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Motivation

e Chemistry set (a.k.a. kinetic scheme, reaction set, kinetic mechanism, ...) is in

the centre of every plasma numerical model.
e Large published chemistry sets for plasma modeling might contain up to a
hundred species and many thousand reactions [1]. This can pose some

challenges with computational cost.
e Almost all published chemistry sets contain redundant species and reactions

[2].

[1] Koelman P, et al 2017 Plasma Processes and Polymers 14 1600155

[2] Tomlin A'S, et al 1992 Combustion and Flame 91 107-130
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Chemistry set optimisation and insights

“Which species and
reactions are in fact
redundant?”

Chemistry Set:

o0 QO

Ng species
NR reactions
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Chemistry set optimisation and insights

e Redundant species/reactions ...
o ... related to which model outputs? Species of interest.
o ... related to which set of plasma parameters or process conditions? Reduction conditions.
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Chemistry reduction example - N_/H,

e Starting with the detailed reduction set for N_/H, plasmas (published [3])
o 42 species
o 408 reactions

Neutrals H Hy N Ny NH NHy NHj

Excited States ~ Hy(b3X}) Ha(B'X]) Hy(c?IL,) Ha(a3X}) Ha(v1) — Ha(ws)
N(2D) N(2P) N2(A3%F) No(B3II,) Na(a’ 1) No(C3I1L,)
Ng(l/l) Nz(l/g)

Positive Ions Ht HI HI N* NJ NJ N NHT NH NHI NH NoH*

Negative Species e H™

[3] Hong J, et al 2017 Journal of Physics D: Applied Physics 50 154005
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Chemistry reduction example - N_/H,

e Species of interest:
o NH, NH,, NH,
e Reduction conditions:

o Pressure: 9 Pa
o Temperature: 300 K
o N2/H2 ratio: 1:9
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Chemistry reduction example - N_/H,

23 species identified as redundant:
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N,*, N,*, N(2D), N(2P), N7, F“:::;

HZ(B)’ Nz(a,)’ NH", Hz(a)a Nz(C), 2 101“?
H, NZ(B)’ NZ(A)’ H2(V3), NZ(VS), :
N,(v7), N(8), N,H', N,(v5), —
N2 ’ N2(V4)’ N2(V3), NZ(VZ) _ | i I :::2

1017 .

t(s)

Species: 42 — 19

Reactions: 408 — 91




Species ranking

Detailed
chemistry set
(e.g. N, +H,)

Reduction conditions
(p=10%Pa, V=10%cm?3,
P=500W, ...)
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Ouantemol ¢
Species ranking

Detailed
chemistry set
(e.g. N, +H,)

Global model
of plasma

Reduction conditions
(p=10%Pa, V=10%cm?3,
P=500W, ...)
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Species ranking

Detailed

chemistry set Global model
(e.g. N, +H,) of plasma
D
Reduction conditions <
(p=10%Pa, V=10%cm?3, .-
P=500W, ...) iv
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Species ranking

Chemistry graph \
Species: A, B, ...

Direct interaction coefficients: w

Detailed

chemistry set Global model Indirect coupling coefficients: W
(e.g. N, +H,) of plasma
Was =f (paths,_,p)
Reduction conditions < )
(p=10%Pa, V=10%m?, o = ﬁ>
P=500W, ...) i Ty
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Species ranking

Direct interaction coefficients w

e Based on the DRG theory [4]
S8 |av; R,63)|
Zj’szl |av; R

Wap =f (paths,_,p)

e w(u,v)=

Indirect coupling coefficients W

e Based on Dijkstra’s “shortest path” graph
search algorithm [5]

e Searching for the path minimizing > (1/w)

o W=>w

[4] Lu T and Law C K 2005 Proceedings of the Combustion Institute 30 1333-1341
[5] Dijkstra E W 1959 Numerische Mathematik 1 269-271
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Species ranking

Chemistry graph \
Species: A, B, ...

Direct interaction coefficients: w

Detailed

chemistry set Global model Indirect coupling coefficients: W
(e.g. N, +H,) of plasma
Was =f (paths,_,p)
Reduction conditions < )
(p=10%Pa, V=10%m?, o = ﬁ>
P=500W, ...) i Ty

Species of interest
(e.g. NH, NH,, NH,)




Species ranking

Detailed
chemistry set
(e.g. N, +H,)

Reduction conditions
(p=10%Pa, V=10%cm?3,
P=500W, ...)
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Global model
of plasma

Chemistry graph \
Species: A, B, ...

Direct interaction coefficients: w
Indirect coupling coefficients: W

Wag =f (paths,_,p)

Species of interest

(e.g. NH, NH,, NH,)

Species ranking scores

‘ C, = max Wx.x,,»  species of interest {Xj}.
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Species ranking

Resulting species hierarchy reflects how each species is important to model the
collective set of species of interest

r

> )

S, (most important) _ _ _
S Likely to be essential species

2

S,

S4

Sn-2

S, Likely to be redundant

‘ S, (least important)
J
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Species-oriented ranking-based reduction method

|D etailed chemistry }_|- Solve a plasma model with the
|Conditions P}—r detailed chemistry set and for —_—

Model
outputs

specified reduction conditions

| Plasma model

|Ranking scheme }_I_ Build the species ranking with the
|Species of interest ':'—’ specified set of species of interest

/
Run the iterative reduction loop:

Eliminate the lowest-ranked
species

Solve the plasma model with
the reduced chemistry set

Evaluate the reduction error &

Maximal allowed

error A
no

yes

Return the eliminated species
back into the reduced chemistry

o (B

Terminate?

no yes




Reduction conditions
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It is important to capture a range of conditions in the chemistry set reduction

Set of particular
reduction conditions #1:
“locally” redundant sp.

>

Set of particular
reduction conditions #3:
“locally” redundant sp.

“Globally” redundant

{_ Set of particular

reduction conditions #2:
“locally” redundant sp.

Set of particular
reduction conditions #4:
“locally” redundant sp.




Ouantemol &

Thank you for your attention.

For people interested in details, check out the paper accepted in PSST:

Fast species ranking for iterative species—oriented

Skeletal reduction of chemistry sets
https://doi.org/10.1088/1361-6595/abcd53



https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.1088%2F1361-6595%2Fabcd53&data=04%7C01%7C%7C3839bf5634cf4b8d17ae08d890c896d7%7C1faf88fea9984c5b93c9210a11d9a5c2%7C0%7C0%7C637418538481174791%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=hKunjSG0n%2BoZDDsJytzrDI2L2h08AV9EO1on2W0bs%2FM%3D&reserved=0

