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Preface

The development of sustainable energy solutions and advanced material technologies
has assumed unprecedented urgency in response to escalating global climate challenges
and rising energy demands. This book, Advanced Foams for Process Intensification,
provides an interdisciplinary study of functional foam materials and explores the
crucial roles they play in process intensification, high-efficiency energy conversion,
and environmental sustainability. Integrating first-principles modeling, high-fidelity
numerical simulations, and systematic experimental characterization, this book elu-
cidates the structure-performance relationship between foam structure and transport
process, offering valuable insights for researchers, engineers, and students.

Foam materials, characterized by their well-defined three-dimensional porous architec-
tures, exceptionally high specific surface areas, and precisely tunable physicochemical
properties, have demonstrated significant promise across a range of energy and chemi-
cal engineering applications, including catalytic reactors, proton-exchange membrane
fuel cells, concentrated solar thermal systems, and lean-burn combustion devices.
Nevertheless, realizing their full functional potential necessitates a mechanistic,
multi-scale understanding that bridges pore-scale transport and reaction phenomena
with macroscopic system-level performance metrics. To bridge this critical knowledge
gap, this book synergistically combines high-fidelity computational fluid dynamics
(CFD) modeling, physics-informed machine learning methodologies, and advanced
additive manufacturing techniques to systematically decode the structure-performance
relationships for foam materials.

Chapter 1 examines heat and fluid flow in metal foams using both pore-scale and
volume-averaged approaches. It delves into local thermal equilibrium and non-
equilibrium models, providing a foundation for analyzing thermal management in
high-temperature processes.

Chapter 2 advances the discourse by coupling CFD with deep learning to investigate
hierarchical pore structures in foam reactors for dry reforming of methane (DRM).
This chapter demonstrates how convolutional neural networks (CNNs) can predict
velocity and temperature fields with high accuracy, revealing optimal pore configura-
tions that enhance reaction rates while suppressing coke formation. The integration of
Al with traditional simulations marks a significant step toward smart reactor design.

Chapter 3 explores the application of metal foam flow fields in proton exchange mem-
brane fuel cells (PEMFCs), emphasizing water management and output performance.
Numerical and experimental studies show that hierarchical pore structures improve
gas permeability and reduce pressure drop, resulting in a 9.5% increase in peak power
density compared to conventional designs.

Chapter 4 expands the scope to electrochemical applications, where foam electrodes
made of metals (e.g., nickel, copper) and carbon are evaluated for water splitting



and CO, reduction. This chapter highlights key fabrication strategies, including
electrodeposition and templating, and discusses how foam morphology influences
catalytic activity, gas release, and reactant accessibility.

Chapter 5 presents a numerical study of a solar-driven pyrolysis foam reactor, analyz-
ing the effects of operating conditions, such as xenon lamp power and foam porosity,
on photothermal performance. The findings reveal that lower porosity and smaller
pore sizes can optimize energy conversion rates, contributing to the development of
efficient solar thermal systems.

Chapter 6 addresses the challenge of temperature regulation in exothermic reactors,
particularly for CO, methanation. To suppress hot spots and improve stability, this
study employs numerical simulations to examine packed-bed and monolithic reac-
tors and proposes strategies such as catalyst dilution and “CHESS” monolith designs.
This chapter highlights the importance of thermal management in achieving high
conversion efficiency.

Chapter 7 investigates the combustion characteristics and flame stability of hydrogen-
enriched natural gas (HENG) in porous media burners. It identifies critical hydrogen
blending ratios that trigger combustion mode transitions and analyzes mechanisms
behind flame instability, offering guidelines for safe and efficient residential gas
applications.

Chapter 8 introduces the fundamentals of supercritical CO,-processed polymeric
foams, highlighting their role in sustainable manufacturing and functionalization for
applications like drug delivery and catalysis. The discussion emphasizes how parameters
such as pressure, temperature, and polymer composition influence foam morphology
and functionality, setting the stage for advanced applications in process intensification.

Targeted at an interdisciplinary readership, this book serves researchers and educators
in chemical engineering, materials science, and sustainable energy systems, as well as
industry professionals engaged in the development and deployment of next-generation
porous media solutions. We intend that the conceptual frameworks, methodological
insights, and case-based analyses presented herein will catalyze cross-sectoral innova-
tion and collaborative progress toward decarbonized, resource-efficient industrial
processes.

Chen Yang, Yixiong Lin and Ting Qiu
College of Chemical Engineering,
Fuzhou University,

China

Koyo Norinaga
College of Engineering,
Nagoya University,
Japan
VIII



Chapter 1

Heat and Fluid Flow in Metal Foam:
Pore Scale and Volume Averaged
Methods, Local Thermal
Equilibrium and Nonequilibrium
Models

Chunyang Wang and Moghtada Mobedi

Abstract

Improving energy utilization efficiency has always been one of the hot topics. Due
to advantages of high thermal conductive porous media for heat transfer enhance-
ment, heat and fluid flow in metal foam has received attentions of researchers in
recent years. High thermal conductive porous structure, for example metal foam, can
be used for heat transfer enhancement in wide applications such as phase change heat
exchanger and thermal energy storage. In this chapter, a summary of different kinds
of metal foam for enhancement of heat transfer is provided. The governing equations
of fluid flow and heat transfer with solid-liquid phase change in porous media, the
volume averaged and pore scale methods, and two models as local thermal equilib-
rium and nonequilibrium are given in detail. Also, the challenges and outlook of heat
transfer in metal foam are discussed.

Keywords: metal foam, heat transfer enhancement, pore scale method, volume
averaged method, local thermal equilibrium model, local thermal nonequilibrium
model

1. Introduction

A porous medium is a composite material including a solid matrix interspersed
with void spaces. These voids can be either interconnected, forming open-cell struc-
tures, or isolated, forming closed-cell structures. Among various types of porous
materials, metal foams have garnered significant attention in both engineering appli-
cations and scientific research. This interest stems from their unique three-
dimensional interconnected structures, combined with exceptionally high porosity
and high thermal conductivity. These structural characteristics enable metal foams to
markedly enhance both heat transfer and fluid flow within systems, making them
highly attractive for various thermal management applications. As a result, metal
foams find wide-ranging applications in heat transfer fields, including but not limited
to heat exchanger [1, 2], cooling system [3, 4], and thermal energy storage [5, 6].
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In addition to the conventional studies focusing on single-phase heat and fluid
flow, there has been a growing research interest in exploring the phase change phe-
nomena associated with metal foams [7, 8]. In particular, the integration of metal
foam into phase change materials (PCMs) has been shown to significantly improve
the overall thermal performance of PCMs. The presence of the metal foam not only
enhances the thermal conductivity of PCM composite but also increases the solid—
liquid interfacial area, which facilitates faster heat exchange. As a result, the overall
heat transfer rate during both the melting and solidification processes is greatly
improved compared to the use of pure PCMs only [9, 10]. At the pore scale, the
parameters of the flow such as velocity, pressure, and temperature exhibit significant
spatial irregularities due to the complex and tortuous geometry of the porous struc-
ture. Moreover, because of the extremely small size and intricate configuration of the
flow passages within the pores, it is extremely challenging to perform accurate local
field measurements of fluid dynamic behaviors at this scale using experimental tech-
niques. Consequently, theoretical analyses, particularly those based on solving the
Navier—Stokes equations and associated energy equations, have been widely employed
to study fluid flow and heat transport in porous media, including metal foams.

Generally, there are two kinds methods for analyzing of heat and fluid flow in
metal foam as Pore Scale Method (PSM) and Volume Averaged Method (VAM)

[11, 12]. The PSM involves direct numerical simulation at the pore level, capturing
detailed flow and temperature fields within the actual geometrical structure, while the
VAM simplifies the modeling by averaging properties over a Representative Elemen-
tary Volume (REV), thereby enabling more computationally efficient simulations at
the macroscopic scale. Furthermore, an important conceptual model when analyzing
heat and fluid flow in porous media is the local thermal equilibrium (LTE) model or
local thermal nonequilibrium (LTNE) model [13, 14]. Under the local thermal equi-
librium model, it is considered that the temperature difference between the solid
matrix and fluid phase at the pore scale is negligible compared to macroscopic tem-
perature variations, allowing the use of a single energy equation for the entire
medium. However, when significant temperature differences exist between the
phases, especially during transient processes or in systems with large thermal conduc-
tivity disparities between the solid and fluid, the local thermal nonequilibrium model
must be adopted, requiring separate energy equations for the solid and fluid phases.

In this chapter, the governing equations for cases of fluid flow and heat transfer
with solid-liquid phase change in metal foam are given. The volume averaged and
pore scale methods and two models as local thermal equilibrium and nonequilibrium
are discussed in detail. Finally, the challenges and outlook of heat transfer in metal
foam are also prospected.

2. Porosity and permeability

For heat and fluid flow in metal foam, two important and fundamental parameters
as porosity and permeability should be known. These properties play a decisive role in
characterizing the transport behavior within the porous structure. The porosity of a
metal foam refers to the fraction of the voids or pores volume, as opposed to the solid
material. In other words, porosity quantifies the proportion of the volume that is
available for fluid flow and heat transport. A higher porosity generally indicates a
greater capacity for fluid movement and potential for enhanced thermal performance.
The definition of porosity can be presented as follow.
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& = V”/Vt (1)

where ¢ is the porosity of the metal foam, V, and V, are the volume of the pores and
total volume of the metal foam, respectively. And it is a dimensionless number rang-
ing between 0 and 1, or as a percentage.

In addition to porosity, permeability is another essential parameter that describes the
ease with which a fluid can go through the porous medium. It reflects the interconnec-
tedness and size distribution of the pores, and it strongly influences the pressure drop
and flow resistance encountered during fluid transport. A thorough understanding of
both porosity and permeability is necessary for accurately predicting and optimizing
heat and mass transfer processes in metal foam applications. For example, based on the
studies of Ozgumus et al. [15] and Celik et al. [16], it is assumed that the friction effect is
dominant due to the surface of the metal foam. For one dimensional flow, the momen-
tum equation can be given in Eq. (2). In the numerical determination of permeability, a
uniform inlet velocity is applied to a representative unit cell. The continuity and
momentum equations at the pore scale are solved and the pressure drop across the cell is
computed by the given velocity (i.e., corresponding Reynolds number). This procedure
is repeated for a range of inlet velocities. By plotting the variation of dimensionless
pressure against the pore-scale Reynolds number, the permeability and inertia coeffi-
cient can be derived from the resulting relationship.

2 2 o\ 172 y
[I=A-+BRe, Il =— 4 d(p)f’A:d_C,B:CF d_c  Re = f(u) ¢ @)
(u)py  dx K K W

where II, A, Bare dimensionless parameters. Cris inertia coefficient andK is the per-
meability of the metal foam, and d, is the averaged particle or fiber diameter.

3. Pore scale and volume averaged methods

There are two principal methods that can be employed to determine the tempera-
ture distribution and the behaviors of heat transfer and fluid flow through a porous
medium, which are the Pore Scale Method and the Volume Averaged Method. Many
studies have been done by applying the Pore Scale Method and the Volume Averaged
Method for heat transfer in porous media. Table 1 shows the comparison between
Pore Scale Method and Volume Averaged Method. Each method offers unique insights
into the mechanisms of heat transfer in porous structures, with their applicability
depending largely on the specific scale and the objectives of the analysis.

Figure 1 indicates the macro scale and pore scale domains. PSM is particularly
suited for detailed investigations at the microscale, where the intricate structure of the
porous medium is explicitly resolved. In this approach, the governing equations such
as the Navier-Stokes equations and the energy conservation equations are solved
directly at the level of individual pores. The porous medium is treated as a realistic
three-dimensional structure, capturing the exact geometrical features of both the solid
matrix and the interconnected pore network. As a result, the parameters such as local
velocity, pressure, and temperature fields are obtained with high precision, enabling a
thorough understanding of microscale transport phenomena. PSM is particularly
advantageous for fundamental studies aimed at exploring the detailed mechanisms of
heat and mass transfer at the pore level. It is commonly employed in numerical

3
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Feature Pore scale method Volume averaged method
Modeling scale Microscale (individual pores) Macroscale (representative volume)
Accuracy Very high Moderate to high

Computational cost

Very high (requires fine mesh and large
memory)

Low to moderate (coarse mesh
sufficient)

Application domain

Small domains (limited by computational
resources)

Large domains (system-level
simulations)

Numerical methods
commonly used

Computational Fluid Dynamics (CFD),
Lattice Boltzmann Method (LBM)

Finite Volume Method (FVM),
Finite Element Method (FEM)

Limitations

Not practical for large or highly complex
systems

May lose fine-scale local information

Table 1.

The comparison between pore scale method and volume averaged method.

Macro scale

Figure 1.

The macro scale and pove scale domains.

simulations using high-resolution computational techniques, such as CFD or LBM.
However, despite its accuracy, PSM faces considerable challenges in practical appli-
cations. The complexity and irregularity of realistic porous structures, such as those
found in metal foams, necessitate extremely fine spatial discretization and high com-
putational resources. The associated demands for large memory capacity, intensive
computation time, and high storage requirements limit the feasibility of PSM for
large-scale domains or long-term transient simulations.

To overcome these limitations, the Volume Averaged Method is widely employed,
especially in engineering-scale analyses where computational efficiency is critical.
VAM simplifies the problem by averaging the microscopic governing equations over a
Representative Elementary Volume of the porous medium. This averaging process
leads to the formulation of macroscopic transport equations, which describe the
overall, or bulk, behavior of the system rather than resolving individual pores. In

VAWM, distinct solid-fluid interfaces present at the microscale are effectively homoge-
nized, resulting in a continuous medium characterized by effective properties. Critical
volume-averaged transport parameters of heat and fluid flow include permeability,
effective thermal conductivity, inertia coefficient for both the solid and fluid phases,
and the interfacial heat transfer coefficient. And these parameters encapsulate the
complex microscale interactions into effective quantities that can be used in macro-
scopic modeling. The VAM significantly reduces the computational cost compared to
PSM, making it feasible to simulate larger domains and longer time periods with
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reasonable accuracy. As a result, VAM is particularly advantageous for the design and
optimization of engineering systems that employ metal foams, such as heat
exchangers, thermal energy storage units, and catalytic reactors. It allows engineers
and researchers to predict system-level thermal and fluid dynamic performance with-
out the prohibitive computational burden associated with fully resolving the micro-
structure. In summary, PSM provides a detailed understanding at the pore level for
theoretical investigations, while VAM offers a practical and scalable approach for real-
world applications where system-level behavior needs to be analyzed efficiently.

3.1 Pore scale governing equations

The continuity and momentum equations of the pore scale analysis are directly
solved to obtain the detailed distributions of velocity and pressure for the fluid
flowing through the interconnected pore spaces between the solid structures. In
parallel, the energy equations for both the solid matrix and the fluid phase are solved
independently to determine the temperature distribution throughout the entire com-
putational domain, capturing the complex interactions between heat conduction and
convection. At the pore scale, it is critical to explicitly account for the detailed geom-
etry of the porous medium, ensuring that the microstructural effects on transport
phenomena are accurately represented. Furthermore, when considering cases where
gravitational forces have a non-negligible impact on the flow (e.g., buoyancy-driven
flows or natural convection), the governing equations must incorporate the effects of
gravity appropriately. The dimensional form of the pore scale governing equations
when the gravity also affects the flow can be written as follow [14]. The Egs. (3)-(6)
are continuity, momentum, and energy equations for fluid and solid phases,
respectively.

V-V=0 3)

%7+ (v.V)v- —%§p+vf(T)§2.V+gﬂ(T—T,ef)f 4)
(PCp)s (% +V. 67}) — k(T)V T, (5)
(0Gy), B = kY T, ()

where f represents the volumetric thermal expansion coefficient of the working fluid
and T, denotes the reference temperature. The last term in Eq. (4) captures the
influence of gravity on the flow when the fluid density varies with temperature. This
term is incorporated based on the widely used Boussinesq approximation, which
simplifies the treatment of buoyancy effects by assuming that density variations are
sufficiently small to affect only the gravitational body force term. Moreover, it is
assumed that thermophysical properties of the fluid that are constant, and the fluid is
Newtonian and incompressible.

3.2 Volume averaged governing equations

Pore scale analysis can provide highly accurate and detailed results for heat and
fluid flow within porous media, as it captures the complex interactions at the
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microscale level. However, when the physical size or geometric complexity of the
porous medium becomes large, the application of pore scale analysis becomes
increasingly challenging and computationally expensive. The enormous computa-
tional resources required to resolve each pore individually often make this method
impractical for large-scale or engineering-level problems. That is why researchers
commonly adopt the Volume Averaged Method to analyze heat and fluid flow in
porous media across larger domains. The VAM effectively bridges the gap between
microscale complexity and macroscale applicability by simplifying the governing
equations through an averaging process. In the VAM framework, a scalar or vector
quantity is integrated over a representative elementary volume (REV) that contains
both phases (solid and fluid). This integration smooths out the microscale disconti-
nuities and allows the definition of continuous fields for the purpose of macroscopic
analysis. Thus, the inