L.E+02 P=10atm-¢p =1 0 P=10atm-¢p =1
‘@ o'
E 1E+01 E 1401
[} Q
E £
& 1.E+00 & 1.E+00
[} [0)
he) o
& ——cyclohexane O & ——n-heptane ~"~"
= 1.E-01 2 1.E-01
2 —n-hexane ~_~_~. =3 —methyl-cyclohexane
1.E-02 + T T T T ] 1.E-02 + T T T T ]
0.7 0.9 1.1 1.3 1.5 1.7 0.7 0.9 1.1 1.3 1.5 1.7
1000/T [K1] 1000/T [K1]

Extra strain of the double ring formation during isomerization reactions of both
peroxy (ROO) and peroxy-alkyl-hydroperoxyl (OOQOOH) radicals mainly explains
the lower reactivity of cyclo-alkanes when compared to the corresponding alkanes
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Biofuels

» Alcohols (methanol, ethanol, propanol, butanol)
» Ketones (acetone, EMK, DEK)
> Ethers (DME, OME, DEE, EME, MTBE, ETBE)

» Esters (methyl and ethyl esters)

Oxygenated molecules
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Oxygen atom effect on the closest bonds

98.2
(-1.5)
87. 86.5 102.7 -
86, (+3.0) 80.8 -
83. 92.0
99.7 7.2
00) (?2 9 A 89.2 875
: - (-10.5)  (-12.2)
(-6.7)
n-butane n-butanol n-butanal

.2
(-1.5) 93.1 92.0
(-6.6) (-7.7)
MEK methyl-butyl ether methyl-butanoate

Electronegativity of the oxygen atom reduces the strength of the closest bonds.

- n-butanol, n-butanal and MEK show a reduced energy of both the alpha C-C bond and the beta C-H bond.
- Substituted carboxyl group of methyl-butanoate makes the molecule more stable. The mesomeric
structures of unshared pair of electrons in the oxygen singly bonded to carbonyl carbon, allow the
formation of the ester resonance, which stabilizes the molecule.
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Reactivity of oxygenated fuels

1000.00 =+ .
E fuel/air, ®=1.0, 10 atm
—. 100.00 +
1] =
.g. C
€ 1000 +
=
>
o
o 1.00 +
2 00 = n-butane n-butanol
° 5
2 0104 e n-butanal == MB
L 3
B s [\/] E K == == propane
0-01 T T T T L L T T L L] L
06 0.7 08 09 10 11 12 13 14 15 16 1.7
1000/T [K]
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Low T alcohol reactivity

100000 fuel/air, @=1.0, 10 atm
. OH P
s = 99.7 97.2
" sort ) // \A\A (0.0) (-2.5)
98.2
OH (-1.5)
/\) /\) /.\) /\) 1027
86, A2 (+3.0)
+0, +0, +0, 83. :
93.0
o OH oo OH (-6.7)
HO,* /\/U
Low reactivity of n-butanol is due to the
0oe 00e favored formation (~45% of fuel
consumption) of the alpha radical,
| | because of the reduced BDE of the alpha
C-H bond induced by the OH group.
. Once formed, the alpha radical does not
branching undergo the typical low temperature
branching mechanism, but it mostly

produces n-butanal and HO,.
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Low T ketone reactivity

fuel/air, ®=1.0, 10 atm

‘——nbutane  ——n-butanol

——nbuanal  ——M8

——MEK — — propane

(0]
001
05 07 08 09 10 11 12 13 14 15 16 17
1000/T [K]
[¢]

o]

0 \ / \ / o Close hydrogen atom have low BDE,
clJ because of the presence of the oxygen

o atom. Peroxy radicals mainly undergo HO,
HO,+ )v +OH elimination and conjugate alkene
o formation.
methyl vinyl ketone tetrahydrofuran-3-one  Another competing reaction is the
Hoppe et al., Fuel 2016 cyclization with the formation of a furan
Scheer et al., PCCP, 2014 like molecule.
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Intermediate T ester reactivity

100000

3
06 07 08 09 10 11 12 13 14 15 15 17

1000/T [K] 0
~A-
/ / \ - “97.2
[o] o [o] o
/\/lk /’\/”\ /\//’J\ /\)l\ > 92.0
0~ o~ ' o~ -
¢ MB shows the second slowest reactivity.

: aC-H bond is weaker, positively

!

: contributing to the reaction propagation.
|

o The stabilization resonance of the formed

HO /\/[L radical slows down the oxygen addition.
o~ 2 A o~
0° methyl-crotonate

The corresponding a.-peroxy-methyl-
butanoate radical can only isomerize
either through 7 or 5 membered ring.

i /\ f . Most effective reaction is mainly the
,/w/‘LO/ /j)LO/ formation of HO, and the unsaturated
OH OH methyl-crotonate, which decreases
reactivity.
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Intermediate T aldehyde reactivity

n-butanal

C3H7CHO+H02=>H202+CH3CH2CHCHO
101 20H(+M)=H202(+M)
C3H,CHO + HO, = H,0, + C 02+NC3H7=>NC3H700

9

02+NC3H7=>C3H6+HO2
NC3-QOO0H=>0H+CH20+C2H4
C3H7CHO+0H=>H20+CH3CH2CHCHO
CIHTCHO+*OH=>H20+CO+NCIHT
2HOZ=02+H202
NC3-000H=>CIHE*HD2Z

Rate constant
=
5]

C3Hg + HO, = H,0, + nC3H,

106 CIHTCHO+HO2=2HAO2+COPNCIHT
500 600 700 800 900 1000 s oo bs o
Temperature [K Sensitvity Goefficient
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Oxygen atom: new molecular reaction classes

Alcohol molecular elimination (dehydration)
OH

Ester molecular elimination

H;C—~—0
:\\ /‘ — /\/ + 002
o}
H,C
o r
H\*i/ — /\) + CHzo
o}
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Importance of dehydration molecular reactions

1-butanol 2-butanol
OH =
/\/ £ /\clf
2
=
@
s it n |
1200 1400 1600 1200 1400
i-butanol tert-butanol
=
OH z
5 o
&

_ _ — — _ _ — Frassoldati et al.,
1200 1400 1600 1800 Comb. & Flame

Temperature [K] Temperature [K] 2011
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Double bonds reduce reactivity at low T

Methyl linolenate H H H H \/\/\/U\ CH
Ci5H3,0, HCH = NH & o

H H
Double bonds in the
1.0E+06 unsaturated methyl esters
—_ P=135atm; $=1 - l
£ g
S LOE+05
E Resonantly allylic
>1.0£404 - stabilized radicals
©
(=]
c —stearate l
.S 1.0E+03 1 —— oleate
S —:in°:eate Lower reactivity of the
1.0E+02 ~“~linolenate unsaturated methyl esters at
0.8 1 1.2 1.4 1.6 low temperature

1000/T [1/K]

C.K. Westbrook, W.J. Pitz, S.M. Sarathy, M. Mehl, Proc. Combust. Inst. (2012)
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Double bonds allow molecular decomposition

NN methyl linolenate

butadiene + methyl-tetradeca-8,11-dienonate
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Effect of molecular decompositions

Methyl esters/benzene oxidation in JSR (P = 106.7 kPa, t = 2s)
with without
C.H, C.H,
1.0E-04 1.0E-04
A Methyllinoleate ) A Methyl linoleate b)
® Methyl stearate \ a ® Methyl stearate
8.0E-05 - O Methyl oleate Iy N 8.0E-05 1 O Methyloleate N
c a c A
o Methyl stearate 1 \ o o Methyl stearate
O 6.0E-05 ....... Methyl oleate 1 &, \ O 6.0E-05 ....... Methyl oleate
© " R @ .
= = = Methyllinoleate ,';:I:l -...'\\ A & = = Methyl linoleate a A
L 4.0E-05 PEEN = L 4.0e-05
o : [e]
s 3 >
2.0E-05 - 2.0E-05
0.0E+00 i H 0.0E+00 i
500 700 900 1100 500 700 900 1100
Temperature [K] Temperature [K]
Rodriguez, A. et al., Comb & Flame, 2016
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Double bonds allow internal cyclo-addition

ch/v/v\vv/W)J\o/CHS methyl linolenate
W o H abstraction reactions on the
HiC X 7 0" favored allylic position

O/CHs

l 0 . -
e NF SN /\/\/\/U\ _cHy Formation of cycllq unsaturated
“ o molecules (aromatic precursors)

POLITECNICO MILANO 1863
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Effect of internal cyclo-additions

Stoichiometric oxidation of rapeseed methyl ester in JSR (P = 1 atm, 1 = 0.07 s)

4.0E-05
CGHG
c
K]
=
@
£ 20E-05 -
Q
[=]
=
0.0E+00 ‘ T ' '
800 1000 1200 1400

Temperature [K]

Exp data: P. Dagaut, personal communication
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n-alkanes

alkenes

Real fuels: complex mixtures

General requirements for molecular structure of transportation fuels

Gasoline: short (< Cg) branched chains, aromatics, high octane number

Diesel: long (> C,,), straight chains, substituted naphthenes, aromatics
Jet Fuel: long (> C,), straight chains, iso-alkanes, aromatics

cycloalkanes 4romatics

. cycloalkanes
cycloalkanes aromatics

aromatics

n-alkanes

n-alkanes
iso-alkanes

iso-alkanes

iso-alkanes|
83
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Real fuels: complex mixtures

Ll
tt

General requirements for molecular structure of transportation fuels

Gasoline: short (< Cg) branched chains, aromatics, high octane number

Diesel: long (> C,,), straight chains, substituted naphthenes, aromatics
Jet Fuel: long (> C,), straight chains, iso-alkanes, aromatics

Neat JP-8
(Dietzel etal., 2005)

L, ASTOTom bt o st gt

Reeal Diesel
[5AE Q007010201 Preventation)

e .

Amount

t

84

Cs Cs C;

ll’ i Ji1s

C10 C12

Cio

C‘IZ CM

Tsinghua Summer School
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Real fuels: complex mixtures

Real Fuels contain thousands of compounds greatly varying with feedstock origins,
with seasons and with economic factors

T [°cl
/
200 7
‘7
. P . . '
Typical Distillation Profiles (ASTM D 86) 160 P L
Summer and Winter Gasolines 120 Summer Conventional _ < o < ’
Gasolines -z -7
80 - : : - Winter
- ~— -~ Conventional Gasolines
40 p2-—"
-
0

0 20 40 60 80 100

Percent Evaporated

Surrogate model fuels is the solution to simplify and the problem and make it
manageable.

Surrogate fuels are also useful to handle the fuel variability
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Real fuels: surrogate mixtures

Fuel surrogates are defined as physical or chemical surrogate depending on
whether the surrogate mixture has the similar physical or chemical properties as
the fuel to be studied.

Fuel composition (chemical classes, hydrocarbons concentrations, H/C ratio),
derived cetane number (DCN), availability of valid chemical kinetic oxidation
sub-models can be used to select the components of the model fuels.

Surrogates provide a cleaner basis for developing and testing models of the fuel
properties in practical combustors.

As an example, gasoline surrogates include Primary Reference Fuels (n-heptane
and iso-octane), but also aromatic species (toluene).

Detailed reaction mechanisms for surrogates of gasoline, jet, and diesel fuels
typically contain large numbers of species and reactions.
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O

Courtesy of Prof. Mani

Adapted from: Mueller et al.,

n-alkane

iso-alkane

cyclo-alkane
é o G~ and alkene
é d aromatics
& do

Adapted from: Dooley et al., Combust.

Sarathi. KAUST Energy Fuels 2016, 30, 1445-1461" Flame, 2010, 157, 2333-2339
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Mixtures: fuel interactions

Hydrocarbon 1

Hydrocarbon 2

RH R,H
Ry = B-Decomposition B-Decomposnt|o<n_ R,
Products Products
| | ‘
| |
Olefin + HO; R,00- I I R,00- Olefin + HO;
| I I |
Cyclic ether +-0OH - Q,00H H dH HOZ'etc. Q,00H Cyclic ether +-OH
|

|

|

|
| |
B-scission products *00Q;00H [ [ *00Q,00H  B-scission products

| |

0Q,00H+ -0OH | | 0Q,00H+ -OH

| Y Y |
Degenerate . Co—C,core Degenerate
Branching Path mechanism Branching Path

88 Tsinghua Summer School

Adapted from Henry Curran
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Primary Reference Fuels a first surrogate

Primary Reference Fuels define the

o — Octane Number

Surrogate mixtures of
n-heptane (ON=0)
and iso-octane (ON=100)

(2,2,4-trimethyl-octane)

Volume Percent
— N ~N
w (=] w
| | |

=
I=)
|

A gasoline with an ON=92
has the same knock as a
mixture of 92% isooctane
and 8% n-heptane, under the

0 2 4 6 8 10 12 1 standard test conditions.
Carbon Number

Regular unleaded Ternary Toluene Reference Fuels
.......... Premium unleaded (TRFs) can better reproduce H/C
ratio and aromatic contents

http://www.chevron.com/products/prodserv/fuels/bulletin/motorgas/3_refining-testing/
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Gasoline surrogates

Ignition delay Guoime  St) S TS Taodame
3 RON % % % % 00
) Gasoline
z H/Cxstio 1501 180 1so1 1801 225
2 0/Cratio oo n oo o 0
z Density 2t 277 K (g enr®) 0749 0755 073 070 06
2 10
H QLHV (4 k) 42500 @272 485 a3 4310
5 oheptane si so  mr o
P
g Tso-octane 09 3 28 10
= Cyelohexane 54 6s o o
16 Toluene 27 33 45 0
1000/T (1K)
Cyelobexene o s0 o o
Chung et al., Energy, 93, 2015, 1505-1514 B o e e .
Ethanol 72 71 o o

Laminar flame speed

: P, M
O, g CH, ¥ |
el

-g T, (TE3SER
E i Fuelindex iso-Octane (vol.%) n-Heptane(vol%) Toluene(vol%) RON S  H/C p(kg/m?)
;_ TRE-85-1  77.40 176 5 85 103 2182 6999
'_g a-85 Gasoline FACE C 85 2 2270 6753
4
z
E
2
£
E
3

[ H T T K I - R N F BT

#

Mannaa et al., Combust. Flame, 162, 2015, 2311-2321
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Real fuels and surrogates (jet fuels)

Surrogate mixtures for Jet [uels [5-8]

Surrogate compounds 151 6] (7 18] A B C
MNormal alkanes n-Decane 15 326 ]
n-Dodecane 20 26 30 347 60
n-Tetradecane 15 20
n-Hexadecane 10
Branched alkanes ino-Octane 5 o
iso-Cetane 36
Cyelo alkanes Methyl-cyclo-hexane 5 14 20 16.7 20 20 20
Cyclooctane 5
Decaline [
Aromatics Toluene 20
o-Xylene 5 15 20 0
Butyl-benzene 5 6
Tetra-methyl-benzene 5
a-Methyl-naphthalene 5 I8
Tetralin 5 5

Fuel mass fraction at extinction
Temperature [K] at ignition
%

1240
02
1220
B T T T TR T L P w0 W0 1600 1300 1a00
Strain rate [1/s] Strain rate [1/s]

Humer, et al. Proc. Combustion Institute, 2007, 31(1), 393-400.
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jet fuel surrogate and properties

Details of four surrogate mixtures formulated by CPT matching approach for Jet-A POSF 10,325,

Components Target jet fuel Surrogate 1 Surmogate 2 Surrogate 3 Surrogate 4
Jet-A POSF 10,325 mole fraction  mole fraction  mole fraction  mole fraction

n-octane 0.023
n-decane 0.050 . .
n-dodecane 0430 0312 0300 While few species are able
n-tetradecane 100
-hexadecane 0.365 0123 0014 1 1+
et —~ s e to match ignition delay
Iso-cod 0243 0143 H
I.Z.&-(rie:;lni:;dbemene 0.300 0325 oan D285 tlmes' a Iarger number Of
oot it components is required to
CPTs .
v ™ Py 05 ) P better emulate boiling
HJC ratho 1961 1961 1947 1951 1936
MW [g/mol| 160.8 1432 156.9 1608 150.7 curves.
TSl 255 238 255 255 253
Density at 15°C [kg/m?| 803 768 bur 781 778

umitair mixtur a4 - 12 i for Jet-h POSE
applied

far whoichicmatric
10334 againt massuramants, 1P scaking

i

Won et al., Combust.
Flame, 2017, 183, 39-49.

Ignition delay time [s]

L1 08 1 i8] 12 13 14 15 (]

) 04 o [0 1
1000/T [1/K] Fraction of liquid volume distilled
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RECAP

Combustion mechanisms of
v’ Hydrogen
v" Explosion diagram
v CO
v" Methane
v’ Larger alkane
v' Competition between pyrolysis and oxidation (low and high T mechanism)
v Normal and iso-alkane
Alkene
Cycloalkane
Aromatics
Oxygenated fuels

A N N N NN

Real fuels and surrogates
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Mechanism use and analysis
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Mechanism development and experimental data

Mechanisms have to be developed on the basis of experimental data.
Their validation requires the comparison with experimental data too.

Reaction mechanisms can be conveniently developed and validated looking at
experiments in which transport phenomena (mass transfer, i.e. mixing, and heat
transfer) are (almost) completely suppressed or well characterized and easily
described.

Data performed in complex systems, mainly turbulent, where CFD is required are

not suitable for mechanism validation, because:

1. Fluid-dynamic description is not perfect and it is difficult to distinguish between
errors (inaccuracies) in the kinetics and errors (inaccuracies) in fluid-dynamics.

2. Computational times are very long, in some cases unmanageable, making the
mechanism development too long.

Tsinghua Summer School POLITECNICO MILANO 1863

“kinetic reactors”

“kinetic reactors” are those which

satisfy needs previously discussed
Homogenass
Reactors of this type include:
- shock tubes, Turbulent (Plug) Flow
B Homogeneous Reactor
- ideal turbulent flow reactors, P
- rapid compression machines.
Hol e— Rapid Compression
mog Machine
N Ho Laminar Flow Reactor
The degree and type of fluid o TOMTgEnenuE
mixing is an important feature in
reacting flow simulation. Non-Homogeneous [N
The mixing can occur among the
. . Laminar Diffusion Flames
reactants (diffusion flames) or Non-Homogeneous
between reactants and products
(premixed flames). Parfectly Stirred Reactor
Homogeneous NA

Adapted from H. Wang, Princeton Summer School 2012
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Degree of Mixing




Examples of “kinetic reactors”

Jet Stirred Reactor

AR Counterflow burner

Flat Flame Burner

Isolated Droplet in ug

After H. Curran, COST- Milan Summer School 2013
Tsinghua Summer School POLITECNICO MILANO 1863

“kinetic reactors” and operating conditions

H =
- E // Shack ubes \

RV o Individual reactor experiments have
T \ limited operating ranges. By combining
i - R R e ienmas oofooany them, one can obtain detailed data over
1 : o “‘J the entire range of P/T pertinent to

\/", — T internal combustion engines and gas

7 turbines

1 2 ‘ohmh:u 8 100

Shock-tubes and Rapid Compression Machine (RCM) are batch reactors which
provide both global and detailed combustion data (ignition delay times and speciation).

Measurements of burning velocities and flame structures are limited to ~10 bar.

Courtesy of E. Ranzi
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Ideal homogeneous chemical reactors

Plug Flow Reactor In order to better assess chemical
kinetics, it is convenient to design
‘:M [pvz f;—m’ =R, experiments were the complexity
% ' of physical processes is
- a(L=0)=a" o .
g \ minimized and data accuracy is
maximized.
PSR
do, _Gp G RW, o dp Thisisthe case of ideal reactors
[? Ty in Ty T T dr such as plug-flow reactors,

perfectly stirred reactors, and
batch.

Experiments are performed
under ideal conditions (e.g.,
highly diluted and near-
isothermal conditions)

Courtesy of Alberto Cuoci

6 Tsinghua Summer School POLITECNICO MILANO 1863

Perfectly stirred reactor (jet stirred reactor)

. . . Jet Stirred Reactor
Reactants are injected into a spherical (CNRS Orléans)
chamber with a high injection velocity in
order to reach an instantaneous mixing

and uniform conditions within the reactor.

A fused silica jet-stirred reactor
(~30 cm3):

4 injectors of 1 mm i.d.

The fuels and O, are diluted with N,.
Controlled Flow rates = res. Time.

The reactants steadily burn and the On line GC with FID/MS

products exit from the reactor chamber,
at controlled flow rates, i.e. residence

Dagaut et al., Proc. Comb. Inst. 2013

times.

Concentrations of the products, ignition Mixing times in stirred reactors
and extinction of the reacting mixture are is far shorter than reaction times:
determined, as a function of Tmixing << TReaction

Temperature, pressure and residence
time Further Experimental Devices:

LRGP (ENSIC)-Nancy - Lorraine University (France)
University of Science and Technology, Hefei (China)
CNR-IRC Naples (italy) ...and many others
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jet stirred reactor: result example

Analytical techniques are used
after gas sampling performed
with probes (e.g., low-pressure,
cooled, molecular beam) or
traps (cold trap, bubblers,
absorbers..).

The probes should stop chemical reactions and transfer the sample to the analyzers
without changing its composition.

