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ARTICLE INFO ABSTRACT

Keywords: A fully coupled flame-solid interaction problem is investigated using a laminar strained premixed ammonia/hy-
Laminar premixed flame drogen/air flame stabilized at a plane wall. Heat transfer from the flame to the wall is explicitly considered, and
Ammonia/hydrogen

the resulting transient temperature evolution within the solid leads to combustion-induced deformation and
stress development. Inconel 718 is selected as a representative wall material, and its temperature-dependent
thermo-physical properties are described using thermodynamically consistent formulations derived from the
Helmbholtz energy. It can be shown, that a linear temperature dependency for the bulk and shear modulus,
as well as for the thermal expansion coefficient directly implies a strain dependency of the heat capacity
at constant strain. This contribution to the heat capacity turns out to be negligible for the here investigated
Inconel 718. Both steady-state and transient configurations are examined. In the steady-state configuration, the
influence of thermal radiation on the temperature distribution inside the plane wall is assessed. In the transient
configuration, a cold plane wall is suddenly introduced into the flame system and subsequently heated, and the
entire heating process is investigated under varying imposed flame strain rates. The results show that increasing
flame strain rate accelerates wall heating and shortens the time required for thermo-mechanical stress to reach
the material yield strength, despite reduced flame temperatures. The quasi-static assumption for the balance
equation of linear momentum is validated, while the Gough-Joule effect is shown to be negligible for the
conditions considered. These findings provide fundamental insight into transient flame-induced heating and
thermo-mechanical response of solid structures.

Gough-Joule effect
Quasi-static assumption
Flame-solid interaction

1. Introduction non-uniformities in thermal stress have been reported in [9], resulting
in structural deflection and crack initiation. The coupling between

Understanding the interaction between combustion processes and  flame and solid material is strongly bidirectional. For instance, exper-

the corresponding material behavior is fundamental to advancing pro-
cess safety, energy efficiency and high-temperature material design.
During combustion, materials undergo complex thermo-chemo-mech-
anical loading such as corrosion [1,2], phase change [3,4] and struc-
tural damage [5,6]. Therefore, such coupled flame-solid interaction

iments and simulations of pressurized combustors [10] showed that
wall vibration can amplify combustion instabilities, thereby increasing
the risk of fatigue failure. Transient thermochemical processes such
as startup, shutdown or load shifting of thermal systems can impose

processes are recognized as a critical role in determining the overall
stability and efficiency of combustion systems, as well as the thermal
performance and failure modes of engineering materials exposed to
high-temperature environments. For steady premixed strained flames,
pressure-induced enhancement of interfacial temperature gradients
has been shown to significantly increase thermo-mechanical load-
ing on solid material, with stresses reaching or exceeding the yield
strength [7]. Related studies on intrinsically unstable hydrogen/air
flames [8] showed that thermodiffusive instabilities intensify near-wall
heat losses and largely alter the flame structure. In more complex high-
temperature devices, such as steam-reforming reactors, pronounced
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rapid thermal loading variation and the associated thermo-mechanical
stresses, accelerating material degradation over operational cycles [11,
12]. The present flame-solid interaction problem is also closely re-
lated to a broader class of combustion phenomena involving thermal
feedback between a reacting flow and a solid material, such as solid-
fuel burning and flame spread along surfaces. In these systems, heat
transfer from the flame to the solid governs key processes including
ignition and extinction, while the thermal response of the material in
turn influences the flame structure and propagation behavior. Recent
reviews such as [13] have highlighted the central role of such coupled
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thermal feedback mechanisms in determining system stability and
burning limits.

However, accurate prediction of flame-solid interaction requires
a physically consistent representation of the thermo-mechanical be-
havior of the solid material. Fundamental properties such as heat
capacity, elastic modulus, and the coefficient of thermal expansion are
not independent quantities; rather, they are thermodynamically linked
and must obey compatibility relations derived from the Helmholtz
energy [14-16]. This framework guarantees that the resulting consti-
tutive relations remain thermodynamically consistent across the entire
deformation and temperature range. Such a rigorous formulation is
particularly critical here because the temperature fields generated dur-
ing transient combustion process are highly non-uniform. Relying on
independent tabulated material data may violate thermodynamic con-
straints, potentially yielding unphysical stresses or inconsistent thermal
expansion behavior.

Furthermore, the energy balance and the balance of linear mo-
mentum are coupled with each other, such that volume changes can
also induce an elasto-caloric effect, which is known as Gough-Joule
effect. Previous investigations, such as [17], showed this effect in solids
subjected to prescribed pressure, temperature and heat-flux boundary
conditions, and concluded that its influence on the predicted thermal
and displacement fields was negligible for those configurations. In
contrast, the key difference in the present work is that the flame is
dynamically coupled with the material, rather than being imposed
through fixed boundary conditions. During the transient combustion
process, the flame structure itself can evolve in response to changes
in wall temperature, heat losses and local burning conditions. As a
result, the surface heat flux and temperature no longer remain pre-
scribed but instead stem from the interaction between the flame and
the wall. Such a configuration introduces a significantly more com-
plex thermo-mechanical coupling, in which deformation of the solid
may influence the local temperature field through the Gough-Joule
effect, while simultaneously altering the flame behavior. Therefore, it
is necessary to re-evaluate whether the Gough-Joule effect remains
negligible in this fully coupled flame-solid system, particularly during
the transient stages where thermal gradients, material deformation and
flame dynamics interact at the same time.

In addition, in most studies, the balance equation of linear mo-
mentum for solid materials is commonly treated under the quasi-static
assumption, which assumes that inertial effects are negligible [18-20].
While this simplification is often valid for slowly varying thermal
environments, its applicability under transient combustion conditions
remains uncertain. During combustion, flame temperatures can reach
extremely high values and fluctuate rapidly, inducing correspondingly
transient thermo-mechanical stresses in the solid. Under such condi-
tions, the validity of the quasi-static approximation in fully coupled
flame-solid systems requires careful evaluation as well.

The objective of the present work is therefore to develop a thermo-
dynamically consistent modeling framework for fully coupled flame-
solid interaction and to investigate the transient heating process and the
resulting thermo-elastic response of a solid wall. Particular emphasis
is placed on (i) the role of the strain rate in the flame in controlling
heat transfer and stress development, (ii) the validity of commonly
used modeling assumptions such as the quasi-static approximation,
and (iii) the relevance of elastic-caloric coupling mechanisms such as
the Gough-Joule effect. To investigate these questions, a simple yet
realistic combustion configuration, namely a laminar strained premixed
flame stabilized at a plane wall, is considered. Heat loss from the flame
to the wall is explicitly taken into account, and the resulting temper-
ature variations give rise to combustion-induced thermo-mechanical
deformation and stress development within the solid. The study is
divided into two main parts. First, the steady-state configuration is
examined, with particular emphasis on the effect of thermal radiation
on the temperature distribution inside the plane wall. Second, and
more importantly, the transient heating process is investigated. In this
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scenario, a cold plane wall is suddenly introduced into the flame system
and subsequently heated, and the entire heating process is analyzed
under varying imposed flame strain rates, representing different flow
velocities. The validity of the quasi-static assumption in the balance
equation of linear momentum and the role of the Gough—Joule effect
are examined in detail.

