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ARTICLE INFO ABSTRACT
Keywords: Accurate prediction of the material temperature field during hydrogen flame heating is essential for assessing
Hydrogen flame thermal loading and material integrity. In the present work, a thermo-mechanically coupled numerical model

Transient process
Flame-material interaction
Thermoelasticity
Gough-Joule effect

is employed to investigate transient flame-material interaction between a laminar hydrogen/oxygen premixed
strained flame and a solid material. Particular attention is paid to the influence of the thermoelastic (Gough-
Joule) effect on the material temperature evolution. The results show that the Gough-Joule effect acts as an
additional heat source and accelerates the heating process. By using flame with high strain rate, neglecting
the Gough-Joule effect results in noticeable error in the predicted time required for the material to reach the
yield-strength condition. The relative importance of the Gough-Joule effect is found to increase monotonically
with flame strain rate. These findings indicate that thermoelastic coupling can substantially influence transient
flame-material interaction under rapid hydrogen-flame heating and should be considered when accurate
prediction of the material temperature field is required.

1. Introduction

Hydrogen is widely regarded as one of the most promising carbon-
free energy carriers for future energy systems [1,2]. In addition to
its role in power generation and propulsion applications, hydrogen
combustion is attracting increasing interest in thermal processing tech-
nologies due to its high reactivity, clean combustion products and
capability of delivering intense heat fluxes [3,4]. As hydrogen-based
thermal systems continue to expand, understanding the interaction
between hydrogen flames and engineering materials becomes increas-
ingly important for the design, operation and safety assessment of
combustion devices. Such study involves e.g. the flame quenching at
the presence of wall [5].

The thermal response of materials exposed to hydrogen flames is
governed by a complex interaction between combustion, heat transfer
and material behavior. Accurate prediction of the resulting temperature
field inside the material is of particular importance because temper-
ature directly affects thermal stresses, structural integrity, material
degradation and failure mechanisms [6-8]. Despite its practical rel-
evance, the transient interaction between hydrogen flames and solid
materials remains considerably less studied than the combustion char-
acteristics of hydrogen flames themselves. Existing studies have primar-
ily focused on flame structure, burning velocity, ignition, extinction
and flame stabilization, whereas comparatively limited attention has
been devoted to the transient heating process of the material and the
resulting thermo-mechanical response.

E-mail address: chunkan.yu@kit.edu.

https://doi.org/10.1016/j.applthermaleng.2026.132751

Recent studies have shown that the thermal and mechanical behav-
ior of a material cannot always be treated independently [9]. Within the
framework of thermoelasticity, the balance of internal energy and the
balance of linear momentum are intrinsically coupled. Consequently,
material deformation can induce a reversible thermal response, com-
monly referred to as the elasto-caloric effect or Gough—-Joule effect.
This mechanism introduces an additional contribution to the energy
balance and may alter the evolution of the temperature field inside the
material. Since the magnitude of the Gough-Joule effect depends on
both the deformation rate and the spatial distribution of deformation,
its importance is expected to increase under conditions involving rapid
heating and strong thermal gradients.