Low-pressure probes reduce reactions rates by lowering C and T after gas expansion.
Cooled probes reduce reaction rates. Probes can be responsible for disturbances of the
reaction system (flow, temperature) which result in additional complications.

Dagaut, P., & Togbé, C. (2009). Energy & Fuels, 23(7), 3527-3535.
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Turbulent flow reactor

Tubular flow reactors consist of a tube where reactants are injected and heated from outside.
The flow inside the tube can be laminar or turbulent.

du MURL in adf

Princeton Variable Pressure Flow Reactor

: Difficulties in the initial
Typical experimental approaches: O He
Species time history as a funetion of ook gt mixing between fuel,
initial conditions. TP i i
o Seaniee davtbulinn ana fiviionl oxidizer, and diluent.
initial conditions at a constant

residence time. Evaporator

* Near-adiabatic or isothermal (high
dilution) operation

o _.4—""// *Fuel Injector/Tiffuser

Oplical Access Ports . !

Reactor Duct Materfal Fused Silica Reactor Section Dia. 10 cm
Prassure: 0.2 -20 atm Mass Flaw rate: 10 - 30 grams/sec
Temperature: 300 - 1200 K Residence Time: 0.015-5sec
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Ideal plug flow assumptions

5

=—=0 = =0

dx dx dx  dx

« Theoretically, the solution of the governing equations is an initial-value problem
— Any single matching point of experiment and theory should be equivalent

= Where is “time = 0" for the problem? Many use the “instantaneous” mixing location” as a
location of t=0 for comparison with predictions — this assumption is discussed in depth later

PENNSTATE
B Ee:"8 MM o
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Effect of the Initial Mixing on the reaction time

The overall residence time in the PFR is
reduced to account for a residence time
inside the mixing zone (PSR):

Tiot = Tpsr T TprR

s

1000

A simple time shift is sufficient to compare
model predictions and experiments, in the
absence of reactions in the mixing zone.

il

g

sl

Mole Fraction (ppm)

=y
o
™

At different tpgsg, the CO profiles, can
be overlayed identically by time
shifting.

1l

2276 ppm CH,, 3.69% 0, 4% H,0 in N,

1 L 1 L |
150 175 200
T reuc’ (MS)
Dryer, F. L., Haas, F. M., Santner, J., Farouk, T. I., & Chaos, M. (2014). Prog. Energy and Combust. Sci., 44, 19-39.

B
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Reactions in the mixing zone

Pyrolysis Experiment
t-butanol/N,=2500/997,500 ppm

Concentrations vs tin the flow reactor.

2500 + - - -
ataas . L .
- 0004
E
2
2 s " fbutanci
3 90 misecisfuser | test v tobieos
g section section * HO
8
S 1000 4
]
H
b tlees L] . e

Line represents the end of the mixer region,
and horizontal lines shows that there is no
conversion after the mixing region.

Similar reactivity, before the complete mixing,
is also observed for different oxygenated fuels.

Lefkowitz et al. (2012). Comb. Flame, 159, 968-978.
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The 4 stroke engine

Molar Concentration. ppm

Oxidation of t-butanol (Fuel/O,/N,
2500/15,000/982,500 ppm).

15000

10000
5000 .
¢ = T 1
g = thutanol & propylens
1 w isobutena e athylena

- * acelons = methane
* * HO
1000 - .
o E 12.5 atm
L_x_—¥
S =185
o — —b e —
G50 To0 TE0 BDD as50 ang B850

Fuel concentration before mixing and dilution is
larger than that in the test, because of the
molecular reaction: t-C4H90H — iC4H8 + H20

It is necessary to modify the initial conditions.

Grana et al. [2011]
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[And a note about

13 Tsinghua Summer School

Source:
https://qiphy.com/qifs/car-
works-engine-TMAJKmJj3ys2k
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The 4 stroke engine pressure history

= Engine Analyzer Pro [1v2.1 302-4V]  Test Results [Untitled]

Source: https://www.performancetrends.com/Definitions/Cylinder-Pressure.htm
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Homogeneous reactors miming engines

Rapid Compression Machine Shock Tube
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Rapid compression machine (RCM)

Hydraulic chamber Cylinder

Reaction chamber

Pneumatic chamber

Courtesy of prof. Henry Curran
Source: Dumitrache C, et al. A study of laser induced ignition of methane-air mixtures inside a Rapid
Compression Machine. Proc Combust Inst 2017;36:3431-9. doi:10.1016/j.proci.2016.05.033.
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Rapid compression machine (RCM)

Hydraulic Cylinder
chamber

End of compreslon (E0C) | Reaction chamber

N

o @ a0 s mp 100 120

time / i Courtesy of prof. Henry Curran
Source: Dumltrache C, et al. A study of laser induced |gn|t|on of methane -air mlxtures inside a Rapid

Pneumatic chamber

e
— Rap Reative_Traos

£ 2
-

&

Pressure [ bar

B 2 3

&

POLITECNICO MILANO 1863
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Data from RCM

Ideality and ‘Facility effects’

Non-reactive experiments, where N,

|
g replaces O,, characterize the heat
" loss during compression.
13—
L5 Detailed ,h
Chemistry compression
E 4 e Nrmaized pressare
LS gor -
£
Eﬂﬁ s -1 Heat loss HH;“—“---_._.:__
Soi =
01+ r
ﬂ.;_Tﬂﬁ_—:‘l—ﬂ- 015 ¥ axs ;l.lll a5 ada
time [s]

The RCM determines the ignition delay
times, and can be simulated as a batch
reactor at constant volume.....

but...

Adapted from H. Curran, COST- Milan Summer School 2013

18
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Heat loss effects can be modelled as
change in volume.

A volume profile is deduced from the
pressure profile assuming er

POLITECNICO MILANO 1863

P

N

b

1

isentropic behaviour: 4

RCM variable volume simulation

30 X
i --"'--.._
25 1 e reactive
—
1
— | !
g 20 : 3
= 'reactive
1 abatic exp. non-
£ 154 ?ﬁ repactive The ignition delay time
E _ ! changes from 20 to 60
10 4 ' / ms, accounting for the
1 o - . -~ ’facility Eﬁel:t’
5 f V/Vo=f(t)
non-reactive
a 1
-50 100
time (ms)

butyl-benzene/air at =1, compressed gas T=893 K, P=10 atm.
RCM simulation using OpenSMOKE++ and the kinetic mechanism of

Nakamura et al. [2014]. Effect of variabl

e volume simulations.

Cuoci, A, Frassoldati, A., Faravelli, T., & Ranzi, E. (2015). Computer Physics Communications, 192, 237-264.
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Shock Tube device (ST)

Dynamic Pressure Sensing
with a Shock Tube

Source: https://www.nist.gov/video/dynamic-pressure-sensing-shock-tube
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Tsinghua Summer School

ST summary

. Driver Tube n an_? o m
- =]
Diaphragm Test
To Test Region
| Vacuum Mixture
H_e System

= Adiaphragm initially separates a high (driver gas) and a low pressure region (reacting mixture).

= Bursting the diaphragm, a shock wave is generated and propagates. It acts as a piston.

= The reactants (test gas) at low T/p are instantly heated and pressurized to high values by incident and
reflected shocks.

The set of equations describing the mass, velocity and temperature profiles downstream of the shock
(derived from conservation laws) are similar to the ones of an adiabatic batch reactor.
Diffusion, and viscous effects are neglected.

Shock tube characteristics

* Instantaneous heating/compression from shock waves

¢ Accurately known incident- and reflected-shock conditions

* Wide range of post-reflected shock T and p (~700-3000 K; 0.1-1000 atm)
¢ Typical ignition times are on the order of 0.1-5. ms

Shock attenuation and boundary layer interactions become important at longer times.
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ST experiments

Ignition delay times: important indicator of fuel reactivity

Pressure, atm

—— CH* Emission

22
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804 1003K i
29.9 atm
CsHs-Air
=) =05
2 ¢
& 404
=)
7] /
ign
0 |
0 1000 2000 3000
Time (us)

4000

Figure from Prof. E. Petersen
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High Temperature Combustion Processes

CH, ignites slowest because methyl radicals
lead to chain termination. Ethane is most
reactive because every ethyl radical, resulting
from H-atom abstraction, produces H atoms,

H+0, > O + OH

POLITECNICO MILANO 1863

Ignition delay times [us] vs Temperature [K]

1000 :

15f‘-0 K
I

300pus A
e A
100 | i
L4 |
|
|

I,

:I’ .o'
1o o ° ',T o
Teus A
Hs * "0”" i
o i thus promoting:
I
1 : ; ]
5 6 7 8
10000/T [1/K]
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ST ignition delay times

High Temperature g

o | Mechanism »

Low
10 -

-4 B
Temperature ]
Mechanism 1

- HON=100
/== RON =90
== RON=80 |
‘== RON =60
/== RON=0

0.8 0.9 1 1.1 1.2 1.3 1.4
1000/T [1/K]
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Ignition delay times of nC7 and iC8

Shock tubep=10atm; ® =1

LE-01 - 7
iCgHyq .

LE-02
g " /nCH
= 1E-03 MM
20
&

1E-04

1.E-05

0.7 0.9 1.1 1.3 1.5

1000/T [1/K]
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Ignition delay times of nC7 and iC8

1300 K 700 K
2.5E-02
20602 NC;Hyg OH nCH
.§ CH, (e In the low T regime, the
g first controlling ignition
2 10E02 (responsible of the
€ 50e03 temperature increase,
nC7-0QOOH hich bri h
0.0E+00 which brings to the
1.E-06 1.E-05 1E-04 75E-03 80E-03 85E-03 9.0E-03 956-03 second ignition) is
2.56-02 governed by keto-
S 20602 oy OH hydroperoxide.
- RO 8 18 At high T, when ignition
S 156 .
= occurs, the fuel is
2L 1.0€-02
2 oH completely consumed
5.0E-03 428 i
and pyrolysis products
CH, iC8-0Q00H CH iNd pyrolysis p S
0.0E+00 like C,H,, play the main
1.E-06 1.E-05 1.E-04 1.E-02 2.E-02 3.E-02 4.E-02 5.E-02 I'Ole in conversion
tis] tls] '
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IDT of nC7 and iC8: sensitivity analysis

nC,H,, (700 K)

NC7-00QOO0H=>0H+NC7-0000H
NC7H15-00=>NC7-QO0H
02+NC7-QOOH=>NC7-00Q00H

024NCTHIS=>NCTH15-00

- NETHIS00=HONCTHIA

I o007 oo

024NCTH15=HOZNCTH14

OHSNCTH16=>HZO+NCTHIS

NC7-0QO0H=>OH+NC3HT+CaHE02

nC,H,, (1300 K)

H102:0+0H

HO2+CH3=OH#CH30.

HO2+CH3=02+CHA

[re——

OH+NC7H16=H20+NC7H15
NC7H16-NC3HT+PCAH9.

oncans=noxcs | R
_ OHYCIHE=H2OHCIHS A

iCgHy4 (700 K)

CaHTCHO

1C8H17-00=>IC8T-Q00H

B o coonoricaus
B o covoovoncans

ICBT-QOOH=>0H+IC8H160 -
iCgH, 5 (1300 K)

H402=0+0H
HO2+CH3=OH+CHIO

1C8H18=>02IC3H7+0.8ICAH+0.8TCAHS+0.2NEOCSH11

HO2+CH3=02+CHA

HO2+1CAHT=OHHCAHTO

ICAH=CH3+CIHE

02+TCAHS=HO+ICAHE

2CH3(+M)=C2H6(+M)

02+4HCO=HO2+CO

OH4CIHE=H20+CIHS-A

Sensitivity analysis confirms that most important reactions at low T involve peroxy species of the

fuel.

At high T, ignition is controlled by CO-C4 sub-mechanism (pyrolysis products: C,H, for C,H,, and
iC,Hg for iCgH, ), with the only exception of fuel decomposition (pyrolysis) reaction.

Y
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ST speciation

n-C,,H, oxidation (1410 K, and 2.3 atm)

10'000
1'000
T
Q.
=
s
£ 100
e
&
2
S
=
10
1 4 T .
1 10 100 1'000
Time (ps)

Davidson, D. F., et al. (2011). Proc. Comb. Institute, 33(1), 151-157.
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ST vs. RCM ignition delay times

2.1% C;H; © = 0.5

14001300 1200 1100 1000 ~ 900 800 700

1"« Waes20am ' T ' ' ‘:

1 e Wales40atm Am 4
—~ 100{ 4 NUIGRCM30atm 2
g 1 v Duisberg 30 atmin Ar |
- 1 ¢ Duisberg 30aminN, '
g 104 *~ TAMU 30am :
= §—— Model prediction P
= ] o e
> oy
k) 14 At temperatures below 1100 K, the ignition delay
8 times from ST and RCM show some discrepancies.
p= ]
S 013
b= 3
c 1~
D 001] v

T T T v T v T v T v T v
07 08 09 10 11 12 13 14
1000K/ T
ST and RCM are complementary working on
S. M. Gallagher et al. Combust. Flame, 153 (2008) 316-333. different temperature ranges
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ST device effect

Shock attenuation and boundary layer interactions become important at longer times.

Standard Ignition

Early Pressure Rise

T T

—— Pressure, atm
—— CH* Emission
804 1003K
29.9 atm
C H,-Air
=) $=05
<
5 -
7]
ign
0
0 1000 2000
Time (ks)
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3000

100 T T T T T
—_— ure, a_tm
804 —— CH* Emission
1 827K
19.7 atm T
_ 604 CH/CH-AIr ign
=) =
2 $=05
= 404 iz
=
>
(7]
20
0
4000 0 2000 4000 6000 8000 10000
Time (ps)

ST experiments show a pressure rise
before ignition. RCM and ST are not
exactly at the same conditions

Figures from Prof. E. Petersen
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ST pressure correction

simulation and with a simulation using dP/dt =7% [-/ms].

31
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1400 1300 1200 1100 1000 900 BOO 700
—— RCM simulation S
1004 " Constant Volume
m Y= = ST simulation pip,=7%Ims
__E_ ..........
o 104
E
- w3 ask
o A Ar
g 1 1 o ‘X
@ .
T© Now ) .
c P At temperatures below 1100 K, simulations
g 014 D assuming a dP/dt of 7%/ms agree better with the
‘E Sk experiments than constant volume simulations.
L ]
2001y 4
07 08 09 10 11 12 13 14
1000K/ T

Propane ignition delay time measurements at low temperatures and high pressures for fuel in ‘air’
mixtures at ®=0.5, p=30 atm, and comparison with a traditional constant energy and volume (or density)

Sung, C. J., & Curran, H. J. (2014), Progress in Energy and Combustion Science, 44, 1-18.
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Flow reactors

Turbulent flow reactor: flat radial velocity profile. Ideal reactor OD (no axial and radial
diffusion). ODE system of equation with initial conditions

AT

Laminar flow reactor: parabolic radial velocity profile. Axial diffusion. Reactor 1D (no radial
diffusion). ODE system of equation with boundary conditions

wi(z=0) = @®
E{{% dw; d ( dw,-) dw;
=—|pD +R; (z=L1)=0

L PV 47 T dz dz dz
z

dw; in
....... -1 pv, iz =R; wi(z:()):wi

Laminar flow reactor: parabolic radial velocity profile. Axial and radial diffusion. Reactor 2D
(cylindrical symmetry). PDE system of equation with boundary condit)ions n
w

w;(z =0) = w;
==
S (z=1)=

' z
LZ dw; .
dw; . dw; d @dw,— N d <dei R ar (r=0)=0 (simmetry)
PV, dz PV dr - dz P dz dar P dr i de:

Y(r=R) =0 (noflow tothe wall)

dr
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Computational effort for different flow reactors

The computational effort is strongly

dependent on the dimension of the

mechanism.

Assuming that 0D reactor can be simulated

in the order of one second, 1D requires

minutes, whilst 2D up to one week.

This makes the 0D reactor much more
useful for the development and validation

- of mechanisms.

100

oD 1D 2D
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Computational effort for different flow reactors

In case of laminar flow, it is possible to have
an idea of which model can be used for the
flow reactor.

Vessel geometry (L/d,), flow conditions
(Reynolds number) and fluid properties
(Schmidt number), can be used to a-priori
identify the different regimes through maps.

Figure 15.2 Map showing which flow models
should be used in any situation.

Octave Levenspiel

Chemical, Reaction Engineering
John Wiley & Sons, 1999
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Bielefeld flow reactor

] )10.7 cm
130 cm

pe/-
o538888388E

Laminar flow. Operating conditions fall in the
dispersion model region
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Bielefeld flow reactor

4=08 4=10 4=12
W (a) Case 01 [0 Exp. '_"' (bj Case 02 5

— Sim. (PFR)
» 5 © Sim. (2D

DME oxidation in low-
intermediate T
conditions

= 250 scem

Only 2D simulations
allow to match the
experimental data in
the whole
temperature range at
the different residence
times, whilst 0D
simulations strongly
underestimate the
reactivity in the
intermediate

400 500 BOO ?;ﬂ”‘ﬂ 900 1000 500 €40 T:Km 0 1000 500 600 :Khﬂ 900 1000 temperature range

0 (d) Case 04

f= 500 scem

¥

0 {g) Case 07 (h) Case 0B

= 750 scem
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Laminar flow reactor

Laminar flow model assumes no slip conditions
between the flow and the wall, i.e. axial velocity (v,) is
equal to zero at the wall and increases toward the axis
with a parabolic profile.

Of course, the residence time (1) is low on the axis and
approaches infinite at the wall

Temperature profile is parabolic too. If the reactor is
heated from outside, the temperature is maximum on
the wall and minimum on the axis.

Temperature and residence time profiles control the behavior of the laminar flow
reactor more or less favoring the formation of important species, like radicals

37 Tsinghua Summer School POLITECNICO MILANO 1863



Bielefeld flow reactor

radinl coordinate / em
&
gy —
ExEzg
TiK

2 - Hydrogen peroxide and
§ - temperature maps.
|
;e e L3
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Increasing reactivity @ 3 cm from inlet

At 3 cm from inlet, the wall temperature is

=640 K and decreases to =550 K on the axis.

A temperature of 550 K corresponds to

TiK

8 8 8 8

low-temperature conditions where the

reactivity has not yet reached its maximum,

whilst 640 K is already beyond the

maximum  of the low-temperature ‘-o_s
conversion in the NTC region. The DME Tl\i\\ (a) Case 01 [, Exp,
| |—sim. (PFR)

conversion at these temperatures is very o 8 \\_- a © Sim. (2D)

=] i
similar, but the longer residence time at :m*
the wall allows for HO, formation, which is E 4

5

negligible on the axis. The low velocity

close to the wall is then the origin of the

increased reactivity predicted by the 2D

model.
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Increasing reactivity @ 5 cm from inlet

At 5 cm, HO, is mainly formed in the core
of the reactor. In this case, the temperature
gradient effect prevails over that of the
residence time. The wall temperature of
=710 K is closer to the minimum reactivity
of the NTC region, while the lower axial
temperature (=660 K) entails a larger
reactivity, with a net effect of higher HO,

concentration on the axis.

40 Tsinghua Summer School

G
5 FE Y 8

#

0 [N 0z a3 [ o 02 03
ndh\:mudlm!w radial coordinate  cm
X $=08
10{ (a)Case 01 [ Exp.
— Sim. (PFR)
89 ¢ Sim. (2D)
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Increasing reactivity @ 4 cm from inlet

At 4 cm from the inlet, temperature and
residence time compete with each other:
the lower temperature favors higher
reactivity on the axis, while the residence
time increases the reactivity on the wall.
This competition results in the presence of
a small maximum at about 2.5 mm, with a
significant amount of HO, in the whole

section.

41 Tsinghua Summer School

TiK

8 8 8 8

4- 0.8

104 ia) Case l:l1 -.E)q:

— Sim. (PFR)
¢ Sim. (20)
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Flames always involve some mixing and
require to account for transport phenomena
along with reaction kinetics.

In laminar premixed flames, mixing occurs
because of heat and species diffusion at the
flame front.

In laminar diffusion flames, sufficient mixing of
the fuel and oxidizer by molecular diffusion is a
necessity.

Flames can provide valuable data of burning
velocities and speciation, although, limiting
perturbations by conventional sampling probes
remain a major challenge for future work.

42 Tsinghua Summer School

Homegeneoss

Turbulent (Plug) Flow

Homogen Reactor

Hol anasoia Rapid Compression
9 Machine

Laminar Flow Reactor

Non-Homogeneous

Laminar Premixed Flames

Non-Homogeneous

Laminar Diffusion Flames
Non-Homogeneous

Perfectly Stirred Reactor
Homogeneous

Adapted from H. Wang, Princeton Summer School 2012

Degree of Mixing
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Examples of Laminar Flames and Devices

useful for mechanism development/validation

1D flames =>

- Flame speed measurements

- Composition profiles (speciation)
- Ignition experiments

- Extinction experiments

43 Tsinghua Summer School

POLITECNICO MILANO 1863

2D, 3D laminar flames => Require computationally expensive simulations are then less

- Premixed flat flames (burner stabilized or freely propagating flames)
- Counterflow (premixed/partially premixed/diffusive/pool flames)
- Isolated fuel droplet in microgravity (1D, but unsteady)

Flames which are modeled using a 1D model are useful for studying High T Kinetics of
combustion, in presence of diffusion of heat and mass.

