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ABSTRACT: High-temperature solid-state reactions are highly
sensitive to thermal loading, requiring precise control of temper-
ature magnitude and evolution. In the present work, a
thermodynamically consistent multiscale framework is developed
to simulate nonisothermal solid-state reactions induced by a
laminar strained premixed CO/H,/air flame. The thermal field
within a MgO—AlL,O; material system is controlled through
modulation of the imposed flame strain rate, while the growth
kinetics of magnesium aluminate spinel (MgAlL,O,) are described
using a Thermodynamic Extremal Principle (TEP)-based non-
equilibrium model coupled to CALPHAD. The results show that
decreasing the flame strain rate provides an effective and physically
possible strategy to regulate the internal material temperature
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under homogeneous conditions. Different flame strain-rate transition times lead to different heating profiles and significantly
influence the evolution of spinel thickness. Faster heating results in thinner spinel layers despite higher instantaneous growth rates,
which are attributed not only to temperature-dependent diffusion but also to enhanced thermodynamic driving forces arising from
the expansion of the spinel stability region at elevated temperatures. Stochastic fluctuations in the flame strain rate are shown to have
negligible impact on the material temperature evolution due to thermal inertia, indicating robustness of the proposed thermal control
strategy. The proposed framework establishes a direct link between controllable combustion parameters and solid-state reaction,
providing a foundation for combustion-driven thermal engineering of advanced ceramic systems.

Bl INTRODUCTION

Solid-state reactions play a central role in a wide range of high-
temperature material processing and synthesis routes for
functional oxide layers that involves multiple kinetics such as
diffusion and interfacial reactions. These processes are highly
sensitive to temperature, not only in terms of the achievable
reaction rates but also with respect to microstructural
evolution and phase stability. Precise control of the thermal
history of the material is therefore essential to ensure
reproducibility and to avoid undesired phase transformations
or material degradation."”

Among the available high-temperature heat sources,
combustion systems provide an attractive means of supplying
the high temperatures required for solid-state reactions, owing
to their ability to deliver intense heat fluxes with relatively
simple system configurations. Compared to alternative heating
methods such as electrical or plasma-based systems,
combustion-based approaches offer high energy density,
scalability, and operational flexibility,” > making them
particularly suitable for applications requiring sustained high-
temperature environments.

© XXXX The Authors. Published by
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From an energy engineering perspective, the capability to
control the spatial and temporal distribution of temperature is
a key requirement for advanced thermal processes.””* Modern
combustion systems allow such control through adjustments of
operating parameters such as fuel composition, equivalence
ratio, and flow conditions. In well-defined flame configurations,
these parameters can be tuned to regulate flame temperature
and heat transfer to adjacent solid materials, enabling precise
thermal management rather than merely maximum heat
release. As a result, combustion remains a relevant and
versatile technology for high-temperature energy applications,
particularly when combined with low-carbon fuels such as
syngas or hydrogen-rich mixtures.””"" Laminar strained
premixed flame is one of the well-defined flame configuration,
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which offers a well-defined and highly controllable config-
uration for fundamental and practical application of
combustion and heat transfer. Owing to their symmetric flow
field and clearly defined stagnation plane, key parameters such
as strain rate or flow velocity can be precisely prescribed and
systematically varied."””'* This well-characterized structure
enables a direct link between imposed flow conditions and the
resulting flame behavior, which is essential for reproducible
investigations of flame—material interactions.'>"¢

In the context of ongoing energy transitions, combustion
technologies are also shifting toward cleaner and more
sustainable fuel pathways.'”'”'® The use of alternative fuels,
such as syngas, hydrogen-rich mixtures, or fuels derived from
renewable feedstocks, extends the applicability of combustion
to low-carbon or zero-carbon energy systems. For example,
hydrogen combustion has been considered a potential energy
carrier for glass manufacturing to support large-scale decarbon-
ization efforts,'” and the associated increase in water vapor
within the furnace atmosphere introduces additional consid-
erations regarding glass chemistry and properties, which have
been discussed in detail. In ref 20 green ammonia cofiring was
evaluated as an alternative fuel for the cement industry to
supply the thermal energy required for rotary kilns. The
corresponding NO,, emissions during cement production were
investigated in detail, and the quality of the produced cement
was systematically assessed.

In the present work, the formation of Magnesium aluminate
spinel (MgALO,) through the solid-state reaction between
MgO and Al,O; under high-temperature contact conditions is
investigated. The required thermal energy is supplied by a
syngas-fueled combustion system, where a premixed mixture of
CO and H, serves as the energy source. By applying
combustion as the heating mechanism, controlled high-
temperature environments can be established, enabling
systematic investigation of diffusion-controlled phase forma-
tion at ceramic interfaces. Magnesium aluminate spinel
(MgAL,O,) is of considerable industrial importance due to
its excellent thermo-mechanical stability, high melting point,
superior chemical inertness, and relatively low thermal
expansion coefficient.”' >* These properties make spinel-
based materials attractive for applications in high-temperature
structural components, transparent ceramics and thermal
barrier systems for this material. In addition, the compatibility
of spinel with both MgO- and Al,Oj-rich environments further
enhances its relevance in multiphase ceramic assemblies.
Understanding the kinetics of spinel formation under well-
defined and externally controllable thermal conditions is
therefore of both scientific and technological significance. In
this context, coupling combustion-controlled thermal loading
with solid-state reaction modeling provides a novel framework
to analyze the interaction between flame dynamics and
magnesium aluminate spinel formation.