In the previous study [9], the influence of the Gough-Joule ef-
fect was investigated for flame-material interaction involving ammo-
nia/hydrogen combustion. It was found that the resulting elastocaloric
contribution had only a limited impact on the material temperature
field. However, hydrogen flames are characterized by significantly
higher reactivity, higher temperature gradients and more rapid heat
transfer than ammonia-containing flames. As a consequence, substan-
tially stronger thermo-elastic deformation may develop during hydro-
gen flame heating, potentially amplifying the associated Gough-Joule
effect. Whether this deformation-induced thermal response remains
negligible or becomes an important component of the overall energy
balance therefore remains an open question.
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The objective of the present work is to investigate the importance
of the Gough-Joule effect during transient heating of a solid mate-
rial by hydrogen premixed flames. To achieve this goal, a canonical
flame-material interaction configuration based on a laminar premixed
strained hydrogen/oxygen flame is considered. The study first examines
the fundamental heating characteristics of the material under different
flame strain rates and subsequently quantifies the influence of ther-
moelastic coupling on the predicted temperature evolution. Particular
attention is paid to the role of flame strain rate, heating rate, temper-
ature gradients and deformation-induced thermal effects. Through this
analysis, the present work aims to provide a more accurate description
of the material temperature field during hydrogen flame heating and to
assess the conditions under which the Gough-Joule effect must be con-
sidered in flame-material interaction problems. It should be noted that
the term flame-material interaction is intentionally used throughout
this work. Unlike the conventional concept of flame-wall interaction,
which primarily concerns the influence of a wall on flame behavior, the
present study focuses on the transient thermal and thermo-mechanical
response of the solid material subjected to flame heating. Therefore, the
material itself, rather than the wall as a boundary condition, constitutes
the primary object of investigation.

2. Mathematical modeling

2.1. Model configuration

The computational configuration considered in the present work is
illustrated in Fig. 1. The study is based on a one-dimensional laminar
premixed strained flame established between two opposed streams of
unburned mixture. This canonical configuration has been extensively
used in fundamental combustion studies because it provides a well-
defined and controllable flame strain rate while keeping the essential
characteristics of flame structure and extinction behavior. This configu-
ration has also been extensively investigated under transient conditions
using analytical approaches [10,11], providing valuable insight into the
underlying combustion physics.

As shown in Fig. 1(a), two identical premixed streams flow toward
each other and form a symmetric counterflow flame. The stagnation
plane is located at the center of the domain (z = 0). The flame strain
rate is controlled through the inlet flow velocity conditions and serves
as the primary parameter characterizing the aerodynamic stretching
imposed on the flame.

To investigate the transient flame-material interaction, a plane wall
of thickness 6 is subsequently introduced at the stagnation plane, as
illustrated in Fig. 1(b). Due to the symmetry of the configuration,
identical flames are formed on both sides of the wall. Meanwhile,
energy is transferred from the flame to the solid surface, resulting in
a transient heating process inside the material.

Such configuration provides a simplified yet representative frame-
work for investigating the coupled interaction between combustion,
heat transfer and thermal response. In particular, it allows the influ-
ence of flame strain rate on material heating and deformation-induced
thermal effects to be systematically isolated and quantified. Heat trans-
fer between the reacting flow and the solid material is treated as
a conjugate heat transfer problem. The energy equations are solved
simultaneously in both domains, while continuity of temperature and
heat flux is imposed at the flame-material interface. Additional thermal
and mechanical boundary conditions can also be found in [9] in details.

In the following, the governing equations for both systems and their
coupling will be briefly outlined.
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Fig. 1. Schematic illustration of the computational configuration considered
in the present study. (a) Laminar premixed strained flame established between
two opposed premixed streams. (b) Flame-material interaction configuration,
where a plane wall of thickness § is placed at the stagnation plane and heated
up.

2.2. Governing equations

The mathematical framework used in the present study is identical
to that presented in the recent work [9,12], where the complete gov-
erning equations and numerical implementation are described in detail.
Therefore, in the present work only the principal equations and the
physical models most relevant to the present discussion are summarized
here, while the interested reader is referred to [9] for the complete
mathematical formulation. The governing equations of the gas phase
and the solid are solved in a fully coupled manner, forming a conjugate
heat transfer problem across the flame-material interface. In addition,
the present study is restricted to a one-dimensional configuration,
i.e., all governing fields, including temperature, species concentrations
in the reacting flow, and mechanical deformation in the solid, are
assumed to vary only in the direction normal to the flame-material
interface.

2.2.1. Laminar premixed flame

The combustion simulations are based on the two-parameter for-
mulation proposed by Stahl and Warnatz [13], in which the tangential
pressure gradient J and the tangential velocity gradient G are used
to characterize the strained flame configuration. From the tangential
pressure gradient, the flame strain rate can be defined as

a=+\-=J/py, €9)

where p,, denotes the density of the unburned mixture. The flame
strain rate characterizes the velocity gradient acting on the flame front
and serves as a measure of the aerodynamic stretching imposed on the
flame [14,15]. Consequently, larger flow velocities correspond to larger
flame strain rates .

The combustion formulation is identical to that presented in [9]
and accounts for differential diffusion among species, thermal diffusion
(Soret effect) [16]. Detailed chemical kinetics are used to accurately
capture the combustion chemistry of the hydrogen/oxygen system. In
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addition, heterogeneous surface reactions occurring at the material
interface are included and will be described later.

For the energy equation, volumetric radiative heat losses are also
considered. In the present work, thermal radiation is modeled using
the optically thin approximation model (OTM) [17]. More sophisticated
radiation models, such as the discrete ordinates method (DOM) [18,19],
could also be considered. However, previous investigations [9] have
shown that radiative heat transfer contributes only negligibly to the
overall energy exchange at the flame-material interface. Instead, the
thermal loading of the material is mainly dominated by conductive
heat transfer from the flame. Consequently, the material temperature
evolution and the associated thermo-elastic response are controlled
almost entirely by conductive heat flux. Under such conditions, the
choice of radiation model has virtually no influence on the quantities of
interest considered in the present work. Therefore, although the OTM
provides a simplified description of radiative heat transfer, its use does
not affect the predicted flame-material interaction behavior, and the
more expensive DOM model would lead to essentially identical results.

2.2.2. Thermoelastic solid model

The thermoelastic formulation used in the present work has been
described in detail in previous studies [9]. The material is modeled as
an isotropic thermoelastic solid undergoing small deformations. Under
these assumptions, the balance equations for internal energy and linear
momentum can be written as

poc.T = —div(q) - T - ¢, 2
and
potl = div(o), 3

where p, is the material density, c. is the specific heat capacity at
constant strain, 7 is the temperature, q is the heat flux, u denotes
the displacement vector, ¢ is the Cauchy stress tensor, and ¢ is the
infinitesimal strain tensor. g is the coefficient of thermal stress, and can
be calculated as the following for isotropic thermo-elastic materials [9]:

B(T) =3 K(T)a(T)I - 2G’' (T) &%

T
+3K'(I) </ a(T)dTT —esph), @
Ty

in which K and G are the bulk modulus and shear modulus, and K’ =
dK/dT and G’ = dG/dT the corresponding derivative with respect to
temperature. « is the coefficient of thermal expansion and a scalar due
to isotropy. And &P! and £9¢V are the spherical and deviatoric part of
the strain tensor as P! = 1/3tr (¢) I and £9¢V = ¢ — £5Ph,

A key feature of Eq. (2) is the thermo-mechanical coupling term
T - ¢, which couples the balance of internal energy with the balance
of linear momentum. Consequently, deformation of the material can
directly affect the local temperature field through an elasto/caloric
response. This phenomenon is commonly referred to as the Gough-
Joule effect and constitutes the primary focus of the present study.
Physically, the term T8 - ¢ represents a reversible conversion between
mechanical and thermal energy. Depending on the local deformation
state, this coupling term may act either as a heat source or as a heat sink
in the energy equation. Therefore, the temperature evolution inside the
material is not governed solely by heat conduction from the flame,
but also by the transient thermo/elastic deformation induced by the
highly non-uniform temperature field. Under rapid heating conditions,
significant deformation rates and deformation gradients may develop,
leading to a non-negligible contribution of the Gough-Joule effect to
the overall energy balance.

Similar to the combustion formulation, the present flame-material
interaction problem is treated as one-dimensional. Therefore, all ther-
momechanical quantities depend only on the spatial coordinate normal
to the material surface, i.e., the z-coordinate. As a result, both the
temperature field and the displacement field are functions of z and
time only. Under this assumption, the strain tensor reduces to a single
non-zero normal component, and the resulting thermoelastic problem
becomes effectively one-dimensional.
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2.3. Reactions in gas-phase and at the wall surface

In the present work, the chemical mechanism including surface re-
actions is adopted from [20]. Additionally, five recombination/
destruction reactions of reactive species at the wall surface are con-
sidered:

(s1) HO, L, 0.5H,0 +0.750,
s2) 0L 050,

s3) H- 0.5H,

s4) 0H~L 0.5H,0 + 0,250,
(S5) H,0,~% H,0 +0.50,

These surface reactions are identical to those employed in [20,21].
It should be emphasized that, for the present flame-material interaction
problem, the specific stable products formed following radical destruc-
tion at the wall are not of primary importance. The dominant role of the
surface chemistry is the removal of reactive radicals from the gas phase,
thereby reducing the local radical pool available for chain-branching
reactions and modifying the overall flame behavior. Consequently, the
heating process is governed primarily by the radical destruction rate
at the surface rather than by the particular stable species generated.
Numerical experiments confirm that alternative formulations producing
the same radical consumption rate lead to essentially identical results.

For example, replacing HO, el 0.5H,0+0.750, with HO, i 0.5H, +
O, results in virtually identical predictions of flame behavior and
material heating. Therefore, the conclusions presented in this work are
insensitive to the detailed specification of the stable products appearing
in the surface reaction mechanism.

2.4. Material properties

The material considered in the present study is Inconel 718, which
is identical to that employed in [9]. The primary reason for this
choice is that a complete set of thermo-elastic material properties is
available over a wide temperature range, with all properties repre-
sented by thermodynamically consistent temperature-dependent poly-
nomial functions. Such a formulation ensures that the constitutive
model remains thermodynamically admissible throughout the temper-
ature range encountered during flame-induced heating.

Note that all thermo-elastic material properties are treated as tem-
perature dependent. These include the thermal conductivity k(7) (in
unit W/m-K) as
K(T) = 0.01824 % +4.407, (5)
the coefficient of thermal expansion «(T) (in unit 1/K) as
«(T) =523-107° % +1.127 1075, 6)
the bulk modulus K(T') (in unit GPa) as
K(T) = —0.046 % +173.36, @)
and the shear modulus G(T) (in unit GPa) as
K(T) = —0.0178 % +83.17. (8)

These polynomial representations were obtained in [9] through a
thermodynamically consistent fitting procedure and are valid over
the temperature range of 300-650 K. This range corresponds to the
thermoelastic regime considered in the present study. At temperatures
above approximately 650 K, the material enters the plastic deformation
regime, for which the present thermoelastic constitutive model is no
longer applicable. Therefore, all quantitative analyses are restricted to
temperatures below 650 K.
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2.5. Numerical implementation

The numerical simulations were performed using the in-house com-
bustion code INSFLA [20], which has been extensively developed and
validated in previous studies. Within INSFLA, the governing equations
are solved using the method-of-lines approach. The spatial deriva-
tives are discretized by finite difference schemes, thereby transforming
the governing partial differential equations into a system of ordinary
differential equations. The resulting equations are then integrated in
time using the numerical time-integration algorithms implemented in
INSFLA. The combustion and thermoelastic equations are solved in a
fully coupled manner through the conjugate heat transfer conditions
imposed at the flame-material interface.

3. A-priori study on hydrogen/oxygen premixed strained flame

The interaction between hydrogen premixed flames and solid ma-
terials is inherently governed by the coupled behavior of combustion,
heat transfer, and solid response. In such systems, the thermal and
mechanical state of the material is strongly influenced by the lo-
cal flame structure. Therefore, prior to investigating flame-material
interaction, it is essential to provide a clear understanding of the
fundamental properties of the underlying combustion system. Given
that the general behavior of strained premixed flames has been well
documented such as in [22-24], the present section does not aim to
provide a comprehensive review. Instead, it focuses on the key com-
bustion characteristics that are most relevant to subsequent analysis
of flame-material interaction, which will be discussed in the following
section.

Fig. 2 summarizes the fundamental response of the hydrogen/oxy-
gen premixed strained flame to variations in flame strain rate. As shown
in the upper subfigure, the flame peak temperature decreases mono-
tonically with increasing strain rate. This behavior is associated with
the enhanced aerodynamic stretching imposed on the flame, which
reduces the residence time available for chemical reaction. As the strain
rate approaches a critical value, the flame reaches the extinction limit.
Beyond this point, a further increase in strain rate leads to flame
quenching.

The lower subfigure further illustrates the modification of flame
structure under different strain conditions through the corresponding
temperature spatial profiles. With increasing strain rate, the reaction
zone clearly shifts toward a thinner spatial region, indicating a signifi-
cant reduction in flame thickness. Such flame compression is a charac-
teristic feature of strained premixed flames and directly influences the
local thermal gradients near the flame front.

For the present flame-material interaction problem, these obser-
vations are particularly important because both the magnitude and
localization of thermal energy deposition strongly affect the subsequent
thermoelastic response of the material. In particular, the narrowing
of the flame zone under high-strain conditions may induce steeper
temperature gradients within the solid, thereby modifying the coupled
thermomechanical response associated with the elasto-caloric effect
(Gough-Joule effect).

4. Results and discussion

Prior to discussing elasto-caloric effects in the material, it is nec-
essary to distinguish between failed and successful heating during
flame-solid interaction. Such discussion is essential because the exis-
tence of a stable heating process is a prerequisite for any meaningful
analysis of deformation-induced thermal effects associated with the
Gough-Joule effect.
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Fig. 2. Effects of flame strain rate on hydrogen/oxygen premixed strained
flames. Upper: variation of flame peak temperature with strain rate and the
corresponding extinction limit. Lower: flame temperature spatial profiles under
different strain rates.

4.1. Failed heating

Fig. 3 illustrates a representative failed heating process during
flame-solid interaction at a relatively high strain rate. Prior to interac-
tion with the solid surface (t < 0), the flame maintains a stable reaction
zone characterized by a localized high-temperature region. Once the
flame interacts with the solid (+ > 0), however, substantial heat is
rapidly extracted from the reacting flow due to thermal conduction
into the colder material. This additional heat loss strongly modifies the
flame structure and progressively weakens the reaction zone.

As shown in the upper sub-figure, the flame temperature decreases
continuously after interaction with the solid. Eventually, the flame can
no longer sustain combustion process and undergoes extinction. The
corresponding temporal evolution shown in the lower sub-figure fur-
ther supports this process. The peak flame temperature decays mono-
tonically and experiences a rapid drop within a very short time. In con-
trast, the temperatures inside the solid increase only slightly throughout
the interaction process, indicating that the flame is extinguished before
significant thermal energy can be deposited into the material.

This failed heating behavior originates from the competition be-
tween flame heat release and heat losses imposed by the solid. For
strained premixed flames, increasing strain rate enhances aerodynamic
stretching and reduces the characteristic chemical reaction time. As
a result, the flame becomes increasingly sensitive to external thermal
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Fig. 3. Temporal evolution of flame-material interaction under failed heating
conditions at a flame strain rate of a = 8 - 10°(1/s). Upper: evolution of the
temperature field before and after flame interaction with the solid surface.
Lower: temporal evolution of the peak flame temperature, the solid surface
temperature and the solid center temperature.

perturbations. Under such conditions, the additional conductive heat
loss toward the solid reduces the local flame temperature and weakens
the chemical reaction rate to a level insufficient to counter-balance the
imposed flow strain. Consequently, the flame undergoes the quenching
process.

The existence of failed heating is less interesting for the present
study because the maximum temperature rise inside the solid remains
below approximately 50 K throughout the interaction process, as shown
in Fig. 3(lower). Consequently, the induced thermal deformation inside
the material is expected to be extremely small. Since the Gough-
Joule effect originates from the coupling between deformation and
thermal response, such weak thermo-mechanical deformation leads to
the fact that the influence of the Gough-Joule effect can reasonably be
neglected.

4.2. Successful heating

4.2.1. General observation of the heating process

Fig. 4 illustrates a representative successful heating process during
flame-material interaction at flame strain rate a = 7 - 10* (1/s). Unlike
the failed heating case discussed previously, the flame remains self-
sustained after interacting with the solid surface despite the additional
conductive heat losses introduced by the material. As shown in the
upper sub-figure, although the flame structure is modified during in-
teraction, a stable high-temperature reaction zone persists throughout
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the heating process, allowing continuous thermal energy transfer from
the flame to the solid.

The lower sub-figure further shows the temporal evolution of the
thermal response inside the material. Following flame interaction, the
solid surface temperature increases continuously and approaches the
melting point of the material. In contrast, the temperature at the solid
center remains nearly unchanged during the entire process. Mean-
while, the evolution of the peak flame temperature indicates that the
flame adapts to the additional heat loss imposed by the solid without
undergoing extinction.

Two different regimes can further be identified in the lower sub-
figure. The solid-line region corresponds to conditions where the maxi-
mum von Mises stress (o) inside the material remains below the yield
strength (oy), such that the material response is primarily thermo-
elastic. In contrast, the dashed-line region denotes the regime where
the von Mises stress (o) exceeds the yield strength (oy) while the
surface temperature continues increasing toward the melting point.
Two important points need to be mentioned explicitly:

» The temperature rise at the material surface occurs extremely
rapidly, primarily within the millisecond timescale immediately
following flame interaction. This indicates highly localized and
intense thermal loading from the flame.

Despite the rapid heating near the surface, the temperature at
the material center remains almost unaffected throughout the
considered time interval, because the surface is heated much
more rapidly than heat can be conducted into the interior of the
material.

These observations are particularly important for the present study
of elasto-caloric effects (Gough-Joule effect) inside the material. The
Gough-Joule effect is closely related not only to the magnitude of
thermal deformation, but also to both the temporal rate of deformation
evolution and the spatial gradients of deformation within the material.
The present successful heating case clearly shows both rapid temporal
variations and strong spatial non-uniformity in the thermal field. Conse-
quently, significant thermomechanical coupling may develop inside the
material, suggesting that the Gough-Joule effect can become important
under successful heating conditions, which will be discussed in details
in the following.

It should also be emphasized that the present work is formulated
within the framework of thermoelasticity. Therefore, the following
discussions are restricted to the regime in which the maximum von
Mises stress remains below the material yield strength, such that irre-
versible plastic deformation is not considered, which needs additional
mathematical modeling.

4.2.2. Effect of flame strain rate on the heating process

Before discussing further the Gough-Joule effect on the prediction
of material temperature, it is interesting to investigate how the flame
strain rate imposed on the combustion system could potentially affect
the heating process in a general way.

Fig. 5 shows the temporal evolution of the material surface temper-
ature under different flame strain rates. Each curve corresponds to a
successful heating case and ends at the timepoint when the maximum
von Mises stress inside the material reaches the yield strength limit.
It is interesting to see that although lower flame strain rates gener-
ally correspond to higher flame temperatures, the heating process is
found to be significantly faster at higher strain rates. In particular, the
material surface temperature increases more rapidly as the strain rate
increases, despite the reduction in peak flame temperature discussed
previously. This behavior indicates that the heating rate is not governed
solely by the flame temperature itself, but also strongly depends on
the flame structure and the associated heat transfer characteristics. As
discussed in the previous section, increasing flame strain rate leads to
a thinner reaction zone and shifts the high-temperature region closer
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Fig. 4. Temporal evolution of flame-material interaction under successful
heating conditions at a flame strain rate of a = 7-10*(1/s). Upper: evolution of
the temperature field before and after flame interaction with the solid surface.
Lower: temporal evolution of the peak flame temperature, the solid surface
temperature and the solid center temperature.

to the material surface. Consequently, the temperature gradient near
the flame front becomes higher, resulting in stronger conductive heat
flux from the flame toward the solid. Therefore, even though the flame
temperature decreases under higher strain conditions, the enhanced
thermal localization and higher gradients result in a more efficient
heating process.

However, Fig. 5 only illustrates the temporal evolution of temper-
ature at the material surface. Since the Gough-Joule effect is closely
related not only to time evolution itself but also to the spatial gra-
dients of deformation, it is necessary to further examine the spatial
distribution of temperature inside the material.

Fig. 6 therefore presents the spatio-temporal evolution of the tem-
perature field inside the material for two representative strain rates.
It should be noted that the temporal ranges (y-axis) shown in the two
sub-figures are different because the characteristic heating times vary
significantly with flame strain rate. In addition, only the near-surface
region (0.8 cm < z < 1 cm) is displayed in order to better visualize
the thermal penetration behavior. The temperature in the remaining
interior region of the material remains approximately at the initial
temperature of 300 K and is essentially unaffected by flame heating
during the considered time interval.

The results shown in Fig. 6 indicate an important feature of the heat-
ing process. Under high flame strain rate conditions, the heating process
occurs so rapidly that thermal conduction does not have sufficient time
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Fig. 5. Temporal evolution of the material surface temperature under different
flame strain rates during successful heating. Each curve ends at the timepoint
when the maximum von Mises stress inside the material reaches the yield
strength.

to transport heat deep into the material interior. Consequently, the
thermally affected region remains highly localized near the material
surface. In contrast, lower strain rates correspond to slower heating
processes, allowing thermal diffusion to penetrate further into the
material and producing a broader temperature distribution.

These observations suggest that increasing flame strain rate not only
accelerates the heating process, but also generates substantially larger
temperature gradients inside the material. Since thermal deformation
is directly associated with the temperature field, stronger deformation
gradients are likewise expected under high flame strain rate conditions.
Such conditions are particularly relevant for the present study because
the Gough—Joule effect is coupled to both the magnitude and spatial
non-uniformity of thermo-elastic deformation.

4.2.3. Role of the gough—joule effect during flame-induced heating

Fig. 7 compares the temporal evolution of the material surface tem-
perature obtained with and without accounting for the Gough—Joule
effect at a flame strain rate of a = 7x 10* s™!. Since the material surface
is directly exposed to the flame, it represents the hottest location within
the solid and therefore provides a convenient measure for assessing
the influence of this elasto-caloric effects. It should be noted that the
comparison shown in Fig. 7 is restricted to the thermo-elastic regime.
The simulations are terminated when the maximum von Mises stress
inside the material reaches the yield strength, beyond which plastic
deformation is expected to occur and the constitutive equations used in
the present thermo-elastic model are no longer applicable. Therefore,
the observed temperature difference and heating-time deviation arise
solely from thermoelastic coupling and the associated Gough-Joule
effect.

Both simulations show a similar overall heating trend, indicat-
ing that the primary energy input remains governed by heat transfer
from the flame. However, a systematic temperature difference devel-
ops throughout the heating process when the Gough-Joule effect is
included. The material surface temperature predicted with thermo-
elastic coupling is consistently higher than that obtained when the
Gough-Joule effect is neglected.

As heating progresses, the discrepancy between the two predic-
tions accumulates. As zoomed in the inset, the temperature difference
reaches approximately 17 K during the later stage of heating, corre-
sponding to a relative deviation of approximately 3.17%. Although this
difference appears not noticeable when compared with the absolute
temperature level, its impact on the heating dynamics is considerably
more significant. Specifically, the exclusion of the Gough-Joule effect
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Fig. 6. Spatio-temporal evolution of the temperature field inside the material
under successful heating conditions for two representative flame strain rates:
(upper) a = 1 x 10* (1/s) and (lower) a = 7 x 10* (1/s). Only the near-surface
region is shown in order to show the thermal penetration behavior inside the
material.

slows down the heating process by approximately 0.69 ms, which
corresponds to nearly 13% of the total heating time required to reach
the same temperature level.

In order to further assess the overall importance of the Gough-Joule
effect under different flame strain rates, Fig. 8 presents the relative
error in the predicted time required for the maximum von Mises stress
to reach the material yield strength when the Gough-Joule effect is
neglected.

A clear monotonic increase of the relative error with flame strain
rate can be observed. At relatively low strain rates, the heating process
proceeds more slowly and the resulting temperature gradients inside
the material remain moderate. Consequently, the associated relative
slow thermo-elastic deformation leads to relatively small deformation
rates, £. Under such conditions, the elasto-caloric contribution aris-
ing from the Gough-Joule effect remains weak, and neglecting this
mechanism introduces only a minor deviation in the predicted heating
dynamics.

In contrast, increasing flame strain rate substantially accelerates the
heating process while simultaneously generating stronger temperature
gradients inside the material, as discussed in the previous section. Both
effects promote more rapid and spatially non-uniform thermo-elastic
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Fig. 7. Influence of the Gough-Joule effect on the evolution of material
surface temperature during flame-induced heating at a flame strain rate of
a = 7 x 10* s™!. The inset provides a magnified view of the temperature
difference induced by the elasto-caloric response.
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Fig. 8. Relative error in the predicted time required for the maximum von
Mises stress to reach the material yield strength when the Gough-Joule effect
is neglected, as a function of flame strain rate. The relative error in % here is
defined as 100 X|fwithout/ Fwith = 1|-

deformation, resulting in larger values of ¢. Since the Gough-Joule
effect is directly coupled to the evolving deformation field, its contri-
bution becomes increasingly significant under high flame strain rate
conditions. Consequently, neglecting the Gough-Joule effect leads to
larger errors in predicting the time required for the material to reach
its yield-strength limit.

5. Conclusions

The present work investigated the transient interaction between a
laminar hydrogen/oxygen premixed strained flame and a thermoelastic
solid, with particular emphasis on the role of the Gough-Joule effect in
the prediction of the material temperature field. The results showed
that the heating outcome is strongly governed by the flame strain
rate. While increasing strain rate reduces the flame temperature, it
simultaneously enhances heat transfer to the material due to the thin-
ner flame structure and steeper temperature gradients. Consequently,
higher strain rates promote more rapid heating and generate stronger
thermal gradients inside the solid. These thermal gradients induce
significant thermoelastic deformation and deformation rates. The re-
sulting thermo-mechanical coupling acts as an additional contribution
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to the material energy balance and accelerates the heating process.
Furthermore, the importance of the Gough-Joule effect is found to
increase with flame strain rate, indicating a close connection between
flame structure, heating dynamics and elastocaloric response.

Overall, the present results show that the Gough—Joule effect can
become an important mechanism during rapid hydrogen-flame heating
and should be considered when accurate prediction of transient mate-
rial temperature fields is required. More broadly, the study highlights
the necessity of accounting for thermo-mechanical coupling in flame-
material interaction problems involving strong thermal gradients and
rapid heating processes.

Although the present study is entirely numerical, it is intended to
provide the first insight into the potential importance of thermoelastic
coupling during hydrogen flame heating. It is expected that the present
findings will motivate future experimental investigations to validate
the predicted thermoelastic response and the associated Gough-Joule
effect. Furthermore, the present study is restricted to a one-dimensional
laminar counterflow configuration, which enables the fundamental
influence of the Gough-Joule effect to be isolated and quantified.
Future work will extend the present thermoelastic framework to mul-
tidimensional and turbulent hydrogen flame configurations in order
to assess the applicability of the present conclusions under practical
flame-material interaction conditions.
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