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Abstract

Thermodiffusive instabilities
(TDIs) wrinkle the front

Lapenna et al. (2023)

Wrinkles are small ⇒
model for LES needed

DNS
w/ TDI

DNS
w/o TDI

Berger et al. (2022)

Operator-based stability analysis
captures perturbation growth
at DNS accuracy, up to 106×
cheaper in 2D (108× in 3D).
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Findings link directly to LES models
of thermodiffusive instabilities
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1 The idea: replace an expensive 2D/3D DNS by one 1D eigenvalue problem per wave number k
Proof of concept: the LSA reproduces Landau’s analytical growth rate and eigenmodes

Linearize around the
planar 1-D flame
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Darrieus–Landau flame (1944): the flame as a discontinuity

0 = ∇ · u
∂u
∂t

= −(u · ∇)u − 1
ρ
∇p

q = q(x) + ε ˜︁q(x, y, t)
˜︁q = q̂(x) ei(ky−ωt)
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iω(k)B q̂(x; k) = A(k) q̂(x; k)
unknowns: eigenvalue ω(k)

(growth rate ωi(k))
and eigenvector q̂(x; k)

linearize

Fourier in y, t

one 1D problem
per k

discretize in x

2D Euler 1D in x: unknown q̂(x; k)

Eigenvalue problem

LSA dispersion relation and eigenmodes = Landau’s analytical solution (σ = 2; modes at k∗y = 8)
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2 The step up: LSA for an H2–air flame using one-step chemistry, including preferential diffusion
LSA growth rates match DNS, at 106× lower cost

Same linearization, finite
flame thickness

q = (u, p, Yk, T)
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Darrieus–Landau flame + new physics = H2–air flame

New: species and energy transport
transport equations for the species Yk and the energy (temperature T) in addition to the
flow

New: Arrhenius chemistry
one global H2–O2 step: the reaction rate rises steeply with temperature

New: T-dependent thermodynamics
heat capacity cp(T) from NASA polynomials instead of a constant value

New: Preferential diffusion
H2 diffuses faster than heat and O2 (LeH2 < 1): this drives the instability

Same LSA solver→ dispersion relation ωi(k)

LSA growth rates match DNS (TDI = thermodiffusive instabilities)
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(a) ϕ = 0.5 (b) ϕ = 1

3 Implications for LESmodelling: from linear flame response to amodel for enhanced burning intensity due to preferential diffusion (I0)
One physics-based factorGd collapses 35 DNS cases onto a single curve for I0

Which result predicts I0? Candidates (a)–(c)

ω∗
i,max

(a)

k∗max
(b)
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Gd evaluated
at k∗max

unstable k∗ = k δth

ω∗
i = ωi δth/SL

Try 1: quantities read off the dispersion relation are not enough

I0 = howmuch faster the wrinkled flame burns than a flat one
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(a) × scatters (b) ✓ fits, no
obvious
physical link

(c) ✓ fits, no
obvious
physical link

Idea: Gdmeasures the flame front’s own speed-up

1 Front speed

Sd = −
∂tc + u · ∇c

|∇c|
front speed relative to the flow

2 Linearize

Sd ≈ Sd + εˆ︁Sd eiky
flat flame + small wrinkle

3 Normalize

Gd =
δth
SL

ˆ︁Sd
η̂

divide by wrinkle size η̂ (amplitude-free)

Gd =
δth
SL

[︃
ωi(k) − Re

{︃
ûx(xf , k)
η̂(cf , k)

}︃
− ∂ux

∂x

⃓⃓⃓⃓
x=xf

]︃
Growth rate
growth of
the contour

displacement in
time: the total

speed-up of the front

Flow fluctuation
removes the motion

caused by the
local flame-normal
velocity perturbation

Base-flow gradient
change of base-flow
velocity sampled as
the contour moves
through the flame

Test: 35 DNS cases (ϕ = 0.4–0.9, Tu = 250–500K, LeH2 = 0.5), I0 followsGd on one curve
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All 35 cases collapse onto
one curve: Gd can be linked
to I0.
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