- Dynamic response of flames to forced oscillations




Premixed 1D laminar flames

1. Burner Stabilized Flame 2. Freely Propagating unstretched flame

The propagation speed of
the premixed flame with
respect to the unburned
gases is the laminar flame
speed S, or burning velocity.

S o o o o e o o
-

Porous plug

Premixed
(fuel/oxidizer/inert)

|T| S,

Conservation equations are the same, but the boundary conditions are different.

For burner-stabilized flames the cold flow velocity (or mass flow rate) and composition are
known, and vanishing gradients are imposed at the hot boundary.

For freely propagating flames LFS is an eigenvalue to be determined.
Smooke et al., Comb Sci and Tech 34:79 (1983
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Model equations

For these systems, we assume 1-D flow with uniform inlet conditions. The corresponding
steady-state governing conservation are:

Steady-state
equations

Continuity equation

Formation due to
chemical reactions
Species dwy _ d(poyVi) few
dx dx
Diffusion velocity: molecular ]
and thermal diffusion
Energy
N, N,
o 4T _d (dT ic dr ZS:HQ
merax " ax\Max) P N7 fe 2Tk
k=1 k=1
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Specific aspects

The Burner-Stabilized Flames (BSF) are often used for analyzing
species profiles in flame experiments.

The mass flow rate through the burner is known and is lower than
the flame speed of the mixture. The flame is stabilized over the

burner surface, which is heated by the flame.
Porous plug
Premixed (fuel/oxidizer/inert) Because of the heat losses (difficult to
estimate), the experimental temperature
i profile is used as input in numerical

simulations of burner-stabilized flames.

The energy conservation equation is not
included in the system of equations.

Simulations using assigned and calculated
temperature profiles provide indications
of heat losses to the burner and to the
environment (conductive and radiative).

http://www.danielipineda.com/Daniel_|._
Pineda_files/FlatFlame_Syngas_Poster.pdf
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Flame structure

<+ Preheat Zone
+“— Reaction Zone

a Burner
Temperature

Photograph and schematic structure of a
premixed, laminar, low-pressure flat flame.

A widespread reaction (luminous) flame zone
and the quartz nozzle used for molecular-
beam sampling are seen as well

Hansen et al., PECS 35(2) 2009
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Measurements uncertainty

Effects of a Sampling Quartz Nozzle
2500

Smoothed experimental
temperature profiles are used in
calculations to avoid artificial
gradients and numerical
difficulties.

2000

d=20mm
1500 r

E

T/K

1000

0 5 10 15 20
h/mm
Solid line: measurements in unperturbed flame [16];
circles: measurements with nozzle, positions d indicated with
II[ bold symbols;
thin solid line: line connects measurements with h 5 d (solid
circles);
dotted lines: interpolation between measurements at fixed d
with h varied (h, d), each dotted line represents a “complete
profile” (CP) at given d.

Porous plug

Premixed (fuel/oxidizer/inert)

Hartlieb et al., Combust. Flame, 2000, 121:610-624
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Measurement shift

A shift is usually required to account that the

2000 probe samples gases slightly upstream of the
[ 1600 sampling cone orifice and to account for the
_§ 1600 cooling of the flame by the sampling nozzle.
E 1400 §
§ | 1200 g
L 1000 § Experimental mole-fraction profiles are
[ 800 usually shifted by ~1.0+3.0 mm toward the
[ 600 burner surface for low pressure flames (<
. 6 100 mbar).
0 5 10 16 20 25, 30 This shift can be reduced if a disturbed

Distance from Burner (mm) - . . .
temperature profile is used in simulations

SHIFT : the “distance from burner” for recorded mole
fractions is taken to be 0.9 mm less than the actual
separation between the burner and the tip of the
sampling cones. This displacement of the data gives
good agreement between positions of the maximum
mole fraction or key intermediates.

The complex flame disturbances by the sampling
cone can be approximated by the use of a
disturbed temperature profile, representing the
temperature of the sampled gas at each probed
position
Struckmeier et al.,ZEITSCHRIFT FUR PHYSIKALISCHE
CHEMIE 223(4-5): 503-537 2009.
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Wang et al., Phys. Chem. Chem. Phys., 2009




Laminar burning velocity

Laminar burning velocity or laminar flame speed (s,) is an intrinsic characteristic of fuels. It
measures the velocity at which a planar flame propagates into quiescent unburned mixture at
a specified pressure and temperature.

A fuel with a higher laminar burning velocity is expected to show faster combustion in
turbulent conditions too (like in an engine).

A quite common way to measure s is the so
called spherical bomb, which is a spherical
vessel with optical access The fuel is generally
ignited by central sparks.

The chamber volume should be large enough
to minimize wall effects.

Possible stretch effects, leading to considerable
and systematic errors, must be carefully
considered

Spherrical Bomb at ICARE — CNRS Orleans
https://icare.cnrs.fr/en/en-research/en-
facilities/en-ct-spherical-bombs/en-ct-spherical-
bomb-2
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Simplified approach

Mallard and Le Chatelier in 1983 developed a “Two zones”

theory of a laminar, premixed flame. The flame is divided A s
into a preheat region (conduction zone) and a burning e
region (reaction zone) of thickness 6 (laminar flame

thickness). I
In order for the flame to be self-sustaining, the amount of

heat conducted from the burning zone must be sufficient one
to raise the temperature of the unburned fuel/air mixture
to its ignition temperature (T,). Thus, they theorized that in
the conduction zone the gases are heated from their initial
temperature, T, to T;, by heat from the combustion
reaction. The excess energy released from the combustion
further raises the temperature of the gases from T, to the
flame temperature T;.

Unburned
gas
TD

Reaction
one

%
>

They linearized the temperature change in reaction zone and by setting the sensible heat necessary to
raise the unburned gases from T, to T, equal to the heat conducted from the flame into the conduction
zone. The energy balance then is given by

e, (T; — Ty) = A%JA A is the thermal conductivity
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Pressure effect

the mass flow rate in the preheat region is given by

m = ps A

The flame thickness is given by the flame speed times some measure of the reaction time.
This reaction time is given by the inverse of the reaction rate

6 =s./R* R* is an apparent combustion rate at T,

(=T . i iffusi
psLcp(Ty = Ty) = A———R a = — is the thermal diffusion
S Py

n n.n
R* — ﬁ _ C_l _ xi ¢ — kxncn—l k*xnpn—l
dt c c
pnt — For 2" order reactions, laminar flame speed is not
S, & S, X 4/pT

affected by pressure

S Higher laminar flame
L

Tr — T) 52 a
s = |lqrist "YU~ JgRF = Rr=2L = §=—=— speedlowertheflame
- - o« R™"S1 thickness
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Premixed 1D flames: laminar flame speed

T=T Danckwerts boundary conditions
Inlet x=0 { 0 v, _
pvwit p Viewy = (pvwio The length of the computational
~ vanishing gradients are dT domain should be sufficient to
imposed at the hot boundary =0 ensure the physically meaning of
dx these boundary conditions.
Outlet x =1L
ooy k=1, N
dx —_ SRR S

For a freely propagating flame the mass flow rate (i.e. ) is an eigenvalue of the system and must be
determined as a part of the solution [Smooke et al., CST 1983].

Therefore, an additional constraint is required and it is possible to fix the temperature at one point.
This is sufficient to allow for the solution of the flame speed eigenvalue.

It is important to fix this point in such a way that the gradients tend to vanish at the inlet. Otherwise, the
calculated S, will be affected by heat loss at the boundary. T

dlpv)  _
dx x=o

T (Xfixea) = Trixea

v
x

Xfixed
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Premixed 1D flames: laminar flame speed

_ 0 {T =T,
x= prwit p Vewi = (prwg)o

Danckwerts boundary conditions

Inlet
The length of the computational
d_T -0 domain should be sufficient to
dx ensure the physically meaning of
Outlet x=1L dwy, these boundary conditions.
—=0 k=1,..N
dx s

It is important to fix this point in such a way that the T gradients tend to vanish at the inlet. Otherwise, the
calculated S, will be affected by heat loss at the boundary.

54

T
Tflame
d(pv
v)  _,
4 x=o Tone
T (Xfixea) = Trixea T ___ - i

Tsinghua Summer School
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Premixed 1D flames: laminar flame speed

T Toutlet Problem initialization:
the user specifies:
- the fixed temperature (e.g. T;+20)
First guess - the points of the initial grid (a few grid
T. Initialization points: e.g. N;~10).
V=2 fred - aS-shaped temperature profile is given,
To using an estimated T, (e.g. adiabatic
# hd hd Kfixed =
N X flame temperature).
—o—o—zo—o—o—o—o—op—>
Xia X X1 nitial Grid -

° T

outlet

2 Xfixed N ]
B0
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Solution procedure:

-the grid is refined with a careful attention
especially to the flame front, where significant
gradients are present.

-The value of the fresh charge inlet velocity is
the unstretched LFS

X

Final Grid: Np >100-300 points
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Laminar Flame speed of CH,

56
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Maximum flame speed
at slightly rich condition
60 ; 58 cm/s
a) v
50 n S ~ s . _—
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E 40 - 36/cm/s
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o e _ere
@ e initial temperature
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Laminar Flame Speeds of Small Alkanes

+ man et sl 1998)
age “
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o 1
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Ethane and methane have the highest and lowest flame speeds, respectively.

Ranzi et al., 2012 PECS, 38(4), 468-501.
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Laminar Flame Speeds of Small Alkanes

0.003 .
0.006 - CH, radical
G
00024 oy
0.004 - s
g g = = nCgHyg
= = —— iso-CaHqg
2 o
2 0024 2 o0.001
0.000 : : - . . 0.000 - L <
0.30 0.32 0.34 0.36 0.38 0.40 0.30 0.32 0.34 0.36 0.38 0.40
Axial position [cm] Axial position [cm]
Laminar air-stoichiometric flames of small hydrocarbons (T,=298 K, P=1 atm).
1- Predicted profiles of relevant radicals: H, CH,
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Laminar Flame Speeds of Small Alkanes

25x10] C2Ms (vinyl) " 25¢10% CH,CHCH, (allyl)
radical i radical i
4 | i 2.0x10™ [
: 20x10°1 CoHe :," : —-— iso-C4Hyg ,l \l
k) - = -nCgHyp i ) 4| == -mCaHyo Lo
E 15010%] —cypiy i g1.5x1o o A l|
® —-— is0-C4Hqp i % " C2Hg !
2 1.0x10*| —CHy ,-',' g 10x107 —cHy |
; i
5.0x10° 5.0x10° \
0.0 ‘ VAR N ‘ 0.0 ‘ IEAED <N
030 032 034 036 038 040 030 032 034 036 038
Axial position [cm] Axial position [cm]

Laminar air-stoichiometric flames of small hydrocarbons (T,=298 K, P=1 atm).
2 -Predicted profiles of relevant radicals: Vinyl, Allyl.

Vinyl and Allyl radicals further contribute in explaining the different combustion rates:
0, + C,H; <> 0 + CH,CHO Branching reaction
a-C3Hg + H + [M] ¢ C3H¢ + [M] Recombination reaction
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Laminar Flame Speeds of Small Alkanes

m -Methyl substitution reduces the laminar

flame speeds, because of the radical
recombination (not only for alkanes, but
also for alkenes, alcohols and oxygenated
species)

CHz+OH = CHy(SkH,0

HCO+M = CO+H+M

CO+0H = CO,+H
This is due to the decreasing importance

of hydrogen radicals as branching agents.

~ -
- =t
B C

@ =z EZAn-C4Hyg No fuel-specific

CJiso-CyHyp reactions

|

01 00 041 02 03 04

Sensitivity coefficient

Sensitivity coefficients of laminar flame speed on reaction rate coefficients,

for small alkanes/air flames at ®=1, T=298 K and atmospheric pressure.
Ranzi et al., 2012 PECS, 38(4), 468-501.
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Laminar Flame Speeds of Large Alkanes

Similarity of structures
of air-stoichiometric n-heptane and n-dodecane flames.
0.100
co,
0.075 Z
= Co--
2 2
B &
£ o050
o \Q
o
=
0.30 0.35 0.40
Axial position [cm]
The laminar flame speeds of n-alkanes larger than C;-C,, as well as their flame
structures, are very similar and mainly depend on the C-C, sub mechanism.
Pyrolysis first )
Ranzi et al., 2012 PECS, 38(4), 468-501.
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Laminar Flame Speeds of Alcohols

. n-C;H,0H
Air
Iy Lo -
5 £ T=343K
o =) —-
2 230 - =
g g £ is0-C;H,0H P=1atm
H é S =~
13 & 20
= =
10
B C2H50H- Veloo et al. (2010) B iso-C3H7OH - Veloo etal. (2009)
o 0
050 070 050 110 130 150 170 050 070 090 110 130 150 170
- N equivalence ratio
equivalence ratio
60 60
a) b)
50 50
————
s iso-C;H;OH | »
Lo n-C,HyOH Lo N =~
£ 13
=2 =2
T T
® 30 ® 30
g sec-C,HOH & - ——
£ £ ° 7 tert-C,H,OH
S0 S0 kel
A
10 10
O n-C4H30H - Veloo etal. (2011)
A sec-CAHIOH - Veloo et al. (2011) A _tert-butanol - Veloo etal. (2011)
0 0
050 070 090 110 130 150 170 050 070 090 110 130 150 170
equivalence ratio equivalence ratio
Ranzi et al., 2012 PECS, 38(4), 468-501.
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Flame speeds and adiabatic flame temperatures

Variation of laminar flame speeds and adiabatic flame temperatures at the
atmospheric pressure as a function of the equivalence ratio.
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Flame speeds follow a dependence on fuel equivalence ratios in a fashion similar
to that between adiabatic flame temperatures and fuel equivalence ratios.

H. Wang (2015)
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Flame speeds and adiabatic flame temperatures

200 i ;
2 P ——— Adiabatic flame temperatures
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@ P=1atm- Egolfopoulos et al. (1990)

160 - C,H, ~2550 K
@140 - C,H, ~2375K
5 C,H, ~2270K
2 100 Is it just an effect of the T?
[
Q
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Ranzi et al., 2012 PECS, 38(4), 468-501.
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Flame speeds and radicals
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Flame structure and radical profiles at 1 atm and 298 K
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Ranzi et al., 2012 PECS, 38(4), 468-501.
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Flame speeds at fixed temperature

Laminar speeds of atmospheric and stoichiometric flames of various fuels
at T;,,.=2300 K, calculated by modifying heat capacity of N,

90
Even with the same adiabatic temperature
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C,H,>C,H,> C,H,

< 50
E The large variations in LFS
k-1 are also of kinetic nature
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Flame speed: role of Resonantly stabilized radicals

Sensitivity for flame speed of cyC;H,

H+0, 5 OH+0 H+0,6>0H+0

HCO+M 5 CO+H+M CO+OHOCO,+H [
CO+OH 5 CO#H [ R o/CHgooCHstH EFl=1.4
H+OH+M 5 H,0+M = HOFMOH0,M BF=L0
OFI=0.7

O+CeH;0 5 CH,0,+H [ HCO+ME>CO+H+M [

CoHi0 — CYCHy+CO HcyCyHg—Hy ey CH
i HCCO+HOCH,S+CO
""" H+C¢H;0 5 CgH;OH
B Benzene OH+eyCsHs>CO+C,H,+CH, (D
S| CrHs S OiHtH EZEH Toluene

S HOHMEH,06M
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[z Xylene
XYLENE 5 RXYhENE+H

01 00 01 o0
Sensitivity coefficient\

-0.30 -0.20 -0.10 0.00 0.10 0.20 030 0.40 0.50
Sensitivity coefficient

Role of resonantly-stabilized radicals: recombination with H-atoms, which diffuse
back from the flame front, greatly affects, reducing, the flame speed.

Fuel-specific reactions are mainly related to the phenoxy as well as the resonantly stabilized radicals.

This explains why S, (300k)~40 cm/s for benzene and S, (300k)~35 cm/s for toluene.
Ranzi et al., 2012 PECS,
38(4), 468-501.
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Flame speed kinetics

-thermochemistry (exothermicity)
-diffusivity
-some fuel specific reactions

30, = O
HGO+ = GOsHam

HeHO, % OHIOH
CHsOH CH{OH CHLOHM %5 HeCH.OM
0 GOvOH 5 GO
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flame speed [em//s]
S

G CHsOH- Voo stal (3010]
B C250H. Velos etal (2010)

050 070 090 110 130 150 170

0.4 0.0 04
Sensitivity coefficient

equivalence ratio
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Detailed chemistry needs to be validated over a wide range of experimental conditions to be
predictive. LFS emphasize the role of HT combustion and mainly:

Essentially, the results are mainly dependent on the C0-C4 sub-mechanism, but some fuel
specific reactions are important. (Example resonantly stabilized radicals, CH;0H ecc.)

The difference in the laminar flame
speeds of methanol with those of
the heavier alcohols is mainly due
inetics instead of the different
adiabati e temperatures.

H  abstraction rea s on
methanol form CH,O (then HCO)
without significant CH; radical
formation.
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0.2 0.3 0.4

Flame speed: pressure effect
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Chatelier law:
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H+0, 5 OH+O
CH,+OH 5 CH,(S)+H,0
HCO+M S CO+H+M
H+CH,+M =5 CH +M
CO+0H 5 CO,+H
H+OH+M 5 H,0+M
H#CH,+M 5 CH+M
CH,+0, 5 CO,+H+H
CH,+0, 5 CO+H,0
HCO+H 5 H,+CO
CH,+0, & CO+OH+H

HCO+CH, — CO+CH,
B P =1 atm : !
— H+O,+M &5 HO,+M
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-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Sensitivity coefficient

LFS decreases with a pressure power of about - 0.5 + -0.3, in relative good agreement with Mallard and Le
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Flame speed: thermal diffusivity effect

Hydrogen-Air like mixtures, in which the nitrogen is replaced by helium (He) and argon (Ar).
Monoatomic gases (He and Ar) have small specific heats, therefore their adiabatic flame
temperature is higher than that of the H,-air mixture.

Likewise the flame speed of He and Ar substituted mixtures is larger than that of Air mixtures.

300

2 €
2 oo —
E =]
2 g sml
5‘ g
S s z
3 2
2 £ He & Ar
b3 T
u v

a00f g
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= = o
= o ?
=z = 1smf 2
= b =z
E E
= £

Z
. .
i o i ] 3 4
Equivalence Ratio, ¢ Equivalence Ratio, ¢

The flame speed of He mixture is larger than that of Ar mixture, despite the same adiabatic flame
temp. Differences in flame speeds are caused by the smaller mass density of He and consequently
by the larger thermal diffusivity of H,/0,/He mixtures.

70 Tsinghua Summer School POLITECNICO MILANO 1863

Flammability Limits

Very rich combustible mixtures with excess of fuel, or a very lean mixtures with excess
of oxidizer are nonflammable. The limit compositions defining combustible and
noncombustible mixtures are called the Flammability limits.

For a system at given temperature and pressure, these limits are
the lean, or lower flammability limit (LFL)
and the rich, or upper flammability limit (UFL).

Methane Flammability Limits (@ STP)

5 ) ’“??

http://cfbt-us.com/wordpress/wp-
content/uploads/2009/04/methane_flammability_diagram_sr.jpg
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Flammability Limits for gas

Lmﬂlmt'bﬂintlilii L Upg:rﬂmn]a_hililj U s Minimum Minimum
(Ly Ca imits {1/ o) ignition  quenching
energy®  distance®
%Vol pm'  kim' %Vol g/m’ (mfs)  (ml) (mm)
Hydrogen a0F 36 435 043 75 67 25 32 001 05
Carbon monoxide 125 157 1591 042 74 932 25 043 — —
Methane 5.0 36 1906 053 15 126 1.6 037 026 20
Ethane 30 4] 1952 053 124 190 22 044 0.24 1.8
Propane 2.1 42 1951 052 9.5 210 24 042 0.25 1.8
n-Butane 1B 48 2200 058 B4 240 27 042 0.26 18
n-Pentane 1.4 46 2090 0.55 78 70 il 042 0.2 1.8
n-Hexane 1.2 47 2124 0.56 74 30 34 042 0.23 1.8
n-Heptane 105 47 2116 056 6.7 320 36 042 0.24 18
n-Octane 095 49 2199 058 — —_ — - —_ —_
n-Nonane 085 49 2194 058 — — — - — —
n-Decane 075 48 2145 056 5.6 380 42 040 —_ —_
Ethene 7 35 1654 041 36 700 55 =069 0.12 1.2
Propene 24 46 2110 054 11 210 25 048 028 -
Butene-| LT 44 1998 050 9.7 2710 29 048 — -
Acetylene 25 29 1410 (100) —_ - 17 0.02
Methanol 6.7 103 2141 055 36 810 29 052 0.14 1.5
Ethanol 33 70 1948 050 19 480 29 — - —
n-Propanol 22 60 1874 049 14 420 32 038 — —
Acetone 26 70 2035 052 13 390 26 050 L1 —
Methyl ethyl ketone 1.9 62 1974 052 10 350 27 - - —
Diethyl ketone 1.6 63 2121 055 — — - = — —
Benzene 1.3 47 1910 048 79 300 29 045 0.22 1.8

@ Data from Zabetakis (1965). Mass concentration values are approximate and refer to 0°C (L{g/m®) ==
0.45 MyL (vol %)).

® Data from various sources including Kanury (1975) and Lees (1996). There is uncertainty with some of
these data (Harris, 1983; Lees, 1996).

Dysdale, D. An introduction to fire dynamics. John Wiley & Sons, 2011.
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flammability limits: pressure and temperature effect
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Fig. 8, Comparison of the experi 1 upper fi bility limit
(markers) | 10] and the temy dependence esti d based upon the limit-
ing flame temperature approach (solid lines) for methane/ar fames.

Van den Schoor et al., Journal of Hazardeous Materials, 2008, 153, 1301-1307
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flammability limits and laminar flame speed
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Radiation correction

0.30 0.60 0.90 1.20 1.50 1.80 2.

W W\ limits

10

At some point, the laminar
flame speed is so low, that
combustion cannot be
sustained. The equivalence
ratios at which this occurs
correspond to the lower
and upper flammability
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radiative properties of COz, CO, Hz0 and soot.

Flame speed method has the advantage to model the quenching effect of the chamber walls.
This is achieved through the insertion of a semi-empirical radiation term into the energy
transport equation. The latter term rests on the assumption of optically thin gas and on the

Widmann Emissivity Model

n

Qr-ud =4 Z(pi @ 3 (TJ o ’I:;;l)

i=1

v

8 =2370 fyoom T

=

» Gas Emissivities:
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Calculated as a polynomial
function of the Temperature

[1/m]

[1/(m - atm)]
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Radiation importance
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Laminar flame speed extrapolation

Assumption: if the kinetic mechanism is able to reproduce laminar flame speed
when ¢=1, also reactivity near the limits will be well represented.

50
25 | —openSMOKE AD (2016)
40 -
35

——openSMOKE RAD (2016)
30

—openSMOKE SOOT (2016)

flame speed [cm/s]

A Davis et al. (1998) - P=1atm,
T=298K

030 050 070 090 110 1.30 1.50 170 190 210
Equivalence ratio

A. Bertolino, Master Thesis, 2016
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Flammability limit predictions

6| 7'
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. 5
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. 30
Benzene/methanol mixture 1
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Chang et al., Korean Journal of Chemical 0
Engineering volume 22, pages803-812 (2005) 0 0.25 0.5 0.75 1

Fuel composition: C6H6 molar fraction
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Diffusive flames

Typical industrial flames are not
premixed. Fuel and oxidizer are
independently fed and diffuse
to the flame front

Premixed flames have an
assigned equivalence
ratio, while in diffusive
flames 0 < ¢ <o

Temperature

Oxidizer

“ Reaction rate
Temperature | Il
) Oxidizer
S ~ Court f. Pirtsch
Structure of a premixed flame (schematic) Structure of a diffusion flame (schematic) ourtesy prot. Firtsc
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Planar counter flow flames

Counterflow diffusion flames represent a 1D diffusion flame structures.

If flow velocities of both streams can be assumed sufficiently large and sufficiently removed
from the stagnation plane, the flame is embedded between two potential flows, one coming
from the oxidizer and one from the fuel side.

™
Prof. Gomez Lab ﬂ
(https://www.eng.yale.edu/gomez- £ |
lab/research/index.html) Gehmlich et al. , Proc. Comb. Inst
35, 2015, 937-943

stagnation plane
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Model equations

Problem is intrinsically 2D, but 3 assumptions reduce it to 1D

1. Similarity assumption for velocity v = G)r
1
2. Similarity assumption p=py— Ep’rz + F(x)
3. Composition and temperature have no radial dependence close to centerline
dw; dji .

d
a(pvx) +2pG =0

62t o, 20y (46
pG* +pve——=p It

dx \" dx
dr  d (. dT\ ~ . ~  dT
prxcp =\ A |~ Z hi7; — Z Cpidix gy
i=1 i=1
Boundary conditions Fuel side (x = 0) Oxidizer side (x = L)
PUxW; +PVaipr Wi = Pwai|F PUxW; +PVqipp Wi = Pwai|0
VUx = UxF Ux = VUxo
dr Fr=0 T lor=0

T=Tp T=T,
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Flame structure

Rich part of the diffusion 1 Preheat gone ,  Oxidation zone
flame corresponds to the 5 ' | |
upstream preheat zone of the ~ § 075 E Flame
premixed flame 2 !

€ 050 i
Pyrolysis products are formed E |
in the rich part of the flame € 025
and peak at the stagnation 2
plane 0 ' .

2500 E L 20

Flame, temperature peak, i Temperature | 10
and main product maxima & 2000 Lo N ] 0 5
correspond to the £ 1500 Stagl’a‘:g”/ 10 8
stoichiometric conditions gmoo P Todal velocity | 20 %

; : |23
Lean part corresponds to the " s00 | |40 &
downstream oxidation layer of : : .50
the premixed flame 0 02 04 06 08 1 12 14

Height above fuel nozzle
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Strain rate is representative of the residence time of reactants in the reaction, or better of the reciprocal of
the residence time. In a counter-flow laminar diffusion flame, the aerodynamic strain rate is defined in
terms of the gradient of the axial velocity component, dv,/dx. The convention within literature is to express

the local strain rate as:
20

10

dv

a = d . [s71] 0 5
<
x max -10 ’ol
) ) o . 20 3
The maximum velocity gradient is just prior to the 3073
thermal mixing layer of the flame on either the air or a0 &

fuel side, depending on the location of the flame with -50

. ) 0.2 0.4 0.6 0.8 1 1.2 14
respect to the stagnation pIane Height above fuel nozzle

When no measures of the local strain rate are available, it can be approximated by the global strain rate
(Seshadri and Williams,1978):

2v. v,
Gy == _xﬂ<1 N M)
L Vx,O\/%
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Strain rate effect

Strain rate

Temperature [K]

Extinguished flame ~

0 02 04 06 08 1 12 14 80
Height above fuel nozzle
- 40
E Extinguished flame
. . . = Strain rate
Increasing the strain rate, velocity z 0 /
and temperature profile change up é
to when the ‘residence time’ is so 5 0
low that the flame estinguishes < %
0 02 04 06 08 1 12 14
Height above fuel nozzle
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Autoignition and extinction

04 06 08 1004 06 08 10
Temperature [K] vs distance from fuel duct [cm]
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e
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steain rate, [ Us]
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Humer et al., Proc. Comb. Inst., 31, 2007, 393-400 the strain rate at extinction.
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Ethylene rich premixed and counter flow flames
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Ethylene rich premixed and counter flow flames
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Ethylene rich premixed and counter flow flames

Premixed (BSSF)
Flux analysis at the beginning of fuel
conversion (x =2 mm)
Counterflow (CFDF)
///."- Lite Lia
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Ethylene rich premixed and counter flow flames
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Ethylene rich premixed and counter flow flames

Benzene and its precursors
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Ethylene rich premixed and counter flow flames
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Benzene and its precursors: the second peak
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Ethylene rich premixed and counter flow flames

1.6E-03 3
C6HE 8.0E-05 C7HE
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Soot volume fraction
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isolated droplet in microgravity conditions

Spherical simmetry

No natural convection
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Model equations

v’ Spherical symmetry

v 1D equations CAPRRNCLFY
‘/ . pg P.9 at g9 ar
Stretched grid
o, 10
x FE(HPng):O
Ny ) 1
slat T e ) ¢

f(V, T,P, ;) =0

reor

Gas phase
_12 (r

2|
=1 K
r’or

9

0

aT nc
B_I'gj - ng (Yg,ivg,icprgr‘ ) “or

(rlngg,ng",) +

g,

Interface (liquid/gas)

v" Thermodynamic
v’ Conservation

equilibrium

of fluxes

Liquid phase Gas radius/liquid radii ~120
. o Ideal gas
pC—t= Tf(fzkuf'] Radiative heat transfer
ot rior aor
Soret effect: accounted for
%=in[rzgnﬁj
ot r*or tar
5dRs Redp __, _dRy
e T a p‘-’(vg dt)
b~ 2
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Autoignition map

cool flame
~ upper limit
=
[
=
S
=
e
g cool flame
GE’ lower limit
-
no ignition (n.i.) g
2
o
2
1 10 5
Pressure [MPa] =
n-heptane, d = 0.7+0.75 mm
Experimental data:
Tanabe M. et al., Twenty-Six Symposium
(International) on Combustion, The Combustion
Institute, Pittsburgh, PA, pp.1637-1643, 1996
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explosion

slow reaction

Maximum gas phase temperature

Ttot

—  ——

Time
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Low T phenomena

96

Temperature [K]

48 888 8

n

Radius [mm] !

Time [s]
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gas phase Ry=350 um
TP=298K
o Ttot >
N e T,0=650K
E g
© 900
g
g P=0.5MPa
= 700
0 0.1 0.2 0.3
Time [s]
00
1
=
g
.B 0o
C
[}
Q.
£ e |
Cool flames =

.

Time [s]
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Model predictions (nC,,H,¢d,= 0.7 mm)

97

Temperature [K]
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no ignition (n.i.)
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_ P=0.1MPa
=
% T=950K
S T=2800K
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)
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Q
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Ignition delay times

nCH;; dy=0.7mm P=0.5MPa

10000

First time, experimental [ ]

E First time, model —.—

-;- Total time, experimental [ ]

g 1000 L] Total time, model ——

=

c

2

S 100

=}

©

= nCygH,,d;=0.7mm P=0.3 MPa

10 10000
550 650 750 850 950
Ambient Temperature [K] ey
£ 1000
[
£
=]
c
o
= 100
c
20
10

600 700 800 900 1000

Experimental data from: Tanabe M. et al., Twenty-Six Symposium (International) on Ambient Temperature [K]

Combustion, The Combustion Institute, Pittsburgh, PA, pp.1637-1643, 1996
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Low temperature combustion and extinction

i Hot-wire ignition experiments
& Squared diameter Experiments performed on board the
& 100 | . . .
3 International Space Station (ISS) using the
%g 050 multi-User Droplet Combustion Apparatus
B i (MDCA) installed in the Combustion
'§ Integrated Rack (CIR) facility as a part of
040 . . .
3 the Flame Extinguishment Experiments
3o (FLEXs)
0.00
0 10 20 30 a0 5 Fuel: n-heptane (NC,H;)
e 1 Maximum Initial diameter: 3.91 mm
2100 T temperature Pressure: 1 atm
st i i H age
g 10 e Initial temperature: 300 K
§ 1500 | l 570 extnetiin Gas phase composition: air
B | (cool flame) Negligible soot formation
: - | | l Droplet tethered by a fine silicon carbide
E with LT reactions Cool flame at flla ment
600 | y 690-700 K
LY without LT reactions
i Q 10 20 30 T :u 50 Nayagam V., Dietrich D.L., Ferkul P.V., Hicks M.C., Williams F.A.,
time [s] Can cool flames support quasi-steady alkane droplet burning?,
Combustion and flame, 159, p. 3583-3588 (2012
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Flame structure

Hot flame @ 2 s Cool flame @ 30's
0.80 1600 0.80 800
NCHyg NG;Hye
0.70 Temperature 1400 070 T t 00
emperature
by OH x 1000 o - by oy -
2 = 2 H,0 x20 =
£oso 1000 5 £oso 2 NCH,-0000H | 590
g 2 g x100 2
£ 040 a0 § E 040 400
3 a z g
030 600 E 030 300 E
E ] E €O, x10 X
020 400 020 200
0.10 200 0.10 100
0.00 0 0.00 0
0.00 Y | 0.04 0.00 001 00z 003 004
radial coordinate [m]
14 gefinchian
thot flame]
with il reactions |
A Coal
~ o} »‘-[-.;-|I|[|c:.c||cu.
o in o £ a0 50
timee f3]
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RECAP

Mechanism development requires experimental data for validation.
Once validated, mechanisms can be used for understanding phenomena

v" Ideal reactors

o PSR
o PFR(0OD)
o RCM
o ST
v’ Laminar Flames
o Premixed
= Laminar flame speed
= Flammability limits
o Diffusive

= Counterflow
= |solated droplet 0G
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Kinetics and time-dependent system

Mechanism lumping

i Tsinghua Summer School POLITECNICO MILANO 1863

Mechanism dimension

Biodiesel + NOx + biodi "I/
soot (PQLIMI) iodiese|
& (LLNL) @
L.
biodiesel -~ methyl decanoate
41— -~ (LLNL
10 (PLIMI)  C16 LNy g (LN
R |
@ C1C16 (POLIMI) 012“"‘“9- C14 (LLNL)
8 iso-octane (LLN;_)"‘ €10 (LLNL)
o
8 iso-octane (ENSIC-CNRS)_AA n-heptane (LLNL)
S ke
= C1C3HT (POLIMI)-
o CH4 (Konnov) ’( »') )
B 1 03 - "A skeletal iso-octane (Lu & Law)
o usccics @ ," skeletal iso-heptane (Lu & Law)
[ USCC2H4 , @ .~ © n-butane (LLNL)
> c1c3 (@in) 3-butadiene
=2 DME (Curran)
GRIZO @A entane (LLNL)
‘éz;m (San Diego) @ ® before2000
GRI1.2 “ an Diego;
.~ CH4 Leeds A A 2000to 2005
104 .7 BE  after2005

107 102 103 104
Number of species

Adapted from: T.F. Lu, C.K. Law, Prog. Energy Comb. Sci., 35 (2009)
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Detailed mechanism of n-heptane oxidation

Decomposition reactions (HT)
VA AN AN G NAAN AN\

(U4 /AN“:::

R+ AN mmmmhp AN o AAN w0 AN s AAN =,

l i l 0, +l 0, +l 0, 41 0, +l
Replacement reactions l QOOH radical decomposition

reactions
0-OH, 0-OH OOH,

{-\/\/\/-\éﬂ\/\/’\/\/\/’\/\(\

Lol

OH+ OH+ OH+ OH+

R R W\O
éﬂ\/\/\/\ﬁ\/\

L]

==\ A AN AN AN

+CH,0 +OH +OH +OH +OH
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Detailed mechanism of n-heptane oxidation

Decomposition reactions (HT)

: VETAYAS AN AZ/\ it NAA //\/\'\-\l JON
1 +HO,
I R4+ Ay AN o AAN « 0 AKX < /vv\/'/*?; AN +HO,
“““““ f‘oz"‘“‘i‘+61““73??\j““o?+\'@“ * AAA +HO,
00e

?7\/\/\@/\/\0\/\ LK R RRA R ANOH ANAN+HO,

QOOH radical decomposition

Replacement reactions
reactions

OH+ OH+ OH+ OH+
AAA A RRAN AAN
OO0H %H\/\ OOH

o=="N A AN AN AVA

+CH,0 +OH +OH +OH +OH
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n-heptane high T mechanism

H-abstraction reactions on
n-heptane R+ AN

//\\

/W\ M/\
% X TA PN/ O, N+ W\
A sCH,  GH+ 4N DA +0h, C,H,+CH,
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A less simple example: n-decane case

H-abstraction | | .
. AA N
reactionson n- | ... AAAAS < .......... AAN<
decane PAN/ +C2H5e A/ +C2Hs
N\Y 4N/
R+ AAAAN { R+ ANV <: ° . '
WV o+ A AN —= AN A
QAN +CH3
RH+ AAAAN/S < ___________ .
‘ Al ad AN PN rome
' NG+ N
RH + /.\/WV_>A+:.\/W§ AN = A LA
LYY Y
. . ‘ . \Z + C2H5*
AN/ = C3Hp +V AN
W = coHa + } 4 M+ CH3
A v = v
WV = A 4 C2Hs AL +C2H5 VT
~v K NN = N\ +C2HE®
¢ W\ +CH3* .
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The case of alkenes

------------------------

Starting from 1-hexenyl, o
it is possible to obtain é =/
2- and 3-hexenyl radicals, J + .;'

3- and 4-methyl-1-pentenyl H Y e

cyclo-hexyl radicals... .

methyl-cyclopentyl... é |\),// ______________
! J— -]
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Pyrolysis of alkenes/cycloalkanes

LUV L L]
C8 cycloalkanes (and similarly C8 alkenes) give rise to

= 422 C8 Radicals + 78 C7 Alkenes + ...< C7

C9 cycloalkanes =P 1006 C9 Radicals + 204 C8 Alkenes + ...< C8

Cumulative Components

3000000

2500000

2000000 /

1500000 /

1000000 /
500000 /

Carbon #
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Lumping

Lumping transforms a vector of species to a lower dimensional vector of pseudospecies, thus
reducing the system dimension. In proper lumping each species appears in only one lumped
pseudospecies

R*+ AN

N

'/W\4—>N\/\4—>/\N\4'—'PM’\

LI AN

AA== AN e AN | AN PN/ + AN+
A GH, GH+ 4N WA+, CH+CH,
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Lumped pseudospecies properties

Relative detailed i-th species amount in
2NN each pseudospecies (o)
k.
a; = nl (i=1,..,n)
2K
L] n
AN H
R AANA *+RH Enthalpy of formation of
E pseudospecies is the weighted sum of
AANANA the enthalpy of formation of each
species:
0 3 0
| &0 AH = gaiAHﬂ
[ ]
k n
Re +NCHyg ———LE—— RH+nCH,e K, =YK,
i=1
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Lumping of reactions

Based on the steady-state approximation for the intermediate heptyl radicals,
the following linear system for primary decomposition reactions of n-heptane
can be easily deduced from continuity equations

(0)+ Yk R? — (ks +ky R =0 (j=1...4)

i#j i]j

where: r(0) is the rate of direct formation of heptyl radical R/
Kgj

ki is the rate constant for the isomerization reaction R”)e --> R;(7)e

is the total rate constant for the decomposition reaction of Rj(7)-

In this way, it is easy to evaluate the products distribution of an equivalent or
lumped reaction
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Resulting reaction

MAMOX++ PROGRAM generates the ‘lumped reactions’
at assigned Temperature (1000K)

C,Hys — 0.17 C,H, +0.17 CH,, +0.43 C;Hg+ 0.43 C,H, + 0.20 C,H, + 0.20 C;H, +
0.16 CgH,o + 0.16 C,H, + 0.04 C,H,, + 0.04 CH,

The ‘lumped’ stoichiometry is only a weak function of T

800 1000 1200 1500
CH; 0.03 0.04 0.044 0.045
C,Hg 0.21 0.16 0.13 0.11
C;H, 0.18 0.20 0.21 0.23
C,H, 0.43 0.43 0.42 0.41
CsHyy 0.15 0.17 0.196 0.205
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o
N/ AN +O0H  ANA/\+HO,

QOOH radical decomposition

QOOH radical decomposition
reactions

to form OH and cyclic ethers

Decomposition of 00QOOH
to form keto-hydroperoxide

Q o
== N AN AN AN
+OH +OH +OH

+CH,0 +OH
Degenerate branching reactions (LT

POLITECNICO MILANO 1863
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Horizontal lumping of species: nC7

Lumped Scheme

B-Decomposition 15 Primary lumped reactions
- Products

N o
HO,e €RE 4 Intermediate radicals

OHs 3 Primary lumped products
N

OHse + *RCHO +

CHy 1 lumped n-heptene
1 lumped cyclic-ether

OC L RON 1 lumped keto-hydroperoxide

Detailed Scheme

135 Primary reactions

38 Intermediate radicals

3 n-heptenes
8 cyclic-ethers
15 keto-hydroperoxides
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Horizontal lumping of species: nC16

Detailed Scheme e Lumped Scheme
16" '34
362 Primary reactions B-Decomposition 15 Primary lumped reactions
- Products

100 Intermediate radicals* o o 4 Intermediate radicals

80 Primary products i OHe + 3 Primary lumped products
(retaining nC,, structure) ‘0 \
OHe + ¢RCHO +
8 n-hexadecene J C,H,, 1 lumped n-hexadecane

22 cyclic-ethers . 00D OHe 1 lumped cyclic-ether '

42 keto-hydroperoxides 1 lumped keto-hydroperoxide
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Vertical lumping of species

This lumping technique is equivalent to the discrete section approach:
family of species (n-alkanes, iso-alkanes, alkenes, ...) are divided in a finite number of
sections or lumped components which represent groups of species.

® CieHaq Intermediate species split in the reference
pseudocomponents, according to the lever rule
) ClSHjZ
N ~ Vertical lumping
P CisHzo C,H,, ,j o e 1

u

CizHyg CgHy»

3/4
N
n

, CioHy6 CsHyo

C,Hys = 0.17 CyH, + 0.17 CoHyy + 0.43 CyHgt 0.43 CyHg +0.20 CyHg +0.20 CoH, +0.16 CoHyo +
0.16 C,Hg + 0.04 CgHy, + 0.04 CH,

CyHys = 0.17 CyHy + 0.17 CoHyy + 0.43 CyHg# 0.43 1-CjHg + 0.20 C,Hg + 0.20 C;H, + 0.18 CgHy o +
0.16 C,Hs +0.02 C;H,, + 0.04 CH,
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Rate constants of lumped reactions

Objective function

Detailed
mechanism

mechanism

Selectivity %

OPTIMIZER 100

Selectivity %
S
S}

20
0 P=15 atm
700 800 900 1000
Temperature [K]
. . . O Branching
ObJeCtlve function: W Conjugate alkenes from QOOH radicals
PT n ) [ Cyclic-Ethers
Min I I Z[Sdet =Sy (korE)] dTdP [ QOOH b-decomposition _
ko ,E ) 2 P.] [ Conjugate alkenes from alkyl radicals
Po To J= J Alkyl radical decomposition
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Lumped mechanism development approach

Detailed mme-| OPTIMOX++ » Lumped

Kinetic Scheme Kinetic Scheme
Lumping C,-C,
MAMOX:++ Criteria Core Scheme

N AN

Kinetic g — Macroscopic J

Parameters Experimental dat
Quantum Kinetic Rate rules
chemistry experimental data
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Methyl-ester mechanism

Methyl decanoate (MD)
Methyl butanoate (MB)

lumped kinetic scheme
detailed klnetlc scheme

/\)k M ~CHs

Grana et al.,
Energy (2012)

Biodiesel is a renewable
transportation fuel consisting of
fatty acid methyl esters (FAME)

Granaetal.,
Combust. Flame (2012)

Detailed kinetic schemes

[ scheme | __fuel | #species | reactions

Lumped kinetic model of the pyrolysis Fisher et al. M-butanoate 264 2031
and oxidation of biodiesel fuels Herbinetetal. (2008) M-decanoate 2878 10021
E Fisher et al., Proc. Comb. Inst. 28, 2000, 1579-
i - - 1586
» Laminar flame and flame speed computations without
further reductions Herbinet et al., Combust. Flame 154, 2008, 507-
528

» Ignitions in internal combustion engines (HCCI)

» More effective reductions for CFD calculations
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Biodiesel

Biodiesel —— Vegetable oils — Fatty acids —— Heavy methyl esters (HME)

U Rapeseed methyl esters (RME) in Western Europe
U Soybean methyl ester (SME) in USA

#C : #double bonds ‘ Fatty Acid Soybean Cottonseed Rapeseed Palm Lard Tallow Coconut
12:0 Lauric 0.1 0.1 0.1 0.1 0.1 0.1 53.1
14:0 Myristic 0.1 0.7 0.1 1.0 1.5 3.1 219
16:0 20.4 43.1 24.9 25.4 11.2
18:0 Stearic 3.7 2.6 13 4.5 15.0 211 3.4
18:1 Oleic 23.0 19.5 59.9 40.8 46.7 46.2 7.9
18:2 Linoleic 54.1 56.0 211 10.2 11.3 3.2 2.5
18:3 Linolenic 8.7 0.6 13.2 0.2 0.4 1.0 0.0

L. Lin, Z. Cunshan, S. Vittayapadung, S. Xianggian, D. Mingdong, Appl. Energy (2011)
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Biodiesel surrogate

Biodiesel is composed by saturated and unsaturated heavy methyl esters.

Methyl esters

The five major components are:

0

methyl palmitate (MPA) — CH,-C,4H3,0, HaC o
0

methyl stearate (MSTEA) - CH;-CygH350, HSCWO/CH3
o

methyl oleate (MEOLE) - CH,-C;4H550, H3C/\/\/\/\/\/\/\/\)kO/CH3
o

methyl linoleate (MLINO) - CH;-C;gH3,0, HacWO/CHs
o

methyl linolenate (MLIN1) - CH;-C;¢H,40,

“Detailed” kinetic scheme

'C. K. Westbrook
etal. [2011)

21
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ecies [ #Reactions
~4800 ~20000
C.K. Westbrook, C.V. Naik, O. Herbinet, et al., Combust. Flame (2011)

POLITECNICO MILANO 1863

Methyl esters structu

re’s lack huge number of species

and radicals involved

|:> | Lumped Approach

of symmetry . . e
in the detailed kinetics
. I e e S R T T T =
Lumping | Re+MD High temperature ;
I l mechanism 1
I 1
0 I ]
H,c/c“wo/c”ﬁ : ERMD: L | w’ﬁ -d positi :
] 1
2 . i R S y Conjugated |
. c/\cH'V\A)J\o/CH’ e N CH\/\A)J\O/CN’ * : HOL™>, Methyl Esters :
’ . R | RMDOOX * I e e e e e e e
e /\/\CH.M &M NJC/\/\/CHMO/CH:
o o
. N N N e F —_— A duse Unsaturated
ch/\/\/\cndoko oo o o [+ ambooH yde ++OH + 1 othyl Esters
/V\/M _CHy + \
Hac/\/\/\ﬂcu'mo”“’ e © 02 Cyclic ether + * OH

Alkyl radicals of methyl decanoate

*00QMDOOH
ﬂ Keto-hydroperoxide ++ OH
One single
lumped species Low T branching

for different isomers
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Methyl palmitate

23
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| Methyl palmitate | CH5-C4H5,0,
Detailed Lumped
16 I R
16 1 Ao
104 1 Ao
104 1 Ammmmmmmmemeeeee-
240 4

I
1
1
l

1 | .|_. =

| | RMPAX B - decomposition :
1
1
I

1
High temperature
mechanism

-
TSI o« Conanes
[RmPAcOX+ ] -/~~~ -~ === e '

[- QMPAOOH | —— Aldehyde ++ OH +

+0;

| *00QMPAOCH |

Keto-hydroperoxide + « OH

Low T branching

Unsaturated
Methyl Esters

Cyclic ether ++ OH
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Vertical lumping biodiesel components

Saturated methyl esters
Methyl stearate (18

Methyl heptanodecanoate (17
Methyl palmitate (16

Methyl pentadecanoate (15
Methyl myristate (14

Methyl tridecanoate (13
Methyl laurate (12

Methyl undecanoate (11
Methyl decanoate (10
9

Methyl octanoate (8

)

)

)

)

)

)

)

)
(10)

Methyl nonanoate (9)
8)
Methyl heptanoate (7)
6
(5
(
(
(

Methyl hexanoate (6)
Methyl pentanoate (5)
Methyl butanoate (4)
Methyl propanoate (3)

Methyl acetate (2)
Methyl formate (1

24

Tsinghua Summer School

e ) 2 e 3 e ) e 3 e e ) e ) e e 3 e ) e

Mono-unsaturated methyl esters

Methyl oleate (18)

Methyl heptanodecenoate (17)
Methyl palmitoleate (16)
Methyl pentadecenoate (15)
Methyl myristoleate (14)
Methyl tridecenoate (13)
Methyl dodecenoate (12)
Methyl undecenoate (11)
Methyl decenoate (10)
Methyl nonenoate (9)
Methyl octenoate (8)

(
Methyl heptenoate (7)
Methyl hexenoate (6

(

)
Methyl pentenoate (5)
Methyl crotonate (4)

Methyl acrylate (3)
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Relative reactivity of saturated esters

SHOCK TUBE experiments T=600-1400K
Methyl decanoate/air P =16 atm
d=1
1.E+05
P=16atm;¢p=1 |
q
— 1.E+04 -
o
£
= X
& 1.E+03 - /o
[}
o
c
.g 1E+02 - O Methyl decanoate exp
= O
) o —Methyl decanoate
1.E+01 | | | !
0.7 0.9 1.1 13 15
1000/T [1/K] Exp. Data: W. Wang, M.A. Oehlschlaeger, Combust. Flame (2012)
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Relative reactivity of saturated esters

SHOCK TUBE experiments T=600-1400K
Methyl decanoate/air P=16atm
d=1
1.E+05
P=16atm;p=1 |
q
— 1.E+04 -
E The saturated esters
E- 1.E+03 - methyl decanoate, methyl palmitate
3 and methyl stearate
s 0 Methyl decancets exp have similar ignition delays.
s 1.E+02 —Methyl decanoate
E" 0o —Methyl palmitate
==-Methyl stearate
1.E+01 . ‘ ‘ .
0.7 0.9 1.1 13 15
1000/T [1/K] Exp. Data: W. Wang, M.A. Oehlschlaeger, Combust. Flame (2012)

26 Tsinghua Summer School POLITECNICO MILANO 1863



Unsaturated methyl-esters

i R« + MLIN1 High temperature |
mechanism |

; / \_ : |
| [RmLINTX| [RMLIN1A}— B - decomposition ! Double bonds in the unsaturated
I i methyl esters

.. Conjugated '

7 "% " Methyi Esters /" \
Resonantly allylic Vinylic H atoms
Unsaturated  Stabilized radicals not easily removed

| *QMLIN10OOH | — Aldehyde ++OH +

Methy Esters
%

*00QMLIN10OH Lower reactivity of the
unsaturated methyl esters at low
temperature
Keto-hydroperoxide + = OH

Low T branching Westbrook et al., Proc. Combust. Inst. (2012)
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Unsaturated methyl-esters

. H H,H H H
|Methvl I|nolenate| HC T —~H X1 —~H O/CH3

: R« + MLIN1 High temperature |
mechanism |

; / \_ : |
| [RmLINTX| [RMLIN1A}— B - decomposition ! Double bonds in the unsaturated
I i methyl esters

.. Conjugated '

7 102" Methy Esters | "\
Resonantly allylic Vinylic H atoms
Unsaturated  Stabilized radicals not easily removed

| *QMLIN10OOH | — Aldehyde ++OH +

Methyl Esters
+0; \/

*00QMLIN10OH Lower reactivity of the
unsaturated methyl esters at low
temperature
Keto-hydroperoxide + = OH

Low T branching

Westbrook et al., Proc. Combust. Inst. (2012)
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Unsaturated methyl-ester lumping

Two separate lumped radicals:

| Methyl linolenate | O RMLIN1X: primary propagating

______________________________ methyl linolenate radical

] . 1
Re + MLIN1 High temperature ; . .
E 1-0c/+\.a mechanism ! O RMLIN1A: primary allylic methyl
1 . .
i [RmLINTX] [RMLINTA}— B - decomposition i linolenate radical
.. Conjugated '
7 102" Methy Esters |
RMLIN1A
Unsaturated -
|-QMLIN100H — Aldehyde +* OH a=
EWEET TN Methyl Esters RMLIN1A+RMLIN1X
+0;
*0OQMLIN100H
a ~ 0.3 for methyl-oleate
Keto-hydroperoxide + »OH a ~ 0.5 for methyl-linoleate

a ~ 0.6 for methyl-linolenate

Low T branching
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Relative reactivity of C18 methyl-esters

U very few experimental data
O Comparison with detailed model

’ Lumped model ‘ ’ Detailed model ‘
1.0E+06 1.0E+06
— |P=13-5atm;¢=1 | - = |P=135atm; ¢=1 |
£ - =
S LOE+05 - o 1.0E+05 - .
E £
by > | _ace==-
:1.0E+04 1 £ 1.0E+04 -
@ a
(=]
= —— stearate g —stearate
©1.0E+03 —— oleate = 1.0E+03 - —— oleate
r=] = .
k= ——linoleate % ——linoleate
> --- linolenate - === linolenate
1.0E+02 T T T 1.0E+02 T T T
0.8 1 1.2 1.4 1.6 0.8 1 1.2 1.4 1.6
1000/T [1/K] 1000/T [1/K]

> Large differences in the LT region — similar reactivity at HT
» Ignition delays in NTC region follow the cetane numbers

Detailed model: Westbrook et al., Combust. Flame (2011
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Oxidation of methyl-esters in a JSR

Esters o,
5.0E-04 0.050
L ]
4.0e-04 0.040
§ 5
£ 3.0e-04 = 0.030
.g L a  Methyl linoleate exp
% 2.0E-04 % 0.020 | = = Methyl linoleate caic
s = a Methyl oleate exp
s+s00s Methyl oleate calc
1.06-04 0.010 o Methyl stearate exp
——Methyl stearate calc
0.0E+00 0.000 .
500 700 900 1100 500 700 900 1100
Temperature [K] Temperature [K]

Mole fraction profiles of methyl esters and Oxygen
(P =1.05 atm, T = 2 s, Esters = 4x10, Benzene= 5000, Oxygen 45000 ppm).

Exp. Data: A. Rodriguez et al., Combust. Flame, 164, 2016, 346-362
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Rapeseed oil validation

RME pyrolysis in flow reactor @ 1 atm (RME/N2 1/13)

E o E W ane Fatty Acid Rapeseed
= of° b s E Lauric 0.1 (33% MPA - 67% MDE)
b § B fom Myristic 0.1 (67% MPA - 33% MDE)
' $.h s Palmitic 43
o k) * om0 .
e & w0 w0 e i e o i 10 Stearic 13 Methyl stearate (18)
Oleic 59.9 Methyl heptanodecanoate (17)
Exp. data: Billaud et al., J. Am. Oil. Chem. Soc., 72 (1995), 1149-1154 Linoleic 21.1
Linolenic 13.2 Methyl pentadecanoate (15)
—»Methyl myristate (14)
RME oxidation in JSR Methyl trdecanoate (13) ¢
®N T R — — —» Methyl laurate (12)
[as] 1atm Methyl undecanoate (11)
- e dsanoa 0D ¢
Beoem Methyl nonanoate (9)
108 Methyl octanoate (8)
Methyl heptanoate (7)
9,06+00 4 ol Methyl hexanoate (6)
: Methyl pentanoate (5)
1se43 —— Methyl butanoate (4)
103 Methyl propanoate (3)
i: 01 Methyl acetate (2)
i’ PP Methyl formate (1)
sie0¢
a.01400 4 =% . s )
L] 1008 am o L e 1 Laoo 200 1000 1200 uw L] 1000 10 120

Tmparaure (K]

Tmparaturs [¥] Temparaurs (K]
Exp. data: Dagaut et al., Proc. Comb. Inst., 31 (2007), 2955-2961
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MO and ML ignition delay times

1 Systematic deviation of

~30 % of the MO predicted
delays.

Exp. Data: Campbell et al., Proc. Combust. Inst. (2012)

SHOCK TUBE experiments T=1100- 1400 K
fuel/O,/Ar P=7atm
d®=0.75-2
Methyl oleate (MO)
1
&
E
=)
AMO7atm®=2exp
—MO7atm®=2 mod
0.1 T
0.7 0.75 0.8 0.85 09
1000/T [1/K]
33 Tsinghua Summer School

MO

=

T [ms]

34

and ML ignition delay times
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T=1100 - 1400 K
P=7atm

$=0.75-2

SHOCK TUBE experiments
fuel/O,/Ar

Methyl oleate (MO)

+ MO 7 atm @ =0.75 exp
—MO 7 atm @ = 0.75 mod
A MO7atm®=2exp
—MO 7 atm @ =2 mod

0.8 0.85 0.9

1000/T [1/K]

0.75

1 Systematic deviation of

~30 % of the MO predicted
delays.

U The model captures the
experimental trends with
® and apparent activation
energy.

O Crossover of the ignition
delays predicted at ~0.85-
0.90.

Exp. Data: Campbell et al., Proc. Combust. Inst. (2012)
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MO and ML ignition delay times

SHOCK TUBE experiments T=1100- 1400 K
fuel/O,/Ar P=7atm
D =0.75-2

Methyl oleate (MO) Methyl linoleate (ML)

-”l
14 1
—_ m
E E
M ’ e
® MO 7 atm D =0.75 exp ® ML7 atm® =0.75exp
—MO 7 atm @ = 0.75 mod —ML 7 atm @ = 0.75 mod
AMO7atm®=2exp AML7 atm®@=2exp
—MO0 7 atm @ = 2 mod —ML7 atm @ =2 mod
01 - - " + U — :
0.7 0.75 0.8 0.85 0.9 0.7 0.75 0.8 0.85 0.3
1000/T [1/K] 1000/T [1/K]
Exp. Data: Campbell et al., Proc. Combust. Inst. (2012)
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Sensitivity analysis at 1300 K

o 4E03 - - 1E-04
£ Methyl linoleate, @ =2, T = 1300 K, P= 7 atm
£ [chx 1000 c
CH x 1000 BE05 ©
~§ 3E03 - { [
5 e
2 seos 5
U 2E03 B
b E
Z - 4E05 2
£ 5
= 1E03 | o
A
2 gpeoo A 0.E+00
. 0.0 0.2 04 06 08
Methyl linoleate < [ms]

I HILIO — CgHy + CiH, + C.H, + 0.67 RMET + 0.33 RMBX
I 'MLINC — C,H, + CyH,+ CH, + 0.67 RMET + 0.33 RMBX
I 4 0; oM O
I - MUNO s RH + RMLINX

I -+ MLINO —+ RH + RMLINX
I 1+ C:H + M) > Gt + M)
s + CaHy -+ HO; + CoH. [
I 1o + CH; - OH + CH,0
I FrLna s UMETD + CoHy + Gy
RMLINA —+ UZMEA2 + 0.5 CoHy + 0.5CH, + 0.85 €M, + 0.2 ¢,H, [N
RMLINX — UME1D # 0.5 C,Hy + 0.5C:H, + C.H, + 0.25 C:H. [ NG

09 0.7 0.5 03 -0:1 01 03
Sensitivity coefficient
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Sensitivity analysis at 1300 K

& 4.E-03 - 1E-04
S Methyl linoleate, @ =2, T = 1300K, P= 7 atm
- [chx 1000 ] -
< 3E03 ! B
5 e
&
g methfi linoleate | BEDS
T ~0.1ms U 2E03 B
FUEL ~ Y- 5 £
@ 4.E-05
o £
£ -]
= YE03 b=
= | 2E-05 2
s
U
2 OE+00 & D.E+DD
. 0.0 0.2 04 06 08
Methyl linoleate < [ms]
I LMNC oMy + CH + C.H, + 0.67 RMET + 0.33 RMBX
I '1LING —» CiHy + C3H, + C.Hy + 0.67 RMET +0.33 RMBX
I H + Oz »OH + 0
I = + MLIND s RH + RMLINX
[ 7 MLINO — RH * RIMLINX
[ i+ C:H, + [M] -+ CaHy + (M)
Oy + C:Hy -+ HO; + .+, [
_ HO; + CH; —» OH + CH,0
I LA - UMETD & CoH,+CHy
RMLINA -+ UZMEAZ + 0.5 C,H; + 0.5CH, + 0.95 C,H, + 0.2 ¢4, [ NN
RMLINX —» UME1D + 0.5 C,H; + 0.5C,H, + CH, + 0.25 ¢+, [N
09 0.7 €05 03 01 01 03
Sensitivity coefficient
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Sensitivity analysis at 1300 K

4.E-03 + 1E-04

- Methyl linoleate, © =2, T= 1300 K, P= 7 atm
k] c
I BED5 8
+ 3E03 o | B
5 e
g meth}i lincleate | BEDS
T ~0.1ms U 2E03 B
FUEL . E E
a 4.E-05
S £
£ 3
= LE03 lopas o
Z sl
U
2 gpoo 4 0.E+00
. 00 0.2 04 06 08
Methyl linoleate < [ms]

I HILIO — CgHy + CiH, + C.H, + 0.67 RMET + 0.33 RMBX
I 'MLINC — C,H, + CyH,+ CH, + 0.67 RMET + 0.33 RMBX
I i+ O, >0 +O
I = + MLIND s RH + RMLINX

I -+ MLINO —+ RH + RMLINX
I 1+ C:H + M) > Gt + M)
O + CaHy -+ HO, + ., N
I 1o + CH; - OH + CH,0
I FrLna s UMETD + CoHy + Gy
RMLINA —+ UZMEA2 + 0.5 CoHy + 0.5CH, + 0.85 €M, + 0.2 ¢,H, [N
RMLINX —» UME1D + 0.5 C,H; + 0.5C,H, + CH, + 0.25 ¢+, [N

09 0.7 0.5 03 -0:1 01 03
Sensitivity coefficient
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Sensitivity analysis at 1300 K

& 4.E-03 - 1E-04
S Methyl linoleate, @ =2, T = 1300K, P= 7 atm
- [chx 1000 ] -
< 3E03 ! B
B g
&
g methfi linoleate | BEDS
Ty ~0.1ms @ 2803 E
FUEL 5 £
@ 4.E-05
o £
£ -]
= YE03 b=
= | 2E-05 E
s
U
2 0E+00 = D.E+DD
. 0.0 0.2 04 06 08
Methyl linoleate < [ms]
LINO —+ CHy + CiH, + CuHy + 0.67 RMET + 0.33 RMBX
O —+ CyHy + CyHy + CHy + 067 RMET + 0.33 RMBX
\: -+OH + 0
* MLING —» RH + RMLINX
R+ MLINO —» RH + RMLINX
H o+ CHy + [M] - oy + (M)
Hs - HO; + .+, [
I 1o + CH; - OH + CH,0
I LA - UMETD & CoH,+CHy
RMLINA -+ UZMEAZ + 0.5 C,H; + 0.5CH, + 0.95 C,H, + 0.2 ¢4, [ NN
RMLINX —» UME1D + 0.5 C,H; + 0.5C,H, + CH, + 0.25 ¢+, [N
09 0.7 €05 03 01 01 03
Sensitivity coefficient
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Sensitivity analysis at 1300 K

c 4.E-03 - 1.E-04
o Methyl linoleate, © =2, T = 1300 K, P 7 atm
g e .
g CHx 1 8E05 O
= 3E03 [\ | £
& e
=
g methyl linoleate BEDS
~ 4 2E03 ° ~
Tege, ~ 0.1 ms 8 2 Ton 0.6 ms
a 4.E-05
S £
£ -]
= YE03 b=
= | 2E-05 2
s
o
2 OE+00 = D.E+DD
. 0.0 0.2 04 06 08
Methyl linoleate < [ms] OH
LN oty Gt Gt 0.7 Weorson+o
O —+ CyHy + CyHy + CHy + 067 RME o,+cH, »cuevo +o [
. +OH+O r+cH, s o [
% MLIND —» RH + RMLINX - H 4+ CHy + [M] -+ CH, + [M]
R+ MLINO —» RH + RMLINX | R
H+ CoHy + M) -+ CHy + [M] 0, + ety »ho + e, [l
e -+ Ho, + c, I |_ERLERILEL R
I 0.+ CH; -+ OH + CH,O Il cH: + Hoo scH, scO
I FrLna s UMETD + CoHy + Gy Il ++ cHeco wcH +CO
RMLINA —+ UZMEA2 + 0.5 CoHy + 0.5CH, + 0.85 €M, + 0.2 ¢,H, [N HOjy + CHy —+ OH + CH,O .
RMLINX — UME1D # 0.5 C,Hy + 0.5C:H, + C.H, + 0.25 C:H. [ NG o, + Hco »ho; + co [l
04 a7 25 03 -n..1 . o1 :u 05 03 0.1 o1 03 05 07

Sensitivity coefficient Sensitivity coefficient
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Master Equation based Lumping approach

Same problem of (very) large number of species can be seen at the fundamental level,
for example when evaluating a rate constant through Master Equation

reactants
- products Potential energy surface can

— include many intermediates,
which bring to many products
through many transition states

PES

Theory allows to estimate each
individual act and the rate of this
chemical act: we have all the

ky possible information

N species

All intermediates with very short

characteristic times do not react

with the environment and can be

neglected. Lumping can be

\i applied as well. Isomers with
similar reactivity are lumped

together

N < N pseudospecies

similar
isomers
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MEL implementation

3 main steps

All steps automatized

1. Selection of
«relevant» species

2. Derivation of
«lumped» rate constants

3. Validation with
kinetic simulations

Pratali Maffei et al., Chem.
Eng. )., 422, 2021, 129954

available at:
https://github.com/Ipratalimaffei/MEL
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MEL example

2CH;>C  H, > C,oHg+2H

A.E. Long et al., Combust. Flame. 187 (2018) 247-256.
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MEL example

31 SPECIES, 328 REACTIONS

S 228D

POLITECNICO MILANO 1863

2C,H;>C, H,,>C,  Hg+2H 3 equivalent pseudospecies 1. Selection of

A.E. Long et al., Combust. Flame. 187 (2018) 247-256.
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«relevant» species
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MEL example

700 K 800 K 200 K
—r | REE | prs o .
_LI : Im—k‘__. : “hk-l— .
L] 1 2 ;.. o E * " ao  rs  s0 :,!u.'

1200 K . 1300 K 1400 K 2C;H; .
Y G
il b =l CioH1o
L : i L) Il :* [} L IE :

1700 K - 1800 K ! 1900 K " CyoHg+2H

Tsinghua Summer School

MEL example

46

C,H./Ar PFR 850-1160K, latm

2 CgHg
.
Jo
§1s "
E
=2 +
s .
=
5 -
- -
o faiun
B50 950 1050 1150
Temperature [K]
= NAPHTALENE
50 4
-
]
iau 4
§ £l "
0 B
-
10+ .
o

Tsinghua Summer School

2. Derivation of
«lumped» rate constants

CgH; is the only reactant
Reproduce the conditions of kinetic
experiments: products do not react back
Fit the profiles obtained

2C5H59C10H10

19 m-2.34 440
419101 T234 exp (122
2CHs>CoHg+2H
—9m6.11 —5223
4,55 107°T5 1 exp (—22)

cm3

mol s

cm3

mol s

Apply the same procedure for C;oH,,

POLITECNICO MILANO 1863

3. Validation with
kinetic simulations

0

T . |——CRECK model
E .

T +29 species
T . +328 reactions

— = -CRECK model
+1 species
. +4 reactions

Exp. Data: Kim et al., J. Phys. Chem. A, 114 (2010) 12411-12416
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Mechanism validation

47 Tsinghua Summer School POLITECNICO MILANO 1863

Detailed mechanism structure

Diesel

3 main characteristics: ~
e Hierarchy
* Generality
Modularity

Jet fuels

cf cx

complexity
sensitivity

Species kinetics are
interdependent.

Changes in modules at the
top of the hierarchy affect
all the others modules.

=1,

Whenever a modification or a new species is introduced, the whole mechanism must
be carefully checked and validated. Automatic validation is then very useful (almost
indispensable)
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Error definition

Which model performs best?
stoichiometric H,/0,/Ar/N, oxidation in RCM
D 0.1 -
£ oot M
&
w0001
o
£ 0.0001
®
0.00001
094 096 098 100 102 104
1000/T(K)
EFV (M,) = 213
EFV (M,) = 203
EFV (M,) = 168
2
?- <
Model M3 performs best
NV,

49
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Error Function Value (EFV)

N ni Ysim _y&xr z
EFV =lz lz U
. exp
N& =1 J(Yij )
Where:
Y if U(Yi‘;xl’) = constant
Y =

In(Y;) ifo (ln(}’i‘;x")) = constant

N number of datasets

n; number of data in each i-th dataset

Yij-xp j-th experimental observation of the i-th dataset
Yij-xp corresponding value from numerical simulation

(r(Yij.xp) standard deviation

Error function value based on
the sum of the squared errors
does not take into account the
shape of the curves

POLITECNICO MILANO 1863

Curve matching

The curve shape requires to compare not only values, but also derivatives. Thus the general

idea of the approach (curve matching) is to transform the experimental and modeling data in
two derivable function f(x) and g(x), respectively. The functional estimation is achieved by spline

smoothing (5t order) with a roughness penalty.

f= argminfel-‘[ (o _f(xi))z + Af(f”(x))zdx]
=1 )\ J
SSE Smoothing
=1 A =100

Smoothing is necessary to avoid curve overfitting.
A large smoothing parameter (A) results in a
smooth curve (a straight line in the limit) and a
smaller A leads to a more rough curve. The
optimal A can be chosen by cross-validation

Aopt = argminygp+GCVi (D)
n it (J’z’ - f'(xz))
(n— NoP)?2

yi experimental data first derivative
computed with centered differences
£(x;) first derivative of the spline
NoP Number of Spline parameters

A = 10000

GCV, =

GCV, (Generalized Cross-Validation) evaluates the goodness of the spline split.

Numerator accounts for derivative agreement.
Denominator penalizes the “model complexity”

50
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avoiding the overparameterization of the spline.

POLITECNICO MILANO 1863




Similarity indexes

Definition of the norm B b 24 a, b minimum and maximum of the abscissa
of the function f(x) 1= _L f()*dx of the experimental data, respectively

Generalization to the continuous case of the Sum of Squared

1 h ; B
° di’z (f,9) = € (0,1) Errors. Part|c.u|ar|y, thg integration of thg norm allows to
o 1+ Ilf =gll compute a difference in terms of areas instead of a sum of
% [D] punctual differences
)
2 i _ 1 0.1 Same as previous, applied to derivatives. It considers as
o Ly f.9) = 14 I —g'll e perfectly similar two functions that differ only by a vertical

I

ion- g1 _
D| translation: di, (f,f +a) =0
D is the intersection between the domains of the
two functions fand g

f

considers as perfectly similar two functions that differ

1 g
> 40 R I | R
= de(f.9) =17 Hllf" ||g||‘ € O 51y by a vertical dilation: dp(f, f xa) =0
o
g 1| f g considers as perfectly similar two functions that differ
» di(f,g9)=1- 3 H"f—,” - m| € (0, 1) only by a vertical affine transformation (translation and

dilation): d3(f, f x a+b) =0

If f > g allindices tends to 1: 0 =bad (f and g very different) 1 =good (f and g very similar)
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A few examples

a. g(x)=axf(x)

b. g(x)=f(x)+b

c. gix)=axf(x)+b

with
a=1.2 b=0.5
a. C.
25 3
dj; = 0.90 df; = 0.65 d% =0.79
24 djz=0.86 Pt
gh:: ITAY
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Shift problem

Difference between model and experiments because of x axis uncertainty.
Examples:

Before shift
EFV =0.14

Small uncertainty in the measurements of the x variable can
produce a large deviation in the y variable

™= After shift
EFV =0.013

1350 1400 1450
Temperature [K]

The already discussed flow reactor case: mixing effects
at the reactor inlet cause an early reaction. This is 168,03

LN

typically considered via a ‘manual’ shift of the time = \ T
) e 1 ZE'CR Time shift, T
coordinate £
8 Before shift
g B EFV =12 o Held et al., 1997
o
2 4OE_O4A Wl = Model Before shift
EF e;sol()lﬁ ‘.\* === Model after shift
0.00 0.05 0.10 0.15 0.20 0.25
Time [s]
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An automatic index for shift evaluation is introduced With shift
in the Curve matching approach: djz = 0999
y =099
. Ny dd =0977
W(:thout shift v db =0909
Shift index (S) 4z = 0.994 \ 5=0.930
dp; = 0.987 \
EY =0.928
szmax<1—%|,o> € (0,1) T L .
1350 1400 1450
Where § is the domain shift optimizing the alignment, Temperature [K]

or in other words, maximizing the similarity indexes:
8 = argmaxs(df, + di, + dp + dp)

1.68-03 ® Heldetal, 1997
-\ Without shift With shift
- 1_25_(‘% dp, = 0.55 df» =0.73
2 \ dj» =043 dj> = 0.66
.:.é 8.06-04 3 dp =091 dd =086
s db =081 db =078
[=}

2 40604 $=0.85

0.00 0.05 0.10 0.15 0.20 0.25
Time [s]
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Global model performance

Model performance can be assumed as a weighted average of all
the similarity indexes:

CM=d22+d§2+d2+d}a+25
6

€ (0,1)

One single value can summarize the model accuracy in respect of a single dataset or of the
whole datasets.

It is then possible to not only get the general performance of the model but also to identify
where it works better or where (in which conditions) it is less reliable
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Anomalous case application

stoichiometric H,/0,/Ar/N, oxidation in RCM
0.1

001 __o-==" e .
0.001

0.0001

Ignition delay time (s)

0.00001
094 096 098 100 102 104
1000/T(K)
EFV (M,) = 213 CM (M,) =0.801 <=mm Model M1 performs best

EFV (M,) = 203 CM (M,) = 0.783
EFV (M) = 168 CM (M) = 0.741

Model M3 performs best
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Accounting for experimental error

distribution

* Data point as the mean value

dataset as reference curve

57 Tsinghua Summer School

* Experimental points affected by uncertainty

* The higher experimental uncertainty, the higher the
variability of the performance indices

* Need to keep it into account to identify the confidence
interval of the performance indices

Bootstrap
Random generation of exp datasets with a normal

* Uncertainty as the standard deviation

Curve matching is performed with each generated

N
N M.
M = =171 i s| = Zf
N b N-1
Performance Confidence
index interval

Automatic validation

— 120
100
80
60
40
20
0

Fuel mole fraction [ppm

1200 1300 1400 1500 1600
Temperature [K]

0.1
X
=
= 001 4
g
a
g 0001 4
H
i
0.0001 T
0.95 1

1000/T [K]

1.05
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Kinetic mechani

ism, thermo and

transport data

Automatic Model input file
generation

v

Simu

lation

(OpenSmoke++ code)

T

Database (operating conditions,
device, target, measurements,...)
(Respect format)

Automatic Model validation

I

Experimental Data
(from anywhere)

|

Model performance

1
1
1
I
I
1
1
I
I
1
1
I
I
1
o
1
I
I
1
1
I
4
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Practical example

Two different models tested

U CRECK_1212_C1C3
U CRECK_2003_C1C3

U Ignition Delay Measurement

LCLLLLELEELLEEEEEE L ELELEE LT

O Laminar Burning Velocity Measurement

O Outlet Concentration Measurement

O Concentration Time Profile Measurement
QO Jet Stirred Reactor Measurement

O Burner Stabilized Speciation Measurement
QO Direct Rate Coefficient Measurement

Cures Matching Scere

CRECK_1212_C1C3

CRECK_2003_C1C3

59 Tsinghua Summer School

Looking closer

Igniian delsy FeasrsTent

4 St rEBCIr MEazanament

Dot cangenTation messsemes:

Score Error
CRECK_1212_C1C3 0,867 0,0033
CRECK_2003_C1C3 0,894 0,0028

performs better

OVERALL MODEL CRECK_2003_C1C3

POLITECNICO MILANO 1863

CRECK_2003_C1C3

AT A

Experiment id 207
Shock tube

Reacting mixture:

(5]0] Tsinghua Summer School

AR 0,9339
0, 0,0395
C,H, 0,0266
CRECK_1212_C1C3
108 ; -
o
i //./
Experiment_ID: 207 | Score | Error dp, df, dp d} Shift & L P
5 . e
POLIMI_1212_C1C3 | 0,6300 | 0,0110 | 0,7208 0,5014 f 0,9095 0,8234 1 0,4125 a ////
102 ///
CRECK_2003_C1C3 0,5554 | 0,0111 | 0,7223 0,4981 | 0,9125 0,8363 | 0,1815 /
=
0.75 0.80 0.85 0.90 0.95

1000/T [1/K]
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RECAP

Real fuels oxidation modeling requires large number of species and reactions.
Lumping can be a useful tool to control the mechanism dimension

v" Horizontal lumping groups together isomers of similar reactivity

v’ Vertical lumping reduces the number of species of a family

v Mechanism generation approach can be based on lumping

v Master Equation based Lumping allows to neglect species with very low characteristic
times

v Automatic validation can be a key tool in the development

o Curve matching a solution to compare data and predictions, accounting for shapes and not
only distances.
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Kinetics and time-dependent system

Emissions
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Methane Oxidation: complexity increases

CH, +20, = CO, + 2 H,0

| Aromatics | | co |
i o i ooH
i soot co, |
Pyr olys|s ................. O
2 Tsinghua Summer School POLITECNICO MILANO 1863

CO/CO, equilibrium depends on temperature.
At low T, CO, is more stable.
At high T, CO is more stable

NO N,O NO,
nitric oxide nitrous oxide nitrogen dioxide

NO/NO, equilibrium depends on temperature. P
At low T, NO, is more stable. 0oF "
At high T, NO is more stable osf ;Equilibrium 17% O,

NO, fraction in NO,
=]
L
T

In flames NO and CO are especially formed.

In the environment CO, and NO, are present. Equilibrium 7% O\

Reaction rates are very different e
100 200 300 400 500 600 700 800

2CO + 02 >2 COZ slow (but with HZO) Temperature, °C
2NO +0, > 2 NO, fast
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NOx formation

— One of the strongest bonds
N=N
0 i
High energy is required to break this bond: NOx formation is
- h|gh temperatures Chemica”y controlled
- very reactive reactants (CH radicals) 100 —
- long chemical time Equilibrium
= Sont 3 100
c \ =2
3 : £
£ g S o
E 10 o
3 0
£
5 0.25 Xuiz 0.35
1E07 1EDS 1LE03 1E01 NOx in a laminar premixed Hzﬂames
time [s] (Warnatz, 1981)
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NOx formation mechanism

HCN —2— N70H—> NH —— N
2

ko O‘F/
CN

N,O Mechanism NNH Mechanism
Thermal NO N, +0 —>N,0 Prompt NO N, +H —NNH
O+N,—> NO+N . CH + N, — HCN + N NNH + O — NH + NO
N+0, - NO+0 High P ®<<1 CH,+ N, > HCN + N NNHTOoN0+H
N+OH— NO+H CH+N, >N+ N HighP ®>1
High T Hight ®&<1 LowT Lowt ®d>1
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Thermal NOx (Zel’dovich, 1946)

The Thermal or Zel’dovich mechanism consists of three major reactions:

0-+N, <> NO+N: ky = 2:101 exp(-75250/RT)
N-+0, <> NO+0- ky¢ = 6.4-10° exp(-6000/RT)
N: + OH- <> NO + H- ky = 3.8-10%3

The concentration of O- and OH- radicals are ruled by combustion mechanism.
Rate of NO formation is:

dlvol

i =h [O]N, |+ b, [N]0, ]+ ks [N ]oH]

The Steady State Approximation for N radicals gives:

[V]= k[O]N, ]

% = l[OIN, |- [N}k, [0, ]+ ks [OH | = 0 " k[0, ]+ ks[oH]

By substituting [N], NO formation rate becomes:
d[NO]
dt

‘ Thermal NOx is the important
=k [O]N, ]+ k&, [N]O, |+ ks [N JoH | = 2k, [O] N, ] contribution at high T

The first reaction is the rate controlling step: it requires the breaking of the tight N, bond and is favored at
high temperatures. The [O] concentration is obtained by using the partial equilibrium assumption for
0,20
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Partial Equilibrium and Radical concentration

H+0, K, on+o
O +H, ki OH+H Partial equilibrium (T > 1800 K)
Kin

OH+H, W, H,0+H

kIkaIkaZIIf[OZ][HZ]B
Kk ki [H2 012

reactions very fast can be assumed in partial equilibrium

At high temperatures,
[H] = j

k¢HI[O,]  =k,[OH][O]
ky[Ol[H,] =k, [OH][H] (0] = keyplerr[02][H,]
ky[OHI[H,1 = ky, [H,01[H] ~ | kirkiny[H;0]

_ kipku[0,]1H,]
[oH] = / Karlry
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Prompt NOx (Fenimore, 1971)

Under practical conditions, often the amount of NO formed in new burners is higher than
Thermal NOx. Moreover, NO formation is observed in rich conditions, too. The prompt
NO mechanism involve the initial reaction of N, with CH and CH,, producing NCN, HCN
(hydrogen cyanide) and the H and NH radicals:

CH+N,<>HCN+N
CH, + N, <> HCN + NH

The HCN and NH formed undergo further reactions forming N (Bowman 1973):
HCN + O <> NCO +H NCO + H <> NH + CO
R+ HCN <> RH +CN R+NH< RH+N
O+CN&< N+CO

N is then oxidized with the previous thermal NOx reactions.
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N,O mechanism (Correa, 1992)

N,O Mechanism

Important in lean combustion in gas turbines.

At low temperatures and high pressures, a contribution in fuel-lean mixtures is due to:
O+N,+M->N,0+M

At high Temperatures, N,O is removed by: H+N,0 >N, +OH
0+N,0>N,+0,-> NO+NO

The lifetime of N,O is less than 10 ms at 1500 K, then the mechanism is active only at
realively low-T.
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NNH mechanism (Bozzelli and Dean , 1995)

At high temperatures, especially in rich conditions, H radical can directly add on nitrogen,
forming the NNH radical,

H+ N, <> NNH

whose typical life time is of a few nanoseconds. This means that NNH attains steady-state
conditions. The characteristic time is enough to allow further bimolecular reactions.

In particular, NNH can react with O atom:
NNH + O <> NH + NO
NNH + 0 <> N,0 + H

Together with rich conditions (which favor H formation), high pressure facilitates the
mechanism, having the H2 addition reaction a reduction in the number of moles.
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Simplified and detailed models

T =2000K
900
0 300
7 =09 _ ®=1.0
() (]
£ 500 £ 200
o [e]
= =
300
E E 100
o o
100
0 0
0O 02 04 06 08 1 12 14 0O 02 04 06 08 1 12 14
time [s] time [s]
60
/ —— Detailed model
T 40 S : .
£ Zel'dovich mechanism with
3 d=1.1 —_— S .
5] equilibrium on species
§ 20 Two step kinetics and Zeldovich
—— mechanism with equilibrium on
) radicals
0O 02 04 06 08 1 12 14
time [s

11 Tsinghua Summer School POLITECNICO MILANO 1863




Temperature effect on NOx formation

Stoichiometric CH, Combustion in air
(characteristic time becomes 102 s vs. i 10-° s for CO conversion)

4e-07
2 Thermal NOx 1600 K
% 3e-07
o
.
o
9 1550 K
O 2e-07
=
(@]
4
e 1500 K
Prompt
NOx
0
0 0.002 0.004 0.006 0.008 0.01

time (s)
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Equivalence ratio (®) effect on NOx formation

CH, Combustion in air at 1600 K
3e-07 o<1
v
c
S
g 2e-07 o=1
.
[}
S
=
S 1e07
o>1
0
0 0.0001  0.0002  0.0003  0.0004  0.0005
time (s)
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T and @ effect on NOx formation

CH, Combustion in air

1.8><1(g
“l ®=0.8

0.003

o 1ax10f  PF 0.9
g o=1
3 0.002
©
& 1x10°
a
(1]
s
-6
g 6x10 0.001]
T=1600 K
2x10°°
0
0 2 4 6 8 10 12 0 2 4 6 8 10

time (s)
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T and @ effect summary

time (s)
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Rich

NOx

Conditions

Lean
conditions

Law
constraints

>
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Air excess (1)
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Air staging technique

Postcombustion zone (OFA)

Primary rich combustion zone

secon'dary Primary Air
Air and Fuel

_Rich, sooting and unstable primary flame

16 Tsinghua Summer School

Secondary
air

NOx

reduction
60%
Primary Air ’
and Fuel
rich zone ,oxidizing zone
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Reburning kinetics

HCCo
NOW HCNO —>HNCO————>NH,

NO

HCN s NCO——3N,0————3> N
o] No NO 2
NH” H I
CH;CN CH,CN CN
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NO has an unpaired electron:
in between molecule and radical

() © e

e e ©
e e ©
N (o]
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Reburning technique

Postcombustion zone (OFA)

Secondar
Reducing (reburning) zone Air v

NOx

Stoichiometric flame Secondary _
Fuel reduction
60%
Primary
Air and Fuel

primary flame | reburning zong oxidizing zone

Secondary
Fuel (10-20%)

Secondary
Air

Primary Fuel (80-90%)
And Air (~stoichiometric) height
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T and @ effect summary

Lean
conditions

Rich Law
Conditions constraints

NOx

>
Air excess (1)
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Flameless combustion

Tmax in flame

AT

T process

Gas cantral
inlet

Combustion Air /

T combustion air

x/d Absence of a flame front.
Pre-heated air (high efficiency)
hot gas recirculation

Lower peak temperatures

Traditional Combustion

W

T
o kkk Tmax in flame
GAS F m process AT

S e
Combustion Alr L.;“r‘('(' e

high
e (((Internal

Recirculation

i x/d Courtesy
Flameless Combustion Ing. Ambrogio Milani
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NOx emissions

1000 —

500
5
x
a _
®
E
Z 100
oo -
E ’
S 50 :

10 T T T T T T 1
700 800 900 1000 1100 1200 1300 1400
Process temperature [°C] Adapted from: Wunning, 2003
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NO electron structure

e X
® o0 ®
° ) °
N (0]
The unpaired electron, even though stabilized, makes NO and (NO,) very reactive.
It acts in some case like a low reactive radical.

Thus, NO affects combustion process and ignition times

At low temperatures (700-950 K) it can be important in the engines
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NOx — CH, interactions

CH, oxidation doped CH, oxidation doped
Net CH, oxidation with 400 ppm NO, with 500 ppm NO
60O TOO %g%w‘lm‘:ﬂu BOC 700 ‘?x 200 'IOI::UK‘I1DO_|—ﬁ 600 TOO i‘;;ﬂm;?ﬂrw]ir]eﬂ?&lw12m
CH
T NO acts as a catalyst:
CH i
o] L=, . NO +HO, <> NO,+OH
CHg 7| CH,0%0 ;
¥ YN CHNO; | NO,+H <« NO+OH
C,Hs (o )c PR 2
E HO,+H < 20H
C,H, HC .
CSOZ/_HOZ—-—TﬁoZ/—OH---E NO acts as a catalyst:
Cg NO  NO,+HONO NO + CH,0, <> NO, + CH,0
2
+H/ -OH NO,+CH; <> NO+CH;0
— Net CH,
= CH, with NOx
----- Raéical branching CH,0, + CH; <> 2 CH,0
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NO - C;H; interactions

Without NO

g_ 300 - NO acts as a catalyst:

(=}

i NO +HO, & NO,+ OH
T 200+ 67 ppm

o

NO,+H <> NO+OH
HO,+H <2OH

100 . PFRT=0.7s.

C3Hg 425 ppm, O, 16 %,

o | He 8%, bajJance N, (76 %)
T T

400 500 600 700 800 900
Temperature [K]

® Small NO doping increases the reactivity of about 100 K. NO acts as a catalyst:
@ Without NO additi trati file is | h
ithou addition, concentration profile is less sharp NO + RO, <> NO,+ RO

NO,+R <> NO+RO

(Nelson and Haynes, 1996) ROZ +Re> 2RO
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NO - hydrocarbons interactions

g

g

£

:

2

80 €00 650 700 750 @800 @S0 900 @50 1000
Temperature (K) Temperature (K)
At low temperatures, NO addition inhibits An increasing addition of NO
reactivity. The effect vanishes as temperature -shifts the cool flame temperature window
rises, it persists up to 600 K with 50 ppm NO and towards higher T
670 K with 500 ppm. -reduces the NTC
- makes easier the transition to high T

NO inhibits the reaction at 600-650 K (LT ignition

mechanism), whereas accelerates it at higher
temperatures (NTC region).
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NO - hydrocarbons interactions: inhibiting effect

PFR- T=723 K- 1=2.555s. C,H, 175 ppm, 0, 10 % in N,

180
E 1600 )
2
- o

T, 140
(8]

120

20 60 100 140 180 220
NO [ppm]

Large amounts of NO inhibit the reactivity, because NO acts as a radical scavenger
NO + OH + [M] <> HONO + [M]
HONO+OH <> NO,+H,0
NO +2 OH < NO, +H,0
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Ammonia oxidation atlow T

OH,0 HO,
Jet-Stirred Reactor data obtained in ll
£ Nancy in diluted conditions "r‘
= . . . HO,, NO,
5 e Literature models predict an earlier "
. o, | HaNO - HONO
g reactivity (~100 K) lwol
3 HO,, NH,
2 ] * Low-temperature reactivity HNO =—==p NO
| sozean gy governed by O, initiation ‘Wx
0+ T T T - - NO nNo
600 700 800 900 1000 1100 1200 1300 2 M
> —-
Temperature [K] NNH 1’
NO N0
10 Sensitivity to NH; mole fraction e —— — —)
- 02=12% W 0, =4% T=1075K ® 0,=2%-T=1150% 38% 815%  1540%  40-95%  ~100%
E 81 ao2=a% —'-'_
5 | s
| =
‘g _}
*oa —
E
[ —— e ——
0 e —
600 700 800 900 1000 1100 1200 1300 | M|
Temperature [K] . R
l @ o4 a9 ou o e

Stagni et al. React ChemEng5(2020) 433 92 01 o 01 02 03
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Ammonia oxidation at high T

prr 'y
'Em NHj | 0 0,
E 3 o W Flow reactor data
i i - | obtained in Nancy i \NH
E 50 i
o no
omn 1400 1500 1600 1700 3800 1500 2000 nlm 1400 1500 1600 190 1800 1300 2000 N?HI NO NO
" [_]
> NNH N,0 :
I ) ;
| ""'"'"N' """" NO
» N,
........ . . —
38% 8-15% 15-40% 40-95% ~100%

B ND ON,

*  HNO decomposition drives NO

formation
| i « H-abstractions on NH; also affect

e NO/N, ratio
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™ 30atm a0 bar B 60 bar
1700 K 1195k IMEX
1000 s
: |
100 aobar] " | RITS rer=TTITOH
. R36: H,NO+0,=HNOHO,
10 - iy “ R1S: NH+HO =H NOOH
tamm Matmo o 60 bar| RIB: NH,+NOD,=H,NO+NO
1 Fld .j?'.'“ R13: NH,+NO=N,0+H,0
L R16: ANO=N, 0
& N 7" a0bar NH D=
01 i .o RIS H,NO+NH,=NH,+HNO
30atm RZ: WH +H=NH +H,
R3: NH 2OH=NH +H
0.01 ’ e
04 05 06 07 08 08 1 S
1000/T [K]
8 ®=075 @d=1 Wd=15
12 NH+NH=N,H,+H
& Romey (1588) -
R T=298K NH,+NO=NNH+OH
g H,+0=H+OH
% R HNO=H+NO o
3
] A NH,#NO=N,+H,0
g 6 NH+NO=N,0+H
2 aa NH;=NH+H )
& 4
£ s N,H,+H=NNH-H,
€ 254 . :
g, 4 NH,+0=HNO+H
H+0,(+M)=HO,(+M)
o
07 o9 n 13 1s 7

Equivalence ratio [-]

29 Tsinghua Summer School POLITECNICO MILANO 1863



Theoretical rate constant evaluation

ot NH; = NH,+H High-level quantum chemistry calculation of:
P=tam * Initiation reactions:
el R
= =R - NH;=NH, +H
T :. 3 2
= - NH; + 0, =NH, + HO,
16400 4
S e H-abstraction reactions:
1EQ2 o
= = Bamsich [A005)
S ek G 1 - NH; + HOZ/H/OH/O= NH, + HZOZ/HZ/HZO/OH
1E-04
3 4 s s T * Decomposition reactions:
10000/T [K1]
- HNO =H+ NO HNO =H + NO
NH2+ HOZ = NH3 + 02 bl O Clyne (1961)~ H,
1.0E+15 x  Atkinson (1973) —H,
u_ ::;:ij:w:élsw o Glarborg (1998) - N,
106414 :Em/ Differences g 4 Riley (2003) - Ar
= o 2
H | 4=y comparedto qmmp E..|
. literature H
= S = e hisworkear
LOE+12 Tt L Tsang (1991) - N,
-------- =« = Glarborg (1998) - N,
1Ea1s = =" Riley (2003) - Ar
ORI o 1 2 3 o5 1 15 2 25 3 35 4
1000/T [K1] 1000/T [K?]
Stagni et al. React Chem Eng 5 (2020
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Ammonia Redox process

NH, NH,
H,NO —>HNO —=>NO

There is a competition between the first oxidation to N2 and the complete
oxidation to NO (and NO2). Temperature controls the competing pathways
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SNCR temperature window

TEN

NH; oxidation

950 1150 T K]

Unfortunately there is a quite narrow temperature window, where NH, reacts with
NO forming N,
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Carbon nanoparticle beauty

“You would hardly think that all these
substances which fly about London, in the
forms of soots and blacks, are the very
beauty of the flames...”

S. Mary Magdalen Michael Faraday, 1861 ‘The Chemical History of
George de La Tour’s (1593-1652) the Candle’
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Carbon nanoparticle ugliness

Revealed: every Londoner breathing
dangerous levels of toxic air particle
Exclusive: Every area of the capital
breaches global standards for PM2.5
pollution particles, with most areas
exceeding levels by at least 50%

The Guardian
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Smog, Pm10 sopra i limiti: a Milano
"I'aria @ scadente", divieti in arrivo.
Superati i 53 giorni di sforamento dei

livelli di inquinanti dall'inizio dell'anno e

polveri fuorilegge ininterrottamente da
sabato 3: torna I'emergenza.
La Repubblica
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Carbon nanoparticle usefulness

c
ar Sic
{0, »=3.9nm
a,=1.16
G6F
>
=
s .
B, * sac (mobility) ., Sdc (TEM)
5 @D, =133 nm Dy =136 nm
S |
=) oy
= S4a
r D =232 nm
2r )
,l ‘o o =142
Jil i
; .f,,a_.!,i...««.ull N

Mobility Diameter, D, (nm)
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2 4 6 810 30 50 70 90

Flame-formed carbon
nanoparticles exhibit
quantum dot behaviors

C. Liu et al, PNAS, 2019, 116 (26) 12692-12697
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Fine and ultrafine particles and health

Ultrafine Particles are more dangerous than larger ones (1],

Ultrafine Particles are more numerous and with

Mass
concentration

Number
concentration

100

80

60

%

40

20

36
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Particles size distribution

larger surface areas [21.
Areas at risk /  Particle sizre

Nasopharynx 5-10 Micrometers

3-5 Micrometers

Trachea

Bronchial tubes 2- 3 Micrometers

Bronchioles 1-2 Micrometers

-1 Micrometers

Alveoli 0.1

tt

A 1-80 nm
| 80 - 1000 nm
O 1000 - 10000 nm

[l Oberdorster G. et al., Inhalation Toxicology, (2004) 16 (6-7) : 437
21 Woo et al., Aerosol Sci. Technol., (2001) 34: 75-87
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1.E+06
nuclei Combustion and Rock erosion,
, secondary nucleation jsand and sea
/ in the atmosphere Isalt, MU ELREI
. ! l o
{ transportation
§ 1Es05 § H po _0 ’
= / primary o, volcanos, tire
3 / particles 9047 |fragments :
= { l‘lb coagulation
=z / ” 1 ’ )
] h Sedimentation
S / Aggregates |
= 1E+04 ¢/ 1
=} ; I 0.001 0.01 0.1 1 10 100
! 1 Particle radius (pm)
| Coarse Particles After Warneck, 1988
1.E+03 . . o+
0.001 0.01 D,,pm 01 1 1 1 10
Rains sedimentation
Fine and ultrafine particles
P ‘ PM From A. D’Anna (2003)
. . . Adapted from: Woo et al., (2001)
Ultrafine particles (< 0.1 mm) are the main problem Aerosol Sci. Technol. 34:75-87
37 Tsinghua Summer School POLITECNICO MILANO 1863




Particles formation

postflame

10 ms

: flame : Ims

_ 0 ™ HIC\CH: Coz 02 Co
Reaction
T T T T time

Fuel + oxidizer
Premixed
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Adapted from Bockhorn, 1994

Pyrolysis pathway

CH,CHO <—C,H,

l

CH,CO

N\

HCCO

CeH,0

CHCH HACA mechanism

CH,CH — CH, — C,Hy — ¢ ,H,, —» CyH,, --> SOOT
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First aromatic ring formation

EVeI’I mechanism Frenklach M. and Wang H., (1990). 23" Symposium (International) on combustion
BN N
||| + - | —_ + H
o =z

Odd mechanism C3 + C3 Huntsman W. D. and Wristers H. J., (1967). J. Amer. Chem. Soc., 89: 342

\ / \ / N\_/ Fulvene
2 CH, _»v—>\\\ //_,h/—>

1,5 Hexadiyne 1,2,4,5-Hexatetraene  3,4-Dimethylenecyclobut-1-ene

0]

Cy-C; + C, mechanism Dente et al., (1979) Comp. & Chem. Eng., 3: 61

L= 0-0—~0~Qror
N
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1000 1200 1400 1600 T [K]

Benzene chemistry

H
CO + — ---- @
oxidation N HACA mechanism
| Frenklach and Wang (1990).
Saggese et al., Comb. Flame ;
160 (2013) 1168-1190. .

23rd Symp. Combust., 1105
N o +CH, CH +H C,H
- O— O—0 = —
- -

/ a3 -Hl+C,H,
Decomposition
toC,and C, 0
+H 3 +C,H,
RSR mechanism OO = > OO -H @

Miller and Melius (1992).
Comb. Flame, 114:192 -H|+C,H, -Hj+CH
2Mo

41 Tsinghua Summer School POLITECNICO MILANO 1863



One to four aromatic rings
PR
Y, C;H, R 2

i 0, “czuz
2O — = Qo
RSR [ /c, u, HACA
Miller and Melius Frenklach and
—o ©o=0v wers

©©© °:. ©©© CH,

POLITECNICO MILANO 1863
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Large PAHs

Al C,H,

POLITECNICO MILANO 1863
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The isomer problem
+C,H, +GH,
@@ N .-H’ CI0]
g T 0 T

Some isomers of C;H,,

Pyrene

Fluoranthene

Acephenanthrylene

aceanthrylene

indenoindene

1,1'-Biphenyl,2,2'-diethynyl- Benzene, 1,1'-(1,3-butadiyne-1,4-diyl)bis-
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Reaction classes and rate rule based model construction

IDENTIFICATION OF
— MAIN REACTION

Must be possible to assign kinetic parameters
—— through analogy rules or rate rules

45
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CLASSES - all rate constants are similar
—
EXAMPLE: H-ABSTRACTION BY H
THEORETICAL FROM THE AROMATIC RING
CALCULATIONS OF
REFERENCE KINETIC | CeHe + H > CeHs + H, | — k
PARAMETERS l https://github.com/PACChem/EStokTP l
@ Cavallotti et al., J. Chem. Theory Comput. 15 (2019) 1122-1145.
EXTENSION OF THOSE ABSTRACTION FROM RING SITES OF OTHER AROMATICS
PARAMETERS TO THE Analogy rules: ” : ¥ %
WHOLE REACTION simple corrections ﬁ o 0 ! °
CLASS (e.g. number of v ] L g
sites) kx5/6 kx5/6 kx5/6 kx4/6  kx8/6
Rate rules: corrections )
Ee—— * Understand impact of lateral groups
MODEL of parameters (kO, or additional riggs 8ot
— ORMANCE - . .
PERF EA..) based on «  Derive corrections to the reference
ASSESSMENT theoretical calculations rates
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Hierarchical rate rules for model consistency

THE REACTIVITY OF EACH SPECIES IS DERIVED FROM LOWER LEVELS >
|
- [A1-M][REACTION FAMILY] [A1,0H-M][REACTION FAMILY] [A1,0H,0H-M][REACTION FAMILY]
i [A1-M][BONDFISSION_CH]
. [A1-M][HABS_R]
. [A1-MI[ADD_O] (IPSO, EL_OH, ISC, ISC_DECO)
benzene [A1MIARD_02]
Rate constants: [A1,0H-M][BONDFISSION_CO/OH]
« As above *5/6 (number of sites) [A1,0H-M][MOLECULAR_DECO],[EL_H20]
{A1,0H-MI[HABS_R]
phenol [A1,0H-MI[IPSO_H], [IPSO_0O]
Rate constants: Rate constants: [A1,0H,0H-M]
" As above *4/6 (number of sites) As above *2 {number of sites) [MOLECULAR_DECO]
i 2 [A1,0H,0H-M] .
catechol
/ PECULIAR
Y ITY OF OH GROUP ALY IOR2
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Variations within the same reaction class: rate rules

SYSTEMATIC THEORETICAL INVESTIGATIONS ON EFFECTS OF THE LATERAL GROUPS OF MAHs

on RATE CONSTANTS FOR H IPSO-SUBSTITUTION REACTIONS CLASSES
ky ks
RCHR+H ———— A CH.R+R
ky ky
; = SET OF
i oH |m 3 5+ 15 RATE
2 . i p ] CONSTANTS
E R ]
w CH; |m
P - .
o g
OCH, | m s
" [
REACTION CLASS(ES): P DERIVEA TOTAL
R’ GROUP REPLACEMENT WITH H CHO |m OF 85 RATE
P CONSTANTS
SYSTEMATIC INVESTIGATION: o
GHs (M How?
EFFECT OF R LATERAL GROUP — IS THE SAME ;
= Rate rules
RATE CONSTANTVALID?

. Ref. rate for each class
: Effect of lateral group

Pratall Maffei et al., PCOP, 2020
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Variations within the same reaction class: rate rules

SYSTEMATIC THEORETICAL INVESTIGATIONS ON EFFECTS OF THE LATERAL GROUPS OF MAHs

on RATE CONSTANTS FOR H IP50-SUBSTITUTION REACTIONS

RATERULE:

' / ER\ + cos - AEREF
kR = 093Kk, TV exp(— Zan T Cp - ABAR-H

RT
R'
H H H
érk
R
R

HIGHLIGHTS
* SYSTEMATICIMPACT OF A LATERALGROUP R FOR

ALL CLASSES
* RATE RULE APPLICABLE FOR DIFFERENT REACTION

CLASSES
48 Tsinghua Summer School

CLASSES

- SET OF
il 5+ 15 RATE
5 CONSTANTS
-]
, |m
p
o
OCH; | m
£ DERIVE A TOTAL
o |m OF 85 RATE
P CONSTANTS
o
CHy [ m | How?
L Rate rules

Ref. rate for each class
| Effect of lateral group

Pratall Maffei et al., PCOP, 2020
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Variations within the same reaction class: rate rules

SYSTEMATIC THEORETICAL INVESTIGATIONS ON EFFECTS OF THE LATERAL GROUPS OF MAHs

on RATE CONSTANTS FOR H IP50-SUBSTITUTION REACTIONS

VERIFY THE RATE RULE WITH A CONTROLSET
OF > 30 CALCULATED RATE CONSTANTS

CLASSES

= SET OF
| PRRI PigTe - 5+ 15 RATE
| p CONSTANTS
J L £
al . N bl e ':
" waon ] Lot o
-l ® e oon
s 44 nom it s o g
1 i 3. % DERIVE A TOTAL
B & B cHO |m OF 85 RATE
wh @ el ‘1"* P CONSTANTS
a7 ’ . -]
gl ikl GH (M How?
g5 A7 A2 404 303 105 307 104 14 a1, g 3 23 P
loglh.} ! lﬂlllll.snl “ ’ Rate rUIes

Excellent agreement
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|

Ref. rate for each class
' Effect of lateral group
Set for validation

Pratall Maffei et al., PCOP, 2020
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From 1 to 2 ring : From toluene to a-methylnaphthalene

Kinetics of C,,H,CH; based on the extension of C;H,CH; model

. Analogy extension of the model from toluene to AMN:
=) «  Symmetry considerations
¢ Scaling by number of reactive sites

Theoretical validation of analogy rules: H-atom abstraction reactions by H, OH, CH;:
C¢Hs;CH3; + H,CH3, OH —» C¢H5;CH;, + H,, CHy, H,0
C10H¢CH3 + H,CH3,OH — C;(H,CH, + H,, CH4, H,0

10

- a. From the methyl 4 b. From the ring =
Take-home message: 101 S—% __TOLUENE

* On average, rare constants for AMN :§ 5t
are lower than in toluene (factor of £ l
1.2-1.5) E 10w I
» Different behavior for H-abstraction ok 1w | —"
| W i
by OH —
10° . :
06 08 10 12 06 08 10 12
1000/T, K 1000/T, K
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Examples of growth rate rules for PAHs

Growth pathways systematically applied on MAHS/PAHS from 1 up to 4/5 aromatic rings

Reaction class pplied on sference ie Ky a E,
MOL+CH3 1-3 aromatic rings CH3+C6H5C2H=>INDENE+H 3.00E+11 0.00E+00 7.60E+03
Methyl addition cyclization (MAC)  [B(E W= Ta: e ETTH L)
RAD+C2H2 |2-5 aromatic rings C2ZH2+C10H7=C12H8+H 1.10E+31 -4.83E+00 2.66E+04
Hydrogen abstraction carbon [(C10H7, C12H9, C14H9, C16H9, C18H9)

addition (HACA)

RAD+C3IH3 -5 aromatic rings (XC6H4, XC10H6, C12H7, C12H9, C3H3+C6H5=>INDENE 5.00E+12 0.00E+00 3.00E+03
Radical recombination (RRR) WIC14H9, C16HI, C18HI)

RAD+CAH5 1-5 aromatic rings CAHS+CEH5=>C10H8+2H 5.00E+12 0.00E400 1.00E+03
LR EL BN MELERN EN PR XCEHA, XC10HE, C12H7, C12HY, C14H9, C16HS,

addition (HAVA) IC18H9)

MOL+CEH5 [PAC) 1-4 aromatic rings CBHS+C7HE=CBHSCHZCAHS+H  1.00E+412 0.00E+00 8.00E+03

LUEED B L TR FE LT I (XCEHS, XC10H8, COHB, C12HB8, CEHSNCEHS,

C13H10, C14H10, C16H10)
RSR+CEHS (1-2 aromatic rings CBH5+CTH7=C6H5CH2CEHS 2.00E+12 0.00E+00 3.00E+03
Clustering of hydrocarbons by | , XC10H7, CaH7)

radical-chain reactions [CHRCR}

What happens to larger aromatics? Do they still behave in the same way?
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PAH Radical stability

B ©e

= 0
gzss Q. 285 0@?@
g 160

e e ol

T. Faravelli, ISF meeting 2018

“The experiments show that there is no difference in reactivity between the large open-
and closed-shell PAH. The radicals are not of the o-type with localized reactive sites but n-
radicals with no extra reactivity because of delocalization of the unpaired electron. The
tendency to form n-radicals increases with the size of the polyaromatic species. Thus, it
must be concluded that unpaired electrons in soot particles are also of the n-type and
therefore delocalized.”

A. Keller, R. Kovacs and K.-H. Homann, Phys. Chem. Chem. Phys., 2000, 2, 1667-1675
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Odd-C-numbered PAHs

" 2 i
gy L S B - —
ki, ";f“ A L LS "; b4 a5 10° RADICALS
:: s n’.”‘ 55 & A “.: :q" 5 10
O R S » R T as T ® 103 Group Il
F . it 5 T e - . Al
80 g 8"'. 4 it o 3 %
L SR R > e . Z| 10 Group Il
R R e A S ‘oa 1
. ‘:' NTE N a0 Rl S MR iy 10 ==
- v ‘ot R Ayt 100 = Group |
- Y S '.'D‘a =
= . e i a 9,4 3 101
Teo{ “ete @ TRl mwY !
g PP - St & 102 MOLECULES
x . . T T T 1
x: Ty 1500 1750 2000 2250
Truamemax [K]
_ 0dd-C-PAHs are
e 3 predominantly ri-radicals at
k! i
3, 8 flame conditions
s 27
XrpAH« AGX(T 1 Py
Detailed balance ——2* = exp _AGMN 1 Py
PAH < He + TTPAHe RT xg. P
https://github.com/PACChem/EStokTP Cavallotti et al. J. Chem Theory Comput. 15 (2019) 1122-1145
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Even-C-numbered PAHs

Singlet-Triplet energy gap calculations Kinetic analysis

Energy [keal/mol]

AE- ; [kealfmol]

Radical Termination

radicals
© + H =—

=10 4

k [em3/mol/s]

© +H— T H-additioR =
101 ————tomolecules,
Large acenes have di-radical character (ground state). 045 050 055 0.60 0.65 0.70
Their reactivity is directly related to a radical-like behavior 1000/T [K]
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PAH radical character impact

* Reactivity of closed- and open-shell large PAHs (nC > 100) not distinguished
- number of lumped-pseudo spieces (BINs) strongly reduced

» Reference kinetics for soot from gas-phase resonantly stabilized radical (RSR) PAHs

* Discrete Sectional Model

Soot particles as

persistent radicals . ) W ‘ Updated
OO0 ™ GO0, o OOLL oo
(. -H A -H
1 1 1 1 1 H

Oo

5
(]
El _'
1 1

Direct Oxidation O~

O ., LT
(JL — I
- ~ -
1 1 1 1
[ [
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CRECK Soot Discrete Sectional Model

o 25 classes of lumped pseudo-species (BINs) with different H/C
© Spacmg factor Of 2 Nobili et al., Comb. Flame, 235 (2022) 111692
. . cm? keal
BIN, C atoms Mass [amu] D, [nm] Main reactions classes Al p— ] n E[ m]
1. HACA mechanism
Heavy PAHs He +BIN, > H, + BIN;» 54100 2 105
OO‘O‘ BINI(e) 20 250 0.81 C,H, + BIN;*> products 10102 0 10
BIN2(e) 40 500 1.02 2. Soot inception (i, n < 5)
‘\ BIN;* + BIN,*=> products 1.0-10%? 0 6
q BIN3(e .
2 2 "L 3t 8 1000 1.28 BIN; + BIN,-> products 1.0-10° 0.5 0
% BIN4e 160 2000 1.60 BIN; + BIN,*-> products 1.0-1012 0 0
o Soot Particles 3. Surface growth
© BINSe 320 4x103 2.02 RR + BIN#-> products 2.0-10%2 0 19
. . . . PAH + BIN;*-> products 5.0-10% 05 23
’ ’ ’ : 4. Dehydrogenation
0 BIN12e 4 x10* 4.9 x 10° 10.11 BIN; > H, + BIN, 1.0-108 0 32
Soot Aggregates BIN;*-> He + BIN; 1.0-10% 0 12
“ BIN13e 8x 10 9.7 x10° 12.73 He + BIN;=> CHy¢ + products 12:10% 0 5
. . . . 5. Coalescence and Aggregation (i,n 2 13)
' BIN; + BIN, - products 16-108% 05 0
BIN25e 3.2x108  3.86x10°  202.12 6. Oxidation
OH + BIN; - products + HCO 1.7-107 -1 1.6
0, + BIN;* - products + CO+H,0 3.5-106 1.8 16.5
Saggese et al., Combustion and Flame 162 (2015) 3356-3369 0 +BIN; - products + HCCO 2.0-10%3 0 4
Pejpikestakul et al. Fuel 234 (2018) 199-206
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How Discrete Sectional Model works

CyoHip + ChoHig > CooHyg
(BIN1B) (BIN2B)

BIN2A (CyoH3,) BIN3A (CiHo)
. 80160

H/C
Lever rule

BIN3B (CaoHys)

BIN1B + BIN2B — 0.044 BIN2A + 0.456 BIN2B + 0.148 BIN3A + 0.352 BIN3B

Stoichiometric coefficients allow to save the atomic balances
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Soot sub-mechanism generator

Robust and flexible to study sensitivity to the

S0o0tSMOKE is an automated soot sub-mechanism generator

number of BINs and type of reactions 1

|SootSMOI(E|
: g 0.6
~ 70 species g 04

~ 10,000 reactions

=
ks

25 BINs model

58
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Mechanism validation

o e 0t 1ef
Molecular weight [amu]|

w10
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65 premixed and counterflow
ethylene flames selected

https://github.com/acuoci/OpenSMOKE

Cuoci et al., Comp. Phys. Comm.
192(2015)237-264

X b |
100 4% o 3 tmts = 10+ L i
+ Ametusan, Laim |35 25 X *  Giegsan, datm [41]
& Tuoriken, 1 atm [37] =< = Gmsan, Bstm [41]
& Takov JatmiE] 10
— 06 o m Tewko, Satmia] 2 = -
e 15 -
- £ - -
107 4 a
107
. ]
-
104 Premixed flames 1o - c rilow flames
1500 1600 1700 1800 1650 1850 2050 2350 2450
T peak [K] T peak [K]
]
10 33, o Terikoy |3 10 Jb. = biwang (5]
1 S e
.
§ ; :u*l.!“ ” - = 105 o sam:ﬂ]
an =4 !
o 100 3 ._E_E i ::m:;rr
] ;
o
g ] ae® 5 105y " 4HG00
& o7 Jux ® e
= 3 A 5
L= 1. E 1074 %
a jo*
i Premixed flames Counterflow flames,
™ T 108
10% 107 10" 107 0% 107 10% 107 104
Experiment - f, peak Experiment - f, peak
* Overestimation of f, ., in the range of 0.01-0.1 ppm, while satisfactory agreement in the range of 1-
10 ppm

* Discrepancies up to a factor of 8 in the measured f, .., varying the detection technique
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Selected flames

9.0107 1 & Premixed flames 1.2:10° 4, y ..founterfiow flames_..
*  $=23(F25) * = & P
b o =2.5(F26) L o e
E 5 =] . } E
B = : i
£ 60107 T 8.0107 4 B | s
g a | i
8 = @l P
= ] @
g § o 3815 (F61)
'§ 3.0107 4 2 40107 9 sl
g Z 4 o 631/ (F47)
§ E o 75 1/s(F48)
v %
Oa
0.0 +hsss i ¥ T T T 1 0.0 + F 1 T ¥
0.00 050 1,00 150 200 250 3.00 3.50 0.20 0.25 030 035 040 045 050 055
Axial coordinate [em] Axial coordinate [cm)
105 - ' -
T Premixed flames 8.010% 4. Sy
o 2.3 (F27) ] £
e AR W =25 (F28) ™ PE
= 101074 o 5 atm, $=2.05 (F29) - T 6.0:10° - ] g
5 ® 5atm, =24 (F30] iy s = {8
B ' [ 1] O i
8 9.010% - T kgl [ & o |
3 ® L 4.010° 1 2 atm (F43)
E T lem | == 5 3 atmi (F63)
2 6.0-10* A 1a™ E 4 atm (F&4)
g = 5 atm (F65)
5 -5
3 " & 20107 4
3.0-10° A
0.0 T T v - ] 0.0 4 e . :
0.00 050 1.00 150 2.00 250 3.00 0.30 0.35 0.40 0.45
Axial coordinate [cm) Axial coordinate [cm]
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Nascent Soot Oxidation in PFR

¢ Oxidation of nascent soot particles produced by different fuels, (ethylene, n-heptane, toluene)
e Highly diluted conditions
* Oxidation rates account for particle hydrogenation level (H/C)
* Toluene soot shows the lowest tendency toward oxidation due to its low H/C (~0.15)
g ethylene-1010K . 4 n-heptane- 1017 K . toluene - 1016 K
3 6 2300 ppm 1000 ppm O, 2300 ppm O,
26 i =
4t ]
52
5o
8 -
g 6 4500 ppm O, 4500 ppm O,
841
a0
32
5o
8 1 -
g 6 | 7800 ppm O, 7800 ppm O, | 7800 ppm O,
a4 1
o
g2
3
2o Bl S — | G e & =
2 4 8 16 32 64 2 4 8 16 32 64 2 4 8 16 32 64
Dp [nm] Dp [nm] Dp [nm]
Camacho et al. Proc. Comb. Inst. 35 (2015) 1887-1894
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Soot Oxidation

2.0:10% 4 a.
P=1atm, T=298-1073K, t1=0.35s, 10000
T Ly ppm 02 in N2 (soot formed in a laminar ethylene
o T .
£ 1.2:108 - flame C2H4 oxidized in the PFR)
&
& 0.810° -
; Previous model can not reproduce soot oxidation by
T 04:10° 1 0, due to the absence of H-abstracting species (high
- dilution)
E
10
2.0-1087 b. A 1.0-10% 5, Counterflow
e 1073K «-E- & xF=0.23, x0=0.9 I,":
J | = xF=0.25 it
T 1.620° 7 .. Inlet PSDF 2 « xF=0.28 it
3 - - - Model [26 £ Wis work it
= 1.2:0° | ) 6] S 5.0107{ - Model [26] =i}
g This work g e/ |
@0 .108 = i
g 0810 2 25107 Bl
> o .
£ [=] -
T 0.4-108 A
0 022 034 046 058 070
10 Axial coordinate [cm]
Dp [nm
Liu et al., Fuel 234 (2018) 335-346 Hwang & Chung, Combust. Flame 125 (2001) 752-762
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Soot Oxidation

Premixed flame

1100

T a. =1.14-0mm 1.5mm 2.0mm 3.0mm

g 1'10]1 ¢ovzm\l 5.0mm

=

g 110°

2 1107 15 o %

2

: )

© 110 4 o - 1 T T . - 1 v r
1 10 100 1 10 100 1 0 100 1 10 100 1 10 100

Dp [nm] Dp [nm] Dp [nm] Dp [nm] Dp [nm]

_ 1108

E b. dyyeri=0.8 -0mm 25mm 3.0mm 4.0mm 5.0 mm

S 110m

=

& 110°

S

2 7

e ° 0&13&,,

© 110° + : ! | ! - 1 v v + }
1 10 100 1 10 100 1 10 100 1 1o 100 1 100

Dp [nm] Dp [nm] Dp [nm] Dp [nm] Dp [nm]

Particle fragmentation not captured

Echavarria et al. Proc. Comb. Inst. 33 (2011) 659-666
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Soot and hydrogen

NC7 counterflow flames: hydrogen addition and soot

i ! ' : : i e e T w0
a-Heplane AT Exp. Sim. n-Heptane
ash T K=505" %04 X, 04] = asl| ® ——R0 | K=s04lXe04 5L
Eaof Expy: Sin. 5 WE 4 R4 . EETY S 1
[p—— i ——— 1 ] 35 |
£ ' o — 04| EF . E ]
EBT ‘. & —p,=04(] BT = 1 g
2 = A 2 : S
I 1% ——sim-2pe0 || F 1St . : B ]
g | 3 wE ] 1 %
5 0 E o5k ) 3 04 4
0o ’ o - - 00 ln. T T T T T T 00 . T . . r
3 3 H s H u H g 026 0.30 032 D14 036 038 040 042 0.4 0496 048 @ 50 & M 30 % 10 e
Peclel At s Sty Onygen mole faction, X, Gilohal sirain e, K (5"}
1D-2D simulation effect oxygen mole fraction effect global strain rate effect

XHy(He) 2v NI
*RHz(He) = —+2 ¢ K = F 1+ F\PF
XfueltXH,(He) L Vo2 /POZ
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Oxygenated fuel effect on soot

PFR,P=1atm,t=2s
0.02 (mole fraction) pure fuel in AR
0.01 fuel, +0.01 fuel, in AR (50% molar mixture)

'y

Ethanol Dimethyl ether (DME)
CH,CH,OH CH,COCH,
Experimental data CRECK model

140 400
120 350
% 100 % 300 7
£ f E 250
§ 80 i §200
£ 60 | £
] | jy 100%C2H4q 5 150 100%C2H4 |
8 40+ S50%EtOH &° S 100 SO%EtOH &

100%EtOH o 100%EtOH

20 P~ 50%DME ¢ 50 <" 50%DME &
o 100%DME & o ? 100%DME
1473K  1373K  1273K 1473K  1373K  1273K
Temperature [K] Temperature [K]
Zhang et al., Journal of the Energy Institute, Ethanol less effective than DME in reducing soot
93 (2020) 1288-1304 formation
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Why ethanol less effective?

C bond to oxygen does not contribute to soot formation. Assuming the same sooting yield of the Cand C
atoms forming C2 species, it is possible to calculate the different sooting tendency:

Expected: C=50%- C=50%
Measured: C=62%- C=38%

Ethanol reactions to ethylene account for ~54 % of ethanol disappearance

Relevant role of the dehydration reaction, Hr/g?—“
which allows C to be included in the soot. H—?XCI—H — H—?=CI—H +H,0 100 Catoms
1m g— - it H H H H CH;CHZOH

Ethanol-1-*C Ethanol-2-1°C

_\OH 'ﬂcm: i SV \46

............... CH,=CH, CH,CHO

V.o,

% Carbon Contribution
to PM (wiw)

50 -
0.5x54 + 17 CH=CH CH; co
—_—62% .
----- 54 +17 18 i iﬁ
Soot CH,

n-
Exp data: A. Eveleigh et al., Comb. Flame, 161,
2014, 2966-2974
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DME effect on soot

Choi et al., J. Mech. Sci. & Tech., 29 (2015) 2259-2267 Lo CH3 L1t CEHE .10®  CGHS
§ 5° a 5
2.5E-06 - =
i 5, L0 ﬁ
< Neat C2H4 2 -l 2
2.0E-06 - dgp O 5% DME 2 1 2 £
) o A 14% DME 0s 06 a8 0 08 08 0.8 06 08
c & © 30%DME Camz Lot C10H8 .10F  C5MS
£ 15606 e — CRECKmodel ~ goos N 52
: ° : PN
@ 1.0E-06
: 2. L L,
° 04 08 08 04 a6 08 04 a6 08
2 5.08-07 10 C3H3 L10*  C16H10 1 CTHT
3 5 §2[ 7 5!
0.0E+00 2, E‘ Ty B @
03 04 05 06 07 08 09 2 2 2
Axial coordinate [cm] =q =g =,
0.4 06 [:¥ ] 04 a6 oa 04 0.6 08
Rate of Production Analysis - Benzene (C6H6) 0" CAHS Lo’ BINIA 10" INDENYL

H+C7H8=CH3+C6H6
CYC6H8=H2+C6H6
CH3+C6H6=CH4+C6H5

Mmafra“.?mn
S

Lumped
@ 5-rings
PAH

Mol fracticn
o N
Mol fraction

m Neat C2H4 0. [ 08 04 a6 08 04 06 08
m5% DME C6H6=H+C6H5 Flame/Reactor length [om]  Flame/Reacter length fom]  Flame/Reactor length [om]
m30% DME C2H4+C6H5=C2H3+C6H6

2C3H3=C6H6

C2H2+C4H5=H+C6H6
H+FULVENE=H+C6H6
H+C6H6=H2+C6H5

From benzene’s ROPA it is not easy to
understand the non-monotonic behavior of
soot
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Reaction rate [kmol/m3/s]
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En.ﬁ (+ vs -). By increasing %DME:
] .
%f‘n,‘“ B e double/halve SVF)
£ [ * Among main precursors of the first ring (benzene):
E,
Ez decreases for 30% DME [-]
Dﬂ.-‘lmd| 0s DﬁHcoﬂ.? o8 08
o I C soot precursors becomes even more evident [+]
,E o
E&'
Eu .
. dominates soot growth
) L C2H3
E DME
8 CH,OCH, ,/CH;0
‘:‘h‘ as a6 or o8 0e f‘ Cqu
S ont CaHS CH, HCO
g
& HCO+C,H,=CO+C,H, (only for 0% DME [+
3 C,H,+C,H;=H+C,H,; (main pathway to butadienes)
‘}u a5 @6 07 0B 03 H+C4H6=H2+C4H5

f the even pathwa

Tmax decreases, i.e. from 2245 K (0%) to 2215 K (30%) [+]. (+/- 50K can

o C,H, and C;H, are almost equal for 0% and 5% DME, while strongly
o C4Hs increases > from 1- to 5-ring (BIN1) PAHs the relative ratio of

CH, increases = branched aromatic molecules and radicals, (C7H8 and
C,H, [+] = RSR such as benzyl and indenyl (primarily formed from benzyl)

006 003 000 003

due to competitive efrects

Rate of Production Analysis- CZH3

ol HEDHCIHZ=COHLIHE
% OME
= 14% DME CHISCTHA-CHANCIHE

Shon e OHHC2HA=HIO+C2HI

HeCZHMI=C2HY M)
HeCaHB=C2HA+CIHE
H+{ITHA=HI+CIHS

aoe 008
Feaction rate [kmol/m3/s]
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Some open questions

100 ms

10 ms

1ms

0ms
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Reaction time

Adapted from Bockhorn, 1994

Tsinghua Summer School

inception

Same mass, i.e. same bin, but very
different surface area: different
reactivity.

It is important to characterize the
primary particle distribution and
the fractal dimension, without
excessively increasing the number
of species

Chemical and physical interactions
of large PAH radicals (n or ) can be
responsible of the first particle
formation, but a final quantitative
assessment not reached yet.
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RECAP
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v NOx

O O O O O

v Soot

o O O

Thermal mechanism
Prompt mechanism
N20 mechanism
NNH mechanism
Fuel NOx

Reburning

SNCR

First aromatic ring formation
From one to two aromatic rings
PAH growth

Discrete section approach

Tsinghua Summer School

RECAP of RECAPS
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AN NI N N W N N NN

Chain reaction mechanism: radicals and their stability

Rate constant estimation
Combustion mechanisms from H, to real fuels
Validation data and data interpretation
Lumping techniques and mechanism generation
Automatic validation

Pollutant formation: NOx and soot

Tsinghua Summer School

Thermodynamics: enthalpy, entropy and equilibrium constant

Reaction rate and rate constant: composition, temperature and pressure effect
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