Throughout the whole work, Inconel 718 is selected as a represen-
tative solid material due to its excellent mechanical strength, thermal
stability, and widespread use in high-temperature combustion and
energy-conversion applications [21-23]. The temperature-dependent
thermo-physical properties of Inconel 718, including the bulk modulus,
shear modulus, thermal conductivity, heat capacity and coefficient of
thermal expansion, are represented by fitted functions of temperature.
These fits are constructed in a thermodynamically consistent manner
based on the Helmholtz energy formulation, ensuring physically mean-
ingful coupling between the thermal and mechanical responses of the
solid during the flame-wall interaction.

Furthermore, ammonia/hydrogen blends have attracted increasing
attention since they are considered as promising carbon-free energy
carriers for next-generation combustion systems [24-26]. Compared
to conventional hydrocarbon fuels, ammonia/hydrogen mixtures show
fundamentally different combustion characteristics, including different
heat release behavior [27,28] and strong preferential diffusion effects
arising from the large disparity in molecular diffusivities between
ammonia and hydrogen [29-31]. These features can significantly alter
flame structure, stability and extinction behavior. As a result, under-
standing flame-solid interaction in such fuel systems is of particular
importance for the development of future zero-carbon combustion
technologies.

Notation: Throughout the whole work, a symbolic tensor notation
is used:

» Scalar quantities are denoted by lower and upper case Latin and
Greek letters, e.g., T, K, G, p, v;

» Vectors and tuples are denoted by bold lower case Latin letters,
eg.,q ¥ f;

» Second-order tensors are denoted by bold Greek letters and bold
upper case Latin letters, e.g., ¢, o, §, A, B;

+ Fourth-order tensors are denoted by upper case blackboard bold
Latin Letters, e.g. A, B and C.

Dot products such as o - € are scalar products, regardless of tensor
order. The linear mapping of a second order tensor by a fourth order
tensor is written as A[¢], and the dyadic product between two tensors
as AQ® B.

2. Linear thermoelasticity: Thermodynamic treatment
2.1. Fundamentals of thermoelasticity

In the following, a thermodynamically consistent framework to
model the thermoelastic wall is introduced. Here, the independent
field variables under consideration are the displacement u(x,t) and
the temperature T (x,?). Their evolution is governed by the balance
equations of linear and angular momentum and the balance equation
of internal energy. For small deformations, i.e., ||H| < 1, where
H = 0u/ox is the displacement gradient, the balance equations can be
written as

poit = pob + div(o), (€D)]
6 =o' (2)
poé = pow —div(q) + o - €, 3)

where the mass density can be approximated by a constant density
p=po(l —tr(e)) =~ py (see e.g., [32]). Here, b and w are the mass force
density and the specific heat source, respectively, and their values are
assumed to be known. The Cauchy stress is denoted by o, the heat
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flux vector by g and the infinitesimal strain tensor by £ = sym (H). The
material derivative is denoted by a superimposed dot and tr (¢) denotes
the trace of the strain tensor. In order to determine the field variables u
and T through the balances of linear momentum and internal energy,
appropriate constitutive equations for o, q and e are needed. In this
work, we focus on thermoelastic simple materials, as introduced in
depth, for example, in [33]. Within this framework, all constitutive
variables are assumed to be functions of the infinitesimal strain tensor
€, the temperature T and the temperature gradient g, i.e.,

n=1T,g),
c=06(T,g), (©)]

v =y(T,g),
q=24(,T,g),

with the specific entropy # and the specific Helmholtz energy y =
e—Tn. The material behavior is generally constrained by the second law
of thermodynamics, which states that the specific entropy production
py> Occurring in the balance of entropy

. w . (4
pori = poz — div (;) + PoPy- (%)

must be non-negative, i.e., Py 20 (see e.g., [32]). This can be exploited
within the Coleman-Noll procedure [34], which results in necessary
conditions for the constitutive functions. Here, we start by combining
Egs. (3) and (5) to obtain the Clausius-Duhem inequality
Loe—y-ni-—Lgg>o0 ®)
Po poT

Substituting the functional dependencies (see Eq. (4)) leads to

0 0 .0
ANCUA DUy (RN S
po O€ oT g
1
-—q-820. @)
pOTq 4

This inequality must hold for arbitrary thermodynamic processes [34]
yielding the potential relations for the stress tensor and the entropy as

oy

oy
W Mo
P05e

aT ~
as well as the remaining dissipation inequality

-, ®

-q-8=0, )

providing an additional restriction to the modeling of the heat flux vec-
tor q. Additionally, it follows that oy /dg = 0, i.e., y and consequently »
and o are independent of g. Introducing the relations of Eq. (8) as well
as the definition of y into the balance equation for the internal energy
(Eq. (3)) gives the heat conduction equation for the temperature T as

poc.T = pow — div(q) — TB - ¢, (10)

with the heat capacity for constant strain ¢, = —~T0*y/0T? and the
coefficient of thermal stress g = —p,0>y /0edT = —dc /T (see Table 1).
Furthermore, we assume the standard Hooke’s Law

o(e,T) =C(T)[e — g, (T)], an

in which C denotes the elasticity tensor of fourth order, to be valid.
Here, the thermal strain &4 can be related to the thermal expansion

coefficient a as

deth

— =a(T). 12
ar a(T) 12

Therefore, Eq. (11) can be rewritten as
o(e,T)=C(T)[e] - A(T), 13)

with the thermal stress

T
A(T)=C(T) [/T a(T)dT] . 14

0
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Table 1
Thermodynamic coefficients.

Relation

Ble.T) = —py %

Quantity

thermal stress coefficient

heat capacity ¢ (e,T) = -T2v

oT?

elasticity tensor CT) = po %’

Using the relation of Eq. (8) the correlation between the elasticity
tensor and the Helmholtz energy can be derived as
oo Py
C(T) = — =py—. 15
(1) % Poom 15)
Lastly, by using the definition of the thermal stress coefficient, also a
relation between « and B can be established as

B(e,T)=C(T)[a(@)]~-C (T)[el

T
@ [ / o (T) df] , ae)
T

0

with the abbreviation (-)) = d(-) /dT being used from this point on.