B MATHEMATICAL MODELING AND SIMULATION

Before presenting the mathematical formulation in detail, the
physical configuration considered in the present study is first
described, as illustrated in Figure 1. The system consists of two
solid plates made of periclase (per, MgO) and corundum (cor,
Al,0,), respectively, which are brought into contact through a
polished interface. The two plates are assumed to have
identical thickness 0 and are placed symmetrically at the
stagnation plane of a laminar strained premixed CO/H,/air
flame. At the initial stage (t = 0 in the figure), the entire system

1 Premixed .
1 CO/Hy/air -

Premixed ’ -
CO/H,/air j):

t=0 z=0

= «Premixed
CO/H,/air

Figure 1. Schematic illustration of spinel (sp) growth as an interlayer
formation between periclase (per) and corundum (cor) system during
the temperature variation at material surface caused by strained
laminar premixed CO/H,/air flame.

is assumed to be in thermodynamic equilibrium, such that the
temperature within the solid material is spatially homogeneous.
Under this condition, no temperature gradient exists either
inside the solid or at the interface between the solid surface
and the flame regime.

As reported in the literature,”> when a uniaxial thermal load
is applied to the two plates using a creep apparatus, diffusion
and chemical reactions between the periclase and corundum
phases lead to the formation of a thin spinel (sp) layer at the
interface, as schematically indicated at time ¢ in the Figure 1.
The formation and growth of this spinel layer are strongly
temperature dependent. Therefore, by controlling the thermal
state of the system through adjustments of flame parameters
(such as the imposed flame strain rate and the composition of
the unburnt mixture), the material temperature can be
effectively regulated. This temperature control capability
provides a direct means to influence the interfacial reactions
and phase evolution within the solid during the process.

Laminar Strained Premixed Flame

Thermo-Kinetic and Fluid Dynamics Quantities. In the
present study, the thermo-kinetic and fluid-dynamic state of
the strained premixed flame is described using the two-
parameter formulation,” in which the full two-dimensional
(2D) reacting flow can be reduced to a one-dimensional (1D)
representation along the axial coordinate z (c.f. Figure 1).
Within this framework, all governing equations are expressed
as functions of z and time ¢, while the effects of the transverse
flow (in radial direction) are captured through two
independent quantities, namely the tangential velocity gradient

G(z, t) =@ and the tangential pressure gradient

J= —%%, where v, denotes the radial velocity component
of gas mixture. The resulting two-parameter (introduction of G
and ]) formulation allows the conservation equations to
depend solely on z and t. In the following formulation,
subscripts “,” are used to denote quantities associated with the
gas-phase flame.
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The thermodynamic state of the mixture is characterized by
the gas-phase temperature Tg(z, t), the pressure pg and the
density p,. Chemical composition is described by the species
mass fractions wy(z, t), whose evolution is governed by
chemical source terms ;. These source terms are evaluated
from elementary reaction kinetics, with rate coeflicients
following the Arrhenius law.”’~*’

Governing Equations. For clarity, a brief summary of the
governing equations is provided below. Although the two-
parameter formulation has been presented in detail else-
where,” several components are restated because they play a
central role in modeling flame—material heat transfer and in
defining the interface boundary conditions introduced later.
Consistent with the reduction described in the previous
subsection, the reacting flow is represented as a one-
dimensional system along the axial coordinate z and the full
governing conservation equations reduce to the following one-
dimensional form®°

%, G a(%vz)
o oz (1)
G 10 G G
51 1o, 0
ot pg pg dz dz 0 (2)
oT, oT, !
Frliniie : ai—iga—g”"gz vl g
ngPrg < < i=1
1 oo oT
- — wh; vz—g
Bpg i=1 < (3)
ow, 1 ],,g M, ow,
ot p, 0z A odz (4)
__BM
0= pg - =
RT (s)

In these equations, 7, represents dynamic viscocity, c,, the
isobaric heat capacity, 4, the heat conductivity, M the mean
molar mass of the mixture and R the universal gas constant.
Each species i contains the thermo-kinetic information
regarding the isobaric heat capacity c,; molar mass M; and
molar enthalpies ;. Mass transport is captured through the
multicomponent diffusion fluxes j;, which include differential
molecular diffusion involving mass diffusion coefficient D and
thermal diffusion involving the thermal diffusion coefficient D

. aw; Ox; DiT aTg

Jig AP x, 0z T, 0z (6)

Here «; is the mole fraction of i-th species. Both DY and Df
are calculated according to ref 30.

It should be explicitly mentioned that the objective of the
current work is not to perform a sensitivity analysis of
individual combustion submodels, but rather to investigate
how a combustion-controlled thermal field influences the
evolution of spinel growth in a coupled flame—material system.
For this reason, detailed transport and chemistry models,
including differential diffusion of different species, thermal
diffusion (Soret effect) and surface reactions, were incorpo-
rated to represent the flame environment as realistically and

consistently as possible under high-temperature conditions.
The influence of individual combustion effects, such as the
Soret effect, on strained premixed flames has already been
extensively discussed in the combustion literature.’’ =
Therefore, a separate systematic assessment of these effects is
beyond the scope of the present study. Instead, these detailed
submodels are included here to improve the physical fidelity of
the thermal boundary conditions supplied to the solid-state
reaction model.

Solid-State Reaction Based on Thermodynamic Extremal
Principle

The solid state synthesis of Magnesium aluminate spinel
(MAS) from MgO and Al,O;, as shown in Figure 1, depends
on both the temperature of the applied flame and the exposure
time of the system. The thickness, as well as the composition
of the formed product layer of MAS can be tailored by
controlling the applied temperature—time profile. To explore
such process-structure relationship, the growth kinetics of the
MAS, in dependence of the temperature change induced by
combustion system, has been included in this work by
implementing the kinetic model that has been developed
in.”>** The developed model is based on the nonequilibrium
thermodynamic concept of the Thermodynamic Extremal
Principle (TEP) that has proved to be a valuable tool for the
systematic development of evolution equations, capturing the
complex kinetic phenomena occurring in multicomponent,
multiphase material systems.*>

Brief Outline of Governing Equations. The multiple
internal kinetics that have been taken into account for this
particular solid state reaction system are that of the bulk
diffusion; the diffusion of Al,O; through the spinel to the MgO
side for further reaction and that of the MgO to the Al,O; side,
the interface migration; the movement of the MgO/spinel and
spinel/AL,O; interfaces into the MgO and Al,O; phases
respectively and finally the vacancy generation/annihilation at
these respective reaction interfaces.”* Each of these kinetic
processes dissipate the Gibbs energy of the overall system, the
rate of which has been presented as*

. g
G = ﬁua + —ﬁv/,
Q(x Q/}
1 Xp dg}, X
+ | () g )+ / R

where the Gibbs energies of each of the per/a/MgO, cor/
Al O, and sp/y/spinel phases are represented by g,, g5 and g,.
The MgO and Al,O; being stoichiometric compounds, g, and
gp are only temperature dependent. However, since spinel is a
solid solution, g, varies both with respect to temperature and
composition. Following the works in,>>***" the spinel
composition, in terms of the mole fraction of Al,Oj;,
represented here as r, is assumed to have a linear profile
within the spinel (position coordinate being denoted by x),
with the left (L)and right (R) boundary values (at per/sp and
sp/cor interfaces) represented as r; and ry respectively. The
velocity with which the left interface moves with respect to
each of the a and y phase lattices has been further denoted by
u, and v, respectively. v5 and u, represent the velocity of the
right interface with respect to the lattices of the f and y phases.
Q. € and Q, represent the molar volumes of the
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corresponding phases. For further in-depth derivation of eq 7,
the reader can refer to ref 25.

According to the principles of irreversible thermodynamics,
for a closed system, this rate of Gibbs energy dissipation
equates to the negative of the dissipation rate Q of the
system.”” Subject to this constraint, the TEP principle
maximizes Q with respect to the kinetic variables that on the
one hand can be used to physically design the expressions for
G and Q and on the other hand, are imgortant to characterize
the system evolution over time.”>***>*® The final exgression
from the constrained maximation of TEP is given as’

2“0 g (8)

where J; represents here the kinetic variables (u,, Vyy Vg Uy T
and 7y ), that have been used to represent G in eq 7, and is
further shown to form the expression for Q. It constitutes the
contributions of the dissipation rate from each of the processes
of diffusion Q4 interface migration Q. and vacancy
generation/annihilation Q,, as is represented as™

Q= Qd + Qm + Q—a/g (9)
The term describing the process of diffusion Qg is expressed

25
as

X

2 2
x Ia /8
Q,=R,TQ f A 4Bl
¢ Ty (1 -1)D, Dy (10)

where R, is the universal gas constant, T the system
temperature at each time instance as is obtained from the
flame calculation, j, and jg are the mass fluxes of MgO and
Al O; through the spinel respectively due to the diffusion
process. D, and Dy are the diffusion coefficients of the effective
components MgO and Al,O; in the spinel respectively that
show a temperature dependence according to the Arrhenius’s
law.

2The dissipation rate from the interface migration Q,, is given
as™

_ (u, + v},)Z N (u, + uﬂ)Z
" 4M;, 4My (11)

in which M; and Mj, are the mobility coefficients of the left and
right interfaces. Similar to the diffusion coefficients, they follow
the Arrhenius’s law and the corresponding coefficient
parameters are derived from.**

Finally, the expression for Q,/, is given as™

(V}, - ua)z + (V/} - u}/)z
U, Ur (12)

Qa/g =

where Up and Uy are the vacancy generation/annihilation
coefficients for the left and right interfaces. These values are
assumed to be kept constant due to its lower influence
compared to diffusion and interface migration™* on this specific
solid state transformation within the specific temperature
window studied. For further detailed knowledge of the
. . 25,34
equations, the reader might refer to.