2.2. Isotropic thermoelastic materials

For further simplification, this study focuses on isotropic material
behavior. In this case, the free energy w (T, €), as well as its associated
properties (see Table 1), are isotropic functions of ¢ and T'. For linear
elastic materials, the elasticity tensor C depends only on T and is
independent of €. It can therefore then be represented as

C(T) = 3K (T)P, +2G (T)P,, 17)

with the bulk modulus K, the shear modulus G, and the spherical and
deviatoric projectors, IP; and P, respectively, definedas P, =1/31® I
and P, =™ — P, in which I is the identity tensor of second order
and I%™ denotes the identity tensor of fourth order on the subspace of
symmetric second order tensors. Based on this, C[g] = 3K e5Ph + 2Gedev
holds true, where we have introduced the spherical and deviatoric
part of the strain tensor as &Ph = 1/3tr(e) I and £d¢V = ¢ — £P, re-
spectively. It should be further pointed out that for isotropic materials,
the bulk and the shear modulus can be expressed in terms of the
Young’s modulus E and the Poisson’s ratio v as K = E/ (3(1 — 2v)) and
G = E/(2(1 +v)). Additionally, for linear thermoelastic materials, the
thermal expansion tensor a is also solely a function of temperature.
Due to the isotropy, it can then be simplified as

al=a(M)I (18)

where « is the scalar-valued coefficient of thermal expansion. Due to
the definition of the thermal stress (see Eq. (14)), the same holds true
in this case and it can be simplified as A (T') = A (T) I. By inserting Egs.
(17) and (18) into Eq. (16), the relation between B(T,¢) and « (T) can
be derived as

B(e,T)=3K(T)a(T)I -2G' (T)&%

T
+3K'(T) / a(T)dTI - et ). 19)

Ty
Lastly, since the heat capacity ¢, is a scalar-valued function of € and T
one can show (see e.g., [35]) that in the isotropic case

c. (e,T)=c.,(I(e),1I(e),1II (¢),T) (20)

holds, where {I, II, II} is a set of linearly independent invariants of ¢,
e.g., the principal invariants of €.
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2.3. Thermodynamically consistent polynomial functions

Since the material coefficients ¢,, C,  and implicitly also a are
all derivatives of the Helmholtz energy y, they cannot be modeled
independently. To formulate the resulting restrictions, we start by
integrating the potential relation for the stress tensor (Eq. (8)) in
combination with Eq. (13) receiving
pov (&.T) = poye (&, T) + powrr (T)

+ Po¥os 21
with

1 1
pove =3 K (Dt (ef +G (D) Jlel* = 3tr @)?)

_ Lo Lo
A(T)tr(e) + 2A(T) KT (22)

This leads to the expression for the heat capacity as

1 1
TP0ce ==3 K" (T)tr (e)

~6" (1) (llell* - Str @)
A" (D)t )=o) (T)

—A"(TYA(T) ﬁ

1
— ! ! —
A (T) A’ (T) XD
1
K (T)?
1 31(’ (T)K' (T)
K (T)

1 1
+-A(T)A(T
FAMAD

+2A" (T) A(T) K'(T)

—-A(T)A(T)

K"(T), (23)

which can be split into a purely temperature-dependent and a mixed
strain- and temperature-dependent part, i.e.,

poce (&.T) = pocer (T) + pocee (6,T) (24

Based on the experimental data of the here investigated material In-
conel 718, as will be discussed in detail in section 6, a linear approxi-
mation of K, G, @ and c, is sufficient within the relevant temperature
range between 300K to 700K. In the isotropic case this leads to the
following equations

C = (3K, 4T +3K,) P,

+ (2G,AT +2G,) P, (25)
a=al = (a)AT +ap) I (26)
et = Cer1 AT + ¢ 27)

with the set of constant parameters {K, K, Gy, Gy, @1, @y, ¢,71, Co ) tO
be fitted to experimental data. From Eq. (14), it follows that in this case
the thermal stress A is a cubic polynomial in T of the form

A(T) = (A3AT? + Ay AT? + A\ AT) T
= (%Klal AT3
+ (31<1a0 + %Koal) AT?
+ 3K0aOAT> I. (28)

With this, the remaining part of the heat capacity, ¢
mined as

is fully deter-

€€’

PoCee (€, T) =T (9K a) AT
+3Koa; + 6K ag) tr(e), (29

and cannot be chosen independently.
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3. Mathematical model for simulation of strained premixed flame
in stagnation flow

The numerical simulation of the strained premixed flame is per-
formed using the in-house INSFLA code [36], which has been exten-
sively validated against fundamental combustion characteristics, in-
cluding laminar flame speeds [37,38] and flame extinction limits [39],
as well as transient combustion processes such as head-on quench-
ing [40]. In the present section, only the governing equations and key
concepts relevant to the current study, such as the definition of flame
strain rate, are briefly reviewed to facilitate the discussion of the flame—
solid interaction phenomena presented later. Further details regarding
the numerical implementation and validation of the solver can be found
in the corresponding literature [36,41].

3.1. Governing equations in general form

The conservation equations for one-dimensional strained flames in a
general nonsteady case used in the present numerical simulation follow
those proposed in [41], which were derived including two parame-
ters (tangential pressure gradient J and tangential velocity gradient
G). Based on the derivation in [41], although the flow field is two-
dimensional (2D), all thermo-kinetic quantities (e.g., temperature T,,
pressure p,, gas mixture density p,, species mass fractions y) of the
flame can be simplified to one-dimensional (1D) along the symmetric
line and are functions of the z-coordinate. Thus, the resulting set of
nonsteady governing equations for strained flames read

. A(pgv;)
pg = —Zng— Fra (30)
p,G = —J — p, G
7] ( GG) G
+ 2 (3, E2)-p.0. 22, 31
oz \e 52 Psl: 57 @D
PyCpgTy = —jg—F-h
aT,
- pgcp.gvza_zg - qrads (32)
aj3 9
. . y
Py = ==k my = pv==, (33)
pgM
0= — . 34
Ps = RT (€D)]

In these equations, v, and v, are the flow velocities in the radial and
axial directions. #, is the dynamic viscosity, and c, , is the isobaric heat
capacity. r, h, and m,, denote the chemical source term, specific en-
thalpy, and molar mass involving all species. jg is the energy transport
flux, which can be calculated as:

j;’:—k% +e,-dl (35)
in which ¢, is the tupel including the isobaric heat capacity of all
species, and j$ is the molecular diffusion flux including the differential
diffusion and thermal diffusion (Soret effect) [42].

For the one-dimensional counterflow configuration considered here,
the imposed strain rate in the flame a (in the following: flame strain
rate) is characterized by the velocity gradient acting on the flame front
and serves as a measure of the aerodynamic stretching imposed on
the flame. According to [41], the tangential pressure gradient J is
correlated with the flame strain rate as: @ = \/—J/py,, where p, is
the density of the unburned gas. More details and derivations can be
found in [41].

3.2. Optically thin approximation radiation model (OTM)

In Eq. (32), the volumetric heat loss due to thermal radiation, g,,q,
is also taken into account, as thermal radiation may influence the flame
structure and properties and serve as an additional external source
that can potentially impact the temperature of surrounding materials,
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especially in high-temperature environments. In the present work, the
simple optically thin approximation model (OTM) is used to predict the
volumetric radiative heat loss in W/(m?) and given as:

Graa =4k, 0 (T; - T,;‘) , (36)

in which ¢ = 5.669 - 10"8W/(m2-K*) is the Stefan-Boltzmann constant,
and T;, the background temperature. k, are the total Planck mean
absorption coefficient and calculated as k, = p, - a,, where p, are the
partial pressures and a, is the Planck mean absorption coefficients of
all radiating species. These coefficients can be estimated using HITRAN
database [43].

4. Boundary conditions at interface

To establish a consistent coupling between the gas-phase flame and
the solid-phase material, it is essential to clearly define the boundary
conditions applied at their interface. We denote the interface position
by I. The notation I refers to the solid-side limit approaching the
interface, while I* represents the gas-side limit of the flame adjacent
to the wall.

With this notation in place, we can systematically formulate the
governing interfacial constraints. We first introduce the temperature
boundary condition, which ensures thermodynamic continuity between
gas and solid. This is followed by the species boundary condition,
describing how chemical species behave at a non-permeable and inert
surface. Finally, we present the mechanical boundary condition at
the interface, which enforces the mechanical equilibrium at the inter-
face between the gas-phase flame regime and the solid-phase material
regime.

4.1. Temperature

For the thermal field, it is assumed that the interface satisfies
thermal equilibrium conditions, which can be formulated through the
following two requirements:

(i) Continuity of temperature: The temperature field must remain
continuous across the interface: T(z =17) = T(z =I*).

(ii) Balance of energy transport flux: At the interface, the energy
transport flux from the flame side must equal the energy trans-
port flux into the wall surface, taking into account conductive
and radiative heat transfer contributions. This suggests the re-
lation: j(z = I") = j,(z = I") + &g, in which j,q is the
radiant heat flux emitted by the flame and received by the wall
surface, and « is the absorptance of the wall surface varying from
0.0 to 1.0. For the radiant heat flux, it can be assumed that all
the radiative heat loss will reach the wall surface and can be
determined as jiuq = /i dragdz.

The assumption that the entire radiative heat loss reaches the wall
surface represents an extreme upper-limit estimate for the radiative
contribution. This simplification is justified for the present analysis
for the following reason. As shown later, the conductive heat flux
from the flame to the wall dominates the overall heat transfer, while
the radiative component is significantly smaller at the interface. By
considering the extreme case in which all radiative heat emitted toward
the wall is fully absorbed at the interface, the influence of radiation is
intentionally overestimated. Consequently, if the radiative contribution
is shown to be negligible even under this upper-bound assumption, its
actual effect in realistic situations where part of the emitted radiation
would not reach or be absorbed by the wall will be even smaller. There-
fore, this assumption does not affect the generality of the conclusions
and provides a conservative estimate of the role of radiation in the
present configuration.
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4.2. Species concentrations

In the present study, we assume a non-permeable wall surface, such
that no chemical species can penetrate into the solid material, and
an inert surface, meaning that no heterogeneous or surface chemical
reactions take place at the wall. Under these assumptions, the species
boundary condition on the gas-phase side of the interface reduces to

Bz=T"H=0. 37)

These assumptions are introduced to keep the present analysis
focused on the coupled thermo-mechanical response of the heated solid.
Allowing for species adsorption, desorption, catalytic reactions or finite
wall permeability would require additional reaction-transport modeling
at the interface and would significantly increase the complexity of the
formulation. Since the primary objective of this work is to investigate
the flame-solid thermal interaction and the resulting stress develop-
ment in the solid, such effects are beyond the scope of the current
study.

4.3. Mechanical stress

At the interface, the balance of normal forces requires that the
normal stress in the solid equals the gas pressure from the flame on
the wall surface. Since no tangential loading arises in the present one-
dimensional configuration, only the normal component of the stress
tensor contributes at the interface and the stress boundary condition
reduces to

o..(I7)= —Pg(ﬁ)- (38)
5. Gas mixture and chemical kinetic model

In this work, we investigate a stoichiometric premixed ammonia-air
mixture with 40% hydrogen addition. The unburnt mixture composi-
tion is 0.4H, + 0.6NH; + 0.65(0, + gNz ), which corresponds to stoichio-
metric conditions based on the overall reaction of ammonia/hydrogen
oxidation in air. The addition of hydrogen is known to enhance the
reactivity of ammonia-air flames, reduce ignition delay and increase
flame stability against extinction [24].

Regarding radiative properties, the present study accounts for the
dominant radiating species identified for ammonia-hydrogen-air com-
bustion. According to Nakamura et al. [44], H,O, NO, N,0O, and NH;
constitute the four major contributors to gas-phase radiation within
this mixture. Their corresponding Planck mean absorption coefficients
are provided in [44], which are derived from spectroscopic HITRAN
databases [43]. These values are then applied in the radiation model
to evaluate radiative heat loss from the flame to the wall surface.

The chemical kinetic model used for simulating the premixed flame
is adopted from [45]. This mechanism has been validated against
experimental measurements for ammonia/hydrogen combustion and
captures the essential elementary reactions governing fuel oxidation
and NOx formation. In the present study, it is used without modifica-
tion to ensure consistency with well-established chemical kinetics for
ammonia-hydrogen flames.

6. Solid material

Inconel 718 is chosen as the wall material due to its excellent
thermo-mechanical performance under high-temperature conditions.
As a nickel-based superalloy, it maintains high yield strength and struc-
tural stability at elevated temperatures [21,22], making it widely used
in combustors and gas turbine components [23,46,47]. Moreover, its
well-documented temperature-dependent material properties of Inconel
718 further enable reliable and thermodynamically consistent solid
modeling in the present work.

Moreover, it should be noted that the temperature range considered
in the present study is limited to 300-700 K. This choice is motivated
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Fig. 1. Temperature dependence of (a) heat conductivity 4,, (b) coefficient of thermal expansion «;, (¢) Young’s modulus and (d) Poisson’s ratio for Inconel 718.
Solid lines: mathematical correlations of experimental data used in the present work; Symbols: experimental measurements from literature with corresponding

references, which are stated in the subfigure caption (see [48-54]).

by the fact that, as will be shown later, temperatures exceeding this
range lead to the onset of plastic deformation in the material, beyond
which the linear thermoelasticity model used in this work is no longer
applicable.

Fig. 1 shows the temperature dependence of the thermo-mechanical
properties of Inconel 718, including (a) heat conductivity A, (b) co-
efficient of thermal expansion «,, (c) Young’s modulus E, and (d)
Poisson’s ratio v. All thermophysical properties based on experimental
data reported in the literature are represented by symbols, and the
corresponding sources are indicated through the referenced datasets
used for the fitting procedure. And the solid lines denote mathematical
correlations of experimental data used in the present simulations. In
the thermoelastic formulation adopted in this work, the bulk modulus
K and shear modulus G are assumed to be linear functions of temper-
ature (c.f. Eq. (25)). However, most available experimental data are
reported in terms of E and v rather than K and G. Therefore, the
linear temperature dependencies of K(T') and G(T') are substituted into
the constitutive relations linking (K, G) with (E,v) (c.f. Eq. (39)), and
the resulting expressions for E(T) and v(T') are subsequently fitted to
the experimental data. This procedure ensures thermodynamic consis-
tency of the material model while preserving agreement with measured
temperature-dependent elastic properties.
o 9KG’ v=3K_2G.

3K+G 6K +2G

(39

Fig. 2 (upper) presents the fitted temperature dependence of the
heat capacity at constant stress ¢,(T) for Inconel 718, together with
experimentally measured values reported in the literature. It should be
noted, however, that the governing energy equation for the solid (see
Eq. (10)) requires the heat capacity at constant strain, ¢, (equivalently,

at constant volume), rather than c¢,. The two quantities are related
through thermodynamic identities. Specifically, the laws of thermody-
namics imply the following relation between the specific heat capacities
at constant stress and constant strain [55]:

CO' CE = (IZ_T’

pPr
in which g; is the isothermal compressibility (the inverse of the bulk
modulus). Using this relation, the relative deviation between c, and ¢,
is evaluated and shown in Fig. 2 (lower). For the temperature range
and material considered in the present study, the maximum relative
deviation does not exceed 0.55%. This small difference justifies the
approximation ¢, = ¢, in Eq. (10), allowing the use of the fitted
¢,(T) without introducing a noticeable error in the predicted thermal
response of the plane wall. Furthermore, it can be easily checked that
the term ¢, (c.f. Eq. (29)) is also negligible small for the here fitted
material parameters for Inconel 718 and the concurring strains due to
the thermal loading.

(40)

It should be emphasized at this point that noticeable discrepancies
exist among the experimentally reported thermo-mechanical properties
of Inconel 718, as shown by the scatter of the measurement data
collected from different sources. However, resolving these experimental
variations is beyond the scope of the present study. The primary
objective here is to ensure a thermodynamically consistent represen-
tation of the material behavior, rather than to identify a universally
optimal set of material parameters. Within this framework, the adopted
fitting strategy provides a systematic and physically consistent way
to incorporate temperature-dependent thermo-mechanical properties.
Should more accurate or updated experimental data become available
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in the future, the same methodology can be readily applied to re-
calibrate these properties without modifying the underlying theoretical
formulation.

Since a linear thermoelasticity model is employed in the present
study, all computations must be restricted to the thermoelastic regime.
It is therefore necessary to identify the material yield strength in order
to determine the time at which plastic deformation may potentially
occur. Fig. 3 presents the temperature-dependent trend of the yield
strength of Inconel 718, as reported in [59]. This information provides a
critical reference for assessing the validity of the thermoelastic assump-
tion and for defining the upper temporal limit of the analyzes presented
in this work.

7. Results and discussion: Steady-state flame

The steady-state flame-solid configuration considered in this sec-
tion has been extensively investigated in previous studies, and its
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with thickness H
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Fig. 4. Illustration of studied steady case for flame-solid interaction based on
strained laminar premixed flame stabilized at a plane wall. Fuel/air here is
NH;/H,/air mixture with NH;:H,=60%:40%.

reactive-fluid and thermo-mechanical coupling characteristics are well
documented. In particular, the flame-solid thermal interaction associ-
ated with this configuration has already been analyzed in detail in our
previous works such as [7,60]. Therefore, these aspects are not repeated
here. Instead, the present section focuses on a complementary analysis
by assessing the influence of thermal radiation on the flame-wall
heat transfer under steady-state conditions. This examination serves
to clarify the role of thermal radiation in the overall energy balance
and allows the subsequent transient heating analysis to be performed
without repeatedly revisiting radiation-related effects.

The physical configuration considered here is illustrated in Fig.
4. A one-dimensional strained laminar premixed flame, formed by a
stoichiometric NH;/H,/air mixture, is stabilized on the right side of
a plane wall of thickness H. The wall is placed into the system and
interacts thermally with the flame. The coordinate origin is placed at
the flame-wall interface, such that the solid domain occupies —H < z <
0~ and the gas-phase flame extends to z > 0*.

At the cold side of the wall, i.e., at z = —H, a convective heat
transfer condition is imposed to account for heat exchange with the
surrounding environment. The corresponding boundary condition for
the heat flux reads j,(z = -H) = —h(T(z = —-H) - T,), where T,
represents the ambient temperature.

On the unburnt-gas side of the premixed flame, the thermody-
namic state of the incoming mixture is prescribed. Specifically, the
temperature, pressure, and species concentrations of the unburnt pre-
mixed NH;/H,/air mixture are fixed as boundary inputs for the flame
calculation.

Throughout all results presented in this section, the operating pres-
sure is kept at p = 1 bar, and the plane wall thickness is H = 1 cm. The
convective heat transfer coefficient at the cold side of the wall is chosen
as h =1-10°> W/(m?K) as an example. Note that the conclusion drawn
here is also validated, if other convective heat transfer coefficient is
chosen.

Fig. 5 (upper) illustrates the typical temperature profiles of the
flame and the interior of the plane wall for two different absorptance
values, « = 0.0 (blue) and « = 1.0 (red), under the condition that the
strain rate imposed on the premixed flame is a = 100 s~1.

Note that here the absorptance coefficient a is not prescribed as a
specific temperature-dependent material property. Instead, it is varied
between a« = 0.0 and a« = 1.0 to cover the full physically admissible
range. For @ = 0.0, no radiative heat flux is absorbed by the plane wall,
whereas for a« = 1.0, all radiative heat flux is fully absorbed by the plane
wall. This bounding approach allows us to assess the maximum possible
influence of thermal radiation on the flame-wall interaction without
relying on uncertain surface property data. Furthermore, thermal emis-
sion from the solid surface is neglected. This assumption effectively
represents an upper-bound estimate of the net radiative heat input to
the wall, ensuring that the influence of radiation is not underestimated.
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Fig. 5. Upper: Typical temperature profiles of the flame and inside the plane
wall with two different absorptance a = 0.0 (blue) and a = 1.0 (red) for flame
strain rate: a = 100 s~!. Below: Wall surface temperature for varying flame
strain rate.

It is straightforward that the temperature gradient on the plane wall
side (z = 07) is much smaller than that on the flame side (z = 0%),
attributing to the significantly higher heat conductivity of the metallic
plane wall compared to that of the gas-phase flame. However, it is
interesting to note that even when the absorptance value reaches its
maximum of 1.0 (indicating full absorption of the thermal radiation
emitted from the flame), the temperature at the wall surface and the
resulting temperature profile inside the plane wall show only minor
changes compared to the case with an absorptance of « = 0.0. The
minor difference in the temperature profile inside the plane wall with
two different absorptance values is further confirmed in Fig. 5 (below),
where the dependence of wall surface temperature on the varying flame
strain rate up to the extinction strain rate (the rightmost point) is
presented. It is clearly observed that the difference in wall surface
temperature between the two absorptance values remains within 5 K,
which is negligibly small.

In order to understand this phenomenon, we define the quantity
Contribution of Radiation as the percentage of the radiative heat flux
Jraq to the total heat flux flowing inside the plane wall at the interface
Js(z = T"), which consists of both conductive heat flux at the wall
surface (jeong = —k% - from Eq. (35)) and radiative heat flux. Fig.
6 compares the conductive heat flux and radiative heat flux from the
flame side for varying flame strain rates in the upper sub-figure, and
the corresponding Contribution of Radiation in the lower sub-figure.

From the upper sub-figure in Fig. 6, it is observed that the conduc-
tive heat flux increases with increasing flame strain rate, whereas the
radiative heat flux decreases. These opposite trends can be explained
from different perspectives. The increase in conductive heat flux is
primarily attributed to the increased temperature gradient at the wall
surface, as the flame moves closer to the plane wall with increasing
strain rate [7]. On the other hand, the decrease in radiative heat flux is
mainly due to the reduction in flame temperature with increasing strain
rate [61], leading to a corresponding reduction in radiative heat loss.
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varying flame strain rate.

Interestingly, the proportion of radiative heat loss relative to the total
heat flux shows a distinctive behavior in lower sub-figure in Fig. 6: it
reaches a maximum of around 10% at low flame strain rates but rapidly
reduces to less than 2% as the strain rate increases, which presents
the minor role of radiative heat transfer under such conditions. The
remarkably low contribution of radiative heat flux, especially at high
strain rates, suggests that thermal radiation plays only a minor role
in influencing variations in the wall surface temperature. Instead, the
primary factor governing wall temperature changes is associated with
conductive heat transfer.

8. Results and discussion: Transient process

In this section, the transient process of flame-solid interaction is
investigated. Fig. 7 illustrates the configuration which will be studied
in the present work. Before the plate is introduced into the system, the
setup corresponds to the classic configuration of a laminar premixed
strained flame in counterflow, in which two identical streams of pre-
mixed fuel-air mixtures are impinging toward each other with equal
momentum in the horizontal z-direction. Such counterflow flames are
widely used as model systems due to their well-defined strain rate,
reasonable one-dimensional structure, and suitability for fundamental
investigations of heat transfer, chemical kinetics, response to flow
conditions and others [46,62,63]. The unburned mixture consists of
stoichiometric ammonia-hydrogen-air, with the fuel composition ratio
of 60% NH; and 40% H, by volume. To provide a clearer understanding
of this condition, Fig. 8 presents the temperature profiles of steady
laminar premixed flames under different flame strain rates. Here, we
emphasize two phenomena that are particularly relevant to the subse-
quent discussion. Firstly, as the flame strain rate increases, the reaction
zone becomes narrower due to the higher flow velocity imposed by the
nozzle. Secondly, the convective time scale decreases with increasing
strain rate, leaving less time for chemical reactions to occur. As a
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Fig. 8. Temperature profiles of steady laminar premixed flames under differ-
ent flame strain rates.

result, the chemical reaction becomes less complete, leading to a lower
maximum temperature at the flame center.

At time 1 = 0, a solid plane wall of thickness § = 2 cm and
initial uniform temperature T? is suddenly inserted at the center of the
burners, coinciding with the location of the stagnation plane. Because
the plane wall temperature T, is significantly lower than the flame
temperature, heat is rapidly conducted from the hot flame regime
toward the solid plane wall, causing the wall temperature to rise.

8.1. A-priori analysis on transient heating process

Before providing a deeper understanding of the effect of a transient
heating process on the thermo-mechanical behavior, we first show a-
priori how the energy in the combustion system is transported into
the plane wall. During this process, the heat absorbed by the plate
may potentially lead to flame extinction, since the flame temperature
can decrease as energy is continuously conducted into the solid. To
illustrate this mechanism, Fig. 9 shows the temporal evolution of the
spatial flame temperature (red) and the temperature distribution inside
the plane wall (blue) for two different imposed flame strain rates.

For a relatively low strain rate (here a = 500 1/s in upper subfig-
ure), the temperature at the flame-wall interface (i.e., the plane wall
surface at z = 0) increases continuously. Heat conduction subsequently
transports the energy into the plane wall interior, resulting in the
temperature increase within the plane wall; however, it is important
to note that the temperature field inside the plane wall remains non-
uniform, namely the highest temperature is observed at the surface
while the minimum temperature occurs at the center.

For a higher strain rate (here a = 600 1/s in lower subfigure),
the transient heating process shows significantly different behavior.
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Fig. 9. Temporal evolution of the spatial flame temperature (red profiles)
and the temperature distribution inside the plane wall (blue profiles) for two
different imposed flame strain rates: flame strain rate a = 500 1/s for successful
heating; flame strain rate a = 600 1/s for failed heating.

As mentioned earlier, increasing the flame strain rate leads to less
complete rate of chemical reactions, which in turn reduces both the
flame temperature and the associated heat release rate. When the plane
wall is introduced into the system, the large temperature gradient at the
wall surface results in a substantial heat loss from the flame, further
lowering the available thermal energy within the combustion zone. As
the flame temperature continues to decrease due to this heat loss, the
combustion system reaches a thermo-kinetic state where the tempera-
ture is insufficient to sustain chemical reactions under the given flow
velocity. Consequently, the flame undergoes rapid extinction, which in
this case occurs over a timescale of approximately 1 ms.

In the following subsections, we first provide a brief discussion on
the influence of flame strain rate on the occurrence of failed heating.
We then focus on the successful heating process, during which the wall
temperature rises significantly. Such pronounced heating can induce
thermal deformation and generate substantial thermomechanical stress,
which will be studied in detail.

8.2. Failed heating process

Although flames with a strain rate of 600 1/s or higher can exist
under steady-state conditions, the heat loss introduced by placing
the plane wall into the system leads to flame extinction. To verify
this, Fig. 10 presents the temporal evolution of the maximum flame
temperature and the wall-surface temperature (at z = 0) for three
different flame strain rates. In the present study, flame extinction (or
failed heating) is defined based on the temporal evolution of the flame
temperature. Specifically, extinction is considered to occur when the
flame temperature decreases to the unburnt gas temperature (300 K)
over a sufficiently long simulation time (10° s throughout the whole
work), which is significantly longer than the characteristic timescales
of the system. Two clear observations can be made.
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Fig. 10. Temporal evolution of the maximum flame temperature and the wall-
surface temperature (at z = 0) for three different flame strain rates.

First, flame extinction occurs more rapidly as the flame strain rate
increases. This is because higher strain rates reduce the degree of com-
pleteness of chemical reactions, making the chemical reaction within
the reaction zone less intensive. Since chemical reactions are strongly
temperature-dependent, the additional heat loss to the wall accelerates
the reduction in flame temperature, which further suppresses the reac-
tion rate and causes extinction. In other words, with increasing strain
rate, the flame becomes increasingly sensitive to heat loss, resulting in
a faster extinction process.

Second, during the extinction process, the wall temperature in-
creases only slightly. For example, in the cases shown here, the rise
is on the order of around 20 K. This occurs because the flame is
extinguished within only several milliseconds, whereas heat conduction
within the solid requires a much longer response time. As a result, the
material heats up slowly, and when the flame quenches so quickly,
the wall does not acquire enough time to experience a substantial
temperature increase.

8.3. Successful heating process

In contrast to the failed-heating cases discussed in the previous
subsection, where the heat loss to the plate leads to rapid flame
extinction, we now focus on the successful heating regime, in which the
flame remains stable after the plane wall is introduced and is able to
continuously supply thermal energy to the solid. The transition between
failed and successful heating can be interpreted as a critical condition
governed by the competition between flame heat release and heat loss
to the wall, which is primarily controlled by the imposed flame strain
rate and the initial wall temperature. A systematic characterization of
this transition boundary is however beyond the scope of the present
study.

Fig. 11 (upper) shows the transient evolution of the maximum flame
temperature, the wall-surface temperature, and the temperature at the
plate center for a flame strain rate of 500 1/s. Two features of the
successful heating process become evident:
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Fig. 11. Upper: transient evolution of the maximum flame temperature, the
wall-surface temperature, and the temperature at the plate center; Below: time
evolution of the von Mises stress at the wall surface (solid line), together with
the corresponding yield strength of the material evaluated at the same wall
surface temperature (dashed line). Flame strain rate: a = 500 s~1.

+ First, the maximum flame temperature adjusts extremely quickly
following the insertion of the plate. Within a very short time, it
reaches a value close to its final quasi-steady level. The subse-
quent evolution shows only a slight change, which results from
the heat loss into the plate. This reflects the fast thermal response
of the flame compared to the solid.

In contrast, the temperature inside the plane wall evolves on a
much longer timescale. Because of the finite thermal diffusivity
of the material, the wall requires a considerably longer time
before a noticeable temperature rise occurs. As expected, the wall-
surface temperature is consistently higher than the temperature at
the plane wall center, since the surface is in direct contact with
the flame while heat must conduct inward before affecting the
interior.

Having discussed the transient temperature evolution in the
successful-heating case, we now examine the development of the re-
sulting thermo-mechanical stress in the plane wall. Because the wall
surface experiences the highest temperature during heating, it also
undergoes the largest thermal expansion and therefore shows the
maximum displacement. Consequently, the von Mises stress at the wall
surface is the highest within the plate, and our analysis focuses on this
location as representative candidate.

Fig. 11 (below) shows the time evolution of the von Mises stress
at the wall surface (solid line), together with the corresponding yield
strength of the material evaluated at the same wall surface tempera-
ture (dashed line). The red circle indicates the instant at which the
von Mises stress becomes equal to the temperature-dependent yield
strength. This time is identified as the time to reach yield strength.
Beyond this point, the von Mises stress exceeds the yield strength, and
the thermoelastic model used in this study is no longer applicable.

It is important to note that the timescale associated with the de-
velopment of thermo-mechanical stress essentially follows the same
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timescale as the temperature rise of the plane wall. Because the stress
is driven by thermal expansion, its evolution is governed directly by
the transient thermal response of the material. As a result, the stress
increases as the wall temperature rises and reaches the yield threshold
only when the wall has accumulated sufficient thermal energy provided
by the combustion system.

In summary, the analyzes presented above show that the thermo-
mechanical response of the plane wall remains within the thermoelastic
regime only up to the time at which the von Mises stress reaches
the temperature-dependent yield strength. Accordingly, all subsequent
discussions are carried out up to the time to reach yield strength,
beyond which the current thermoelastic framework would no longer
be valid.

8.3.1. Influence of flame strain rate

In this subsection, we will investigate how the variation of imposed
flame strain rate influences the heating process of the plate, with
particular emphasis on the time required for the wall to reach its yield
strength.

Fig. 12 shows the dependence of the plate’s time to reach yield
strength on the flame strain rate. A clear trend is observed: this time
decreases monotonically as the flame strain rate increases. At first
glance, this behavior may appear counter-intuitive. As shown previ-
ously in Fig. 8, before the plate is inserted, the flame temperature
at the centerline actually decreases with increasing flame strain rate.
However, during the transient heating stage, higher flame strain rates
lead to a more rapid rise in the wall-surface temperature, resulting in
a shorter time for the plate to reach its yield strength. This opposite
trend highlights that the governing factor for the thermo-mechanical
response is not the eventual flame temperature at the beginning but
rather the instantaneous heat transfer rate experienced by the wall.

To better illustrate this mechanism, Fig. 13 presents the tempo-
ral evolution of the wall-surface heat flux for different flame strain
rates. It is shown clearly that the heat flux through the wall surface
is consistently higher when the flame strain rate is larger, starting
immediately from the moment the plane wall is inserted into the flame.
Consequently, energy is transported from the flame to the plane wall
more rapidly throughout the entire heating process, which explains
why the wall temperature rises faster and the yield-strength thresh-
old is reached earlier at higher strain rates. The underlying physical
mechanism originates from the structural response of the flame to
increased strain rate. A larger flame strain rate compresses the reaction
zone, making it thinner and shifting it closer to the wall surface. As a
result, the local temperature gradient at the wall surface in the flame
region (z = 0") becomes significantly steeper. Since the conductive heat
flux is proportional to this gradient, a sharper gradient directly leads
to a higher heat flux delivered to the wall. This enhanced near-wall
thermal gradient therefore provides the dominant contribution to the
accelerated heating observed at higher flame strain rates.
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Fig. 14. Time development of the displacement u_ using instationary balance
equation of momentum (blue solid line) and quasi-static balance equation
(green dashed line), and the corresponding relative error of using quasi-static
equation at the position wall surface z = 0. Flame strain rate: a = 500 1/s.

8.3.2. Validity of quasi-static assumption

To evaluate the validity of the quasi-static assumption, we com-
pare the displacement obtained from the instationary balance equation
(poit = div(c), without considering of body force), to that obtained
using the quasi-static balance equation (0 = div(c)). Fig. 14 shows the
time evolution of the wall-surface displacement u, at z = 0, computed
using the instationary formulation (blue solid line) and the quasi-
static formulation (green dashed line). The corresponding relative error
between the two solutions is also indicated on the right y-axis. This
example uses a flame strain rate of 500 1/s. The curves are shown up
to the time at which the flame-induced thermomechanical stress at the
wall surface reaches the yield strength.

From the relative-error curve, it is clear that the displacement
obtained from the quasi-static equation remains within approximately
©(1072%) of the instationary solution for almost the entire time evo-
lution. Therefore, using the quasi-static balance equation to compute
the stress and deformation fields in the plane wall during the heating
process does not introduce additional error.

It should be noted, however, that during the very early stage
immediately after the plane wall is introduced into the flame, the
wall-surface temperature increases in a sudden manner. This rapid
temperature rise causes a similarly abrupt change in displacement,
leading to a relative error of about 1% when using the quasi-static
formulation. Despite this short transient deviation, the quasi-static
assumption remains valid for the remainder of the heating process.
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Fig. 15. Time development of the wall surface temperature 7'(z = 0) with and
without term describing Gough-Joule effect, and the corresponding relative
error of without consideration of Gough-Joule effect at the position wall
surface z = 0. Flame strain rate: a = 500 1/s.

8.3.3. Importance of Gough-Joule effect

To assess the importance of the Gough-Joule effect during flame-
solid interaction, Fig. 15 compares the time evolution of the plane-
wall surface temperature (i.e., the maximum temperature within the
solid) for simulations performed with and without the Gough-Joule
term, namely -7 - ¢ in Eq. (10). The right y-axis additionally shows
the relative error (in %) introduced when the Gough-Joule effect is
neglected.

The results show that the temperature histories obtained from the
two simulations are nearly indistinguishable. The maximum relative
error remains below approximately 0.2% throughout the entire heating
process up to the time when the yield strength is reached. Such a small
deviation indicates that, at least for the Inconel 718 plate considered
here, the influence of the Gough—Joule term is negligible in comparison
with heat conduction, which dominates the temperature rise within the
solid. Due to the relatively low thermal diffusivity of the material, the
deformation rate induced by the gradual temperature increase is slow,
limiting the magnitude of the Gough—Joule contribution.

It should be explicitly noted that, although the Gough-Joule effect
is negligible for the heating process considered here, this conclusion
does not necessarily extend to other flame-solid interaction scenarios.
In processes where the material experiences rapid or large pressure
variations, the volumetric strain rate can become significantly higher,
and the associated temperature rise caused by the Gough-Joule effect
may no longer be negligible. Examples include ignition events involv-
ing sharp pressure transients, detonation-to-deflagration transition, or
combustion systems in which strong compressive waves impinge on the
solid material. In such situations, the mechanical contribution to the
temperature field may play a more prominent role, and the importance
of the Gough-Joule effect should be re-evaluated. A systematic quan-
tification of this effect under such conditions is considered to be future
investigation.

9. Conclusions

In this work, a fully coupled flame-solid interaction problem has
been investigated using a laminar strained premixed ammonia/
hydrogen/air flame stabilized at a plane wall. Both steady-state and
transient heating processes were studied, with particular emphasis on
flame-induced heating and the resulting thermo-mechanical response
of the solid wall. Heat transfer from the flame to the wall was ex-
plicitly accounted for via conjugate heat transfer modeling, allowing
the mutual coupling between flame dynamics, heat transfer and solid
deformation to be resolved. Inconel 718 was selected as a represen-
tative wall material, and its temperature-dependent thermo-physical
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properties were modeled using thermodynamically consistent formu-
lations derived from the Helmholtz energy. This approach ensured
a thermodynamically consistent coupling between the thermal and
mechanical fields under strongly transient and spatially non-uniform
temperature conditions.

Although direct experimental validation of the fully coupled flame-
solid interaction remains challenging due to the lack of detailed mea-
surements, the present model reproduces physically consistent trends
in both flame structure and solid response, providing confidence in its
predictive capability.

In the steady-state configuration, the influence of thermal radiation
on the wall temperature distribution was assessed and shown to be
secondary compared to conductive heat transfer for the conditions
considered.

For the transient heating process, it was shown that the introduction
of a cold plane wall into the flame system can lead either to flame
extinction or successful wall heating, depending on the imposed flame
strain rate. In the successful heating regime, increasing the flame strain
rate was found to accelerate wall heating and significantly reduce the
time required for the thermo-mechanical stress to reach the material
yield strength, despite the lower flame temperatures associated with
higher strain rates. This counter-intuitive behavior was attributed to
enhanced heat flux at the flame-wall interface caused by the narrowing
and displacement of the reaction zone toward the wall.

Furthermore, the quasi-static assumption used in the balance equa-
tion of linear momentum for solid mechanics was validated throughout
the heating process up to the onset of yielding, and the Gough-Joule
effect was shown to have a negligible influence on the predicted tem-
perature and deformation fields for the material and conditions studied.
Overall, the present work provides fundamental insight into transient
flame-induced heating and thermo-mechanical stress development in
solid structures, with direct relevance to the design and safe operation
of combustion systems involving high-temperature materials.

Finally, it should be noted that the present study assumes an inert
and non-permeable wall surface, thereby neglecting potential mass
transfer effects such as pyrolysis-driven blowing. In many flame spread
problems over reactive solids as discussed in [13], such wall-normal
transpiration can modify the near-wall flow field, alter the flame po-
sition and redistribute the heat flux between convective and diffu-
sive contributions. Considering such effects into the present thermo-
dynamically consistent framework would provide a more comprehen-
sive description of flame-solid interaction and represents a promising
direction for future work.
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