Flame-Material Interface Boundary Condition
In this section, the boundary conditions imposed at the flame—

material interface are specified in detail. Accurate formulation
of these conditions is essential, as the coupling between the

reacting flow and the solid material involves both heat and
mass transfer processes. The position of the flame—material
interface is denoted by I, with I” referring to the material side
and I' to the gas-phase flame side. It should be emphasized
that, in the present framework, the combustion system is
considered solely as a thermal energy source for the solid-state
reaction. Apart from the heterogeneous surface reactions
considered at the flame—material interface, no transport of gas-
phase species into the solid material is considered. Con-
sequently, possible effects associated with hydrogen diffusion,
radical penetration, or other combustion-product-assisted
reactions within the material are neglected and are not
included in the modeling at the flame-material interface.

Species Mass Transport

With respect to species mass transport, the solid material is
assumed to be impermeable to all gas-phase species.
Consequently, no net mass transfer across the interface into
the solid is allowed. However, heterogeneous surface reactions
are permitted to occur at the material surface. Under these
assumptions, the total mass flux of each species at the interface
must vanish

. + csurf
JigI) + g =0 (13)

. o surf . .
in which rl-S;r describes the surface flux due to surface reactions
!

and the rate of destruction of reactive species i is characterized
by the surface destruction efficiency y; (more details in*”). This
condition ensures that the diffusive flux from the gas phase
toward the surface is exactly balanced by the rate of species
consumption or production due to surface reactions, such that
the net mass flux across the interface remains zero.

Energy Transport

With regard to energy transport, a conjugate heat transfer
formulation*' is adopted at the flame—material interface.
Accordingly, two conditions are imposed to ensure a physically
consistent thermal coupling between the gas phase and the
solid material. First, temperature continuity is enforced at the
interface, such that the temperature on the material side is
equal to the temperature on the gas-phase side

T,(") = T(I") (14)

Second, conservation of energy requires that the heat flux
normal to the interface be continuous across the interface. This
condition ensures that the conductive heat flux at the material
side qus(l_) exactly balances the total heat flux transferred from
the flame side jg,(I")

jq‘s(I_) =jq‘g(1+) (15)
_ aT

i (7)) = -2 —

Jp () rall 16)

e 0T
g0 = —4¢

I

+ Yk ()
= 8 (17)

Gas Mixture and Chemical Mechanism

In the present study, a premixed stoichiometric CO/H,/air
unburnt gas mixture is considered, with an equimolar
composition of CO and H, (CO/H, = 1:1). This specific
fuel composition is selected as a representative example rather
than a restrictive choice. The only requirement for the
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Table 1. Parameters for Representing Kinetic Coefficients as Functions of Temperature®"”

parameters Dyer [m?/s] Doy [m?/s] Myeres [m*/(Js)] Mgy cor [m*/(Js)]
o -5.1751 x 10* —5.9078 x 10* —5.1910 x 10* —1.0976 x 10°
¢ —1.5841 —2.5645 —12.6847 30.0881

“The cor represents AL,O,, per represents MgO, and sp represents spinel.

selection of gas mixture is that, under the applied flame strain
rate, the resulting flame-induced temperature within the solid
material remains below approximately 1800 K, ensuring that
both periclase and corundum phases remain in the solid state
throughout the process.

To simulate the combustion behavior of the premixed flame,
the FECM-1 chemical kinetic mechanism*” is employed. This
mechanism has been extensively validated for syngas
combustion over a wide range of operating conditions and
has been shown to reliably capture the thermo-kinetic
characteristics of CO/H,/air flames.

For the surface chemistry at the flame—material interface,
the formulation follows the approach reported in ref 40 Six
recombination and destruction reactions of reactive species
occurring on the material surface are considered, namely the
surface removal of O, H, OH, HO,, H,0, and CHO radicals,
with the corresponding formation of stable gas-phase products

wall

(S1) 0 — 0.50,

wall

($2) H-5 0.5H,
wall
($3) OH -5 0.5H,0 + 0250,
wall
($4) HO, -5 0.5H,0 + 0.750,
wall
($5) H,0, -5 H,0 + 0.50,

wall
(S6) CHO - CO + 0.5H,

These surface reactions account for the loss of reactive
intermediates at the wall and their recombination into less
reactive species, thereby influencing both species concen-
trations and the local energy transport near the interface. For
all reactive species involved, a surface destruction efficiency of
7 =1 X 1073 is assumed, consistent with the values adopted
in.*

Numerical Simulation

Combustion Simulation. The numerical simulations of
the strained premixed flame are performed using the in-house
combustion code INSFLA, which has been extensively applied
for the investigation of laminar premixed flame configurations
under strained conditions.'”'® The governing equations
presented in' > are solved in a fully coupled manner for
species transport, momentum and energy conservation
together with detailed chemical kinetics and transport
processes.

For the temporal integration of the governing equations,
INSFLA wuses the semi-implicit extrapolation integrator
LIMEX,™ which is specifically designed for stiff differential-
algebraic systems. The semi-implicit treatment enables stable
and efficient time integration while accurately resolving the
strong thermo-chemical coupling within the flame structure.

In addition, the numerical grid is dynamically adapted
during the simulation procedure. The adaptive mesh refine-
ment strategy automatically increases the local grid resolution

in regions with steep gradients of thermo-kinetic quantities,
such as temperature and species mass fractions. This self-
adaptive grid treatment ensures that all relevant flame
structures and transport processes are sufficiently resolved
throughout the simulation domain while maintaining computa-
tional efficiency.

Solid-State Reaction Simulation. All material specific
parameters such as diffusion and mobility coeflicients are
derived from ref 34 All the Gibbs energy values required for
the numerical calculations of TEP have been directly informed
from the CALPHAD database’® via the FactSage software
package™* using information and coupling method introduced
in ref 34 Substituting eqs 7 and 9—12 in eq 8, generates a set of
equations, containing the solid-state kinetic variables, which
are then solved at each time step with the MATLAB2023b
solver vpasolve. Since, these kinetic variables in turn represent
the rates for certain characterizing parameters of the system,
the solutions from vpasolve, are used to update these
parameters before proceeding to the calculations of the next
time instant. Hence, an explicit Euler scheme has been
implemented in this work to solve how the system evolves over
time.

The diffusion coefficients D and the interface mobility
coefficients M are both temperature dependent and approxi-
mated from the Arrhenius’s type law as

a9
In(DorM) = ¢, + T (18)
in which ¢y and ¢, are parameters representing kinetic
coefficients, which can be found in Table 1.

The coefficients U for vacancy generation/annihilation are
assumed to be constant values for the considered temperature
range, since the sensitivity analysis shows that the variation of
U values has minor influence on the spinel growth.”
According to,>* the Uper-sp = Uspecor = 1 X 107 m*/Js.
Validation of the Proposed Modeling Framework
Although the fully coupled flame-material interaction process
investigated in the present work has not yet been validated
experimentally as an integrated system, the individual
submodels used in the framework have been independently
validated in previous studies.

For the solid-state reaction model, the Thermodynamic
Extremal Principle (TEP)-based framework adopted in the
present work has already been systematically compared with
experimental measurements for MgO—Al,O; spinel formation
in ref 34 In this study, the predicted spinel layer growth
kinetics in terms of interface migration behavior and
concentration evolution showed good agreement with
experimental measurements under high-temperature condi-
tions, showing the capability of the TEP-based formulation to
capture the essential nonequilibrium kinetics of the solid-state
reaction system.

Regarding the combustion model, the reacting-flow
formulation used here is based on the two-parameter
description of strained premixed flames proposed in.*° The
governing equations and numerical framework have been
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extensively validated in previous combustion studies against
experimental data for canonical flame configurations, including
laminar flame sgeed,%’46 extinction limits*”*®* and strained
flame structures.”>*

Therefore, although direct experimental validation of the
present fully coupled flame—material interaction framework
remains part of future work, both the combustion and the
solid-state reaction submodels are individually based on
previously validated and physically established formulations.

Thermal Control Strategy for Heating Process

Temperature Regimes. Figure 2 shows the axial temper-
ature distributions of the coupled flame—material system for

Flame regime <—|(--- per () ...)'(4.. cor (8) .4.)|_) Flame regime

Red: Flame strain rate a = 840 (1/s)
1700 |Blue: Flame strain rate ay= 1343 (1/s)
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Figure 2. Flame temperature profiles with different imposed flame
strain rate.

two different flame strain rates, showing how the thermal state
of the material can be controlled through flame heating. The
blue curve corresponds to the initial condition with a flame
strain rate of ay = 1343 s™', under which the flame maintains a
relatively low temperature and imposes a “weak” thermal load
on the solid (compared to the final flame temperature). As a
result, the temperature inside the material is uniform at
approximately 1505 K across both the periclase (MgO) layer
and the corundum (Al,O,) layer. The red curve represents the
heated state obtained after decreasing the flame strain rate to
a; = 840 s7'. In this case, a noticeable increase in flame
temperature is observed. Consequently, the internal temper-
ature of the material increases to an average value of about
1620 K. This temperature increase is caused by the decrease in
flame strain rate, which weakens convective transport and
prolongs the residence time of reactive species within the high-
temperature reaction zone, thereby enhancing the flame
temperature.””>' These simple yet straightforward results
indicate that decreasing the flame strain rate provides an
effective and physically straightforward approach for regulating
the internal temperature of the material during the heating
process by adjusting only the flow conditions.

Temperature Homogeneity During Heating Process

To investigate how the rate of variation of the flame strain rate
affects the homogeneity of the temperature distribution within
the system, a controlled strain-rate modulation strategy is
introduced. Specifically, the flame strain rate is assumed to
decrease linearly from a higher value ay to a lower value ay, as
shown in Figure 2, over a prescribed strain-rate transition time
interval t, as

a(t) = _u.t + ay
fe (19)
Under this formulation, a smaller value of t, corresponds to a
sharper and more rapid change in the flame strain rate, whereas
a larger ¢ represents a more slow change. By varying the value
of t, different strain-rate ramping scenarios can be applied,
allowing the transient evolution of the temperature field within
the system to be systematically analyzed. This approach
enables an assessment of how the heating process induced by
variation of flame strain rate influences the development of
temperature gradients and the degree of temperature
homogeneity inside the material.
Figure 3 compares the temporal evolution of the material
surface temperature (solid lines) and the maximum temper-
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Figure 3. Comparison of temperature at the material surface and
maximum temperature inside the material for three different cooling
time f.

ature inside the material (dashed lines) for different values of
the strain-rate transition time t. For both cases, the heating
process starts from the same initial temperature (due to the
same imposed initial flame strain rate a;; = 1343 s™*), while the
subsequent thermal response strongly depends on the rate at
which the flame strain rate is decreased to final imposed flame
strain rate a;, = 840 s'. When a short transition time is
applied, such as f, = 5 min, a noticeable temperature difference
develops between the material surface and its interior,
indicating a highly inhomogeneous temperature distribution
caused by the rapid increase of the flame temperature. As t,
increases, this temperature discrepancy diminishes clearly. For
t. = 20 min, the two temperature curves almost collapse onto
each other, and no visible difference can be identified,
indicating that the temperature field within the material is
homogeneous under this condition. These results indicate that
slower and smoother variations of the flame strain rate
effectively reduce internal temperature gradients by allowing
sufficient time for heat conduction within the solid. Based on
this observation, any transition time £, larger than 20 min can
be considered sufficient to achieve a homogeneous temper-
ature distribution inside the material. In practical applications,
noticeable reactive diffusion process typically occurs over much
longer time scales, often on the order of hours. Therefore, in
the following analysis, a minimum transition time of ¢, = S0 h is
adopted. Consequently, a fully homogeneous temperature field
throughout the material can be assumed.
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Influence of Stochastic Variations in Flame Strain Rate on
Material Temperature Evolution

In practical operating conditions, the flame strain rate is rarely
perfectly smooth or deterministic, but may show stochastic
fluctuations due to burner inlet perturbations or other possible
external disturbances.”> The present subsection investigates
the influence of stochastic variations in the flame strain rate on
the temperature evolution of the material. Specifically, a
stochastic fluctuation term a’(t) is superimposed onto the
linear strain rate a(t) considered previously via eq 19, allowing
the flame strain rate to deviate randomly around its mean
value. This approach enables an evaluation of whether noise in
the flame strain rate can significantly affect the material
temperature response and the homogeneity of the resulting
temperature field. In this formulation, the temporal flame
strain rate is expressed as ag(t) = a(t) + a’(t). The fluctuation
term a'(t) is assumed to follow a normal (Gaussian)
distribution with a zero mean value and a standard deviation
of o = 2.5%, which is adopted here as a representative example
and observed from®” for the measurement of flame strain rate.
In addition, the amplitude of the stochastic fluctuation is
limited to 10% of the instantaneous value of the linear strain
rate a(t), which is regarded as reasonable uncertainty in the
experimental measurement for flame strain rate.”>” Under
these assumptions, the temporal stochastic flame strain rate is
defined as follows

a, = a(t)-(1 + 0.IN(u =0, 6 = 2.5%)) (20)

Figure 4 illustrates the influence of stochastic variations in
the flame strain rate on the thermal response of the material.
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Figure 4. Upper: stochastic vs linear deterministic evolution of flame
strain rate over 1 h time. Below: material temperature for both cases.

The upper subfigure compares the stochastic and the purely
linear deterministic evolution of the flame strain rate over a
time interval of 1 h. This duration is selected as a
representative example, as it is sufficiently long to ensure a
homogeneous temperature distribution within the material and
to allow for the observation of spinel layer growth in the
material. The lower subfigure shows the corresponding
temporal evolution of the material temperature for both
cases. Despite the presence of stochastic fluctuations in the
flame strain rate, the temperature inside the material remains
spatially homogeneous and closely follows the evolution
associated with the mean value of the strain rate. This
behavior indicates that fluctuations with high-frequency in the
flame strain rate are effectively damped by the thermal inertia
and slow heat conduction within the solid. As a result, the
overall material temperature response is governed primarily by
the averaged flame conditions rather than by instantaneous
fluctuations, indicating the applicability of the proposed
thermal control strategy against stochastic perturbations in
the flame strain rate.

Bl RESULTS AND DISCUSSION

The growth kinetics of the MAS phase formed via the solid-
state reaction between MgO and Al,O; are simulated in this
work by implementing the TEP-based modeling framework
introduced earlier. The thermal boundary conditions required
as input for the kinetic model are obtained from the flame
temperature calculations described previously. Three thermal
loading scenarios are considered, in which the imposed strain
rate decreases from ay = 1343 s™' to a; = 840 s™' (c.f. Figure
2) over transition time interval (f.) of S0 h, 100 and 150 h,
respectively. It should be mentioned that shorter transition
times lead to only a few micrometer layer of the product phase
due to the inherent slow solid state kinetics. Hence, for a
representative growth-relevant analysis of the evolution
characteristics of the spinel, conditions that allow longer
exposure times for the material system to the flame have been
selected. For each of the three transition time intervals
investigated in this work, the material system experiences a
heating profile from ~1506 K to ~1617 K as can be observed
from Figure 3.

Thickness for Spinel Layer

Figure S shows the evolution of the spinel layer thickness
during heating from approximately 1506 to 1617 K under
different heating times. As observed, the most significant
growth occurs for the longest transition time of 150 h (solid
black line), reaching a final thickness of approximately 55.46
pum. This is followed by the case with a transition time of 100 h
(solid blue line), which yields a comparable but slightly
reduced thickness, while the shortest transition time of 50 h
(solid red line) results in a significantly thinner spinel layer of
approximately 32 pm. The reduced exposure duration
associated with faster heating limits the available time for
solid-state diffusion and interfacial reaction, thereby leading to
a thinner product layer at any given temperature. Although the
transition time represents a continuously varying thermal
exposure rather than an isothermal hold, the nonlinear
evolution of the spinel thickness over time within this
temperature interval is characteristic of diffusion-controlled
growth. It can however be observed from Figure 6 (upper),
where the temperature dependence of the instantaneous spinel
growth rate (time-derivative of thickness) is presented for each
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Figure S. Thickness versus flame temperature at surface and versus
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Figure 6. Upper: growth rate of spinel thickness over flame
temperature and flame strain rate. Lower: growth of thickness over
times. Both figures represent cases for three different heating times.

heating profile that the overall growth rate in each case,
increases with temperature despite the increasing diffusion
path length. This behavior is attributed to the strong
temperature dependence of solid-state diffusion coeflicients,
which follow an Arrhenius-type relation and thus accelerate
significantly at higher temperatures. Consequently, the temper-
ature effect outweighs the increasing diffusion resistance within
the investigated range. It should be noted that all heating
profiles considered in the present study belong to a regime

where the temperature-induced enhancement of diffusion and
thermodynamic driving force dominates over the increasing
diffusion length associated with spinel growth. Consequently,
the instantaneous growth rate increases throughout the
investigated heating process. A systematic identification of
the transition to another regime, in which diffusion-path effects
become dominant and the growth rate decreases with time,
would require a much broader exploration of heating
conditions and kinetic parameters. Such an investigation is
beyond the scope of the present work, whose primary objective
is to establish the coupled combustion—solid-state reaction
framework and to investigate the influence of combustion-
controlled thermal loading on spinel formation.

It can be further observed that, at any given temperature, the
instantaneous growth rate of the faster heated system is
consistently higher than that of the more slowly heated
systems. Since the diffusion coeflicient in the present
framework is assumed to depend solely on temperature, this
observation cannot be fully explained by temperature-depend-
ent diffusivity alone. Therefore, the diffusion process must be
further analyzed in terms of the available thermodynamic
driving forces.

As reported in ref 53 increasing the temperature within the
interval of approximately 1506 to 1617 K leads to a progressive
expansion of the composition range of the thermodynamically
stable spinel phase. Specifically, the stability region broadens
from the stoichiometric composition (corresponding to 0.5
ALO;) toward higher AL,O; contents in equilibrium with the
corundum interface and toward lower AlL,O; contents in
equilibrium with the periclase interface. Consequently, at any
given time instant, the faster heated system experiences a larger
thermodynamic driving force for spinel formation. At the sp/
cor interface, this promotes a pronounced Al,O;-enrichment in
spinel compared to the slower heated systems. This calculated
trend is consistent with the experimental analyses from ref 54
whereby increasing the temperature was shown to significantly
increase the Al,O; content of the spinel at the sp/cor interface.
For the per/sp interface, even though there is a minor shift
toward a more Al,Os;-depleted spinel for the faster heated
systems, the compositions remain close to the stoichimetreic
composition as has been further experimentally observed in ref
54.

Thus, over the time interval during which all three profiles
are still evolving, even though the spinel layer thickness of the
faster heated system is more compared to the slowly heated
systems as has been further illustrated in Figure 6 (lower
subfigure), a faster diffusion is imposed by an overall steeper
potential gradient across the spinel due to the faster interface
composition evolutions compared to the slowly heated
systems. This behavior can further be mapped from the
evolution states of the system that have been represented in
Figure 7 with the developing composition field within the
spinel, as it grows from the solid state reaction over time for
the three heating profiles. It can be observed that for any
comparable time level (until S0 h), growth of the spinel layer
thickness, along with its corresponding concentration gradient,
is the maximum for the highest heating rate and lessens as the
heating rate decreases. Conversely, for comparing the spinel
characteristics for a particular temperature, the time levels for
the systems with f. = 100 and 150 h in Figure 7 should be
chosen to be twice and thrice respectively to that for the
system with f, = 50 h. Under these conditions, it can be
observed that even though faster heating yields lower
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Figure 7. per/sp and sp/cor Interface movements and concentration evolution of spinel over time for three different heating duration.

thickness, the corresponding compositional spread within the
spinel for the three systems are comparable. This further
demonstrates the development of steeper potential gradient
and the corresponding faster diffusion process that leads to
higher growth rates at a particular temperature for the faster
heated systems, as is depicted in Figure 6 (upper).

A further process relevant insight that can be extracted from
these figures is that, depending on the objective of the
manufacturing, whether to have a thicker product layer or a
product with a comparatively more uniform composition
distribution, the heat ramp applied to the system needs to be
adjusted.

Partial Pressure of Oxygen and Water Vapor at the
Ceramic Surface during Heating Process

For the fuel composition considered in this work, namely a
premixed CO/H, mixture with CO/H, = 1:1 under
stoichiometric conditions, complete combustion yields major
products with molar proportions H,0/CO,/N, = 1:1:79/21.
Compared to conventional hydrocarbon fuels, the presence of
hydrogen in syngas leads to a relatively increased fraction of
water vapor in the combustion products. As a consequence,
during the heating process, the ceramic material is exposed not
only to high temperatures but also to a steam- and oxygen-
containing environment. Given that the thermal exposure
durations investigated in this study range from 50 to 150 h,
and may in practical applications extend even further, the
material surface remains in long contact with high-temperature
water vapor. Under such conditions, the possibility of surface
oxidation cannot be excluded.”> ™’

Quantitative data on high-temperature oxidation or surface
alteration for the specific material system considered here are
limited. Therefore, the present section does not attempt to
explicitly model oxidation kinetics but rather highlights this
aspect as a potentially relevant phenomenon. A systematic
investigation of surface oxidation effects under flame-
controlled high-temperature steam and oxygen environments
would constitute an important direction for future research.

Figure 8 presents the evolution of the partial pressures of O,
and H,O during the entire spinel growth process for the three
investigated heating profiles at the material surface. Although
the combustion system operates under stoichiometric con-
ditions, a finite amount of molecular oxygen is still present in
the burned gas. This residual O, originates from high-
temperature thermodynamic equilibrium effects, where dis-
sociation and recombination reactions lead to a nonzero
equilibrium oxygen concentration. As shown in the upper
subfigure, the partial pressure of O, remains relatively low, on
the order of 0.08 bar, and decreases as the thermal history
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Figure 8. Evolution of the partial pressures of (upper) O, and (lower)
H,O at the material surface during spinel growth for heating times of
50 h, 100 and 150 h.

evolves. The partial pressure of H,O, shown in the lower
subfigure, is significantly higher, remaining around 0.11 bar
throughout the process. This comparatively large steam
fraction is a direct consequence of the hydrogen-containing
syngas fuel. Given the prolonged exposure times considered in
this work (up to 150 h), the material surface experiences
sustained contact with a high-temperature oxygen- and steam-
rich environment.

The finding suggests that for a more accurate predictive
framework, the formation of oxidation layers at the MgO and
AL O; surface need to be identified. Future models should
incorporate coupled oxidation and solid-state reaction kinetics,
supported by dedicated experimental investigations under
controlled oxygen- and steam-containing combustion atmos-
pheres.
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B CONCLUSION

In the present work, a combustion-driven thermal engineering
framework has been developed to investigate nonisothermal
solid-state spinel formation in a MgO—ALO; system. By
coupling a laminar strained premixed syngas/air flame model
with a Thermodynamic Extremal Principle (TEP)-based solid-
state kinetic model, a direct link between controllable
combustion parameters and solid-state reaction has been
coupled and studied.

The results showed that modulation of the imposed flame
strain rate provides a physically straightforward and efficient
strategy for regulating the thermal loading of the material. A
decrease in strain rate leads to a predictable increase in flame
temperature and, consequently, in the homogeneous internal
temperature of the ceramic system. It has been shown that
sufficiently slow strain-rate transitions ensure spatially uniform
temperature distributions within the material, thereby enabling
well-defined nonisothermal reaction conditions over prolonged
heating durations.

The spinel growth kinetics have been characterized based on
both the thickness and composition evolution of the interphase
as a function of the applied thermal loading. Faster heating
profiles, although associated with shorter overall reaction times
and thinner final product layers, show higher instantaneous
growth rates. This behavior results from the combined effects
of enhanced temperature-dependent transport kinetics,
through increased diffusion coefficients, and steeper thermody-
namic driving forces arising from the expansion of the spinel
stability region at elevated temperatures. These findings
suggest the importance of considering both transport and
thermodynamic-driving force when describing diffusion-con-
trolled solid-state transformations under transient thermal
conditions.

Furthermore, stochastic fluctuations in the flame strain rate
have been shown to exert negligible influence on the material
temperature evolution, owing to the thermal inertia of the
solid. This finding indicates that the proposed combustion-
based thermal control strategy is robust against realistic
operating disturbances.

Finally, the analysis of the combustion product atmosphere
showed sustained exposure of the material surface to elevated
partial pressures of H,O and finite O, concentrations, whose
aspect highlights the necessity of incorporating coupled
oxidation—diffusion phenomena into future modeling efforts.

Although the present one-dimensional formulation provides
a suitable framework for investigating the coupling between
combustion-controlled heating and solid-state reaction ki-
netics, radial heat transfer and temperature nonuniformities
may become important in practical systems with finite lateral
dimensions or thicker materials. Future work will therefore
focus on extending the present methodology to a higher
dimensional coupled flame-material model, enabling the
prediction of spatial variations in spinel growth and a more
realistic description of combustion-assisted processing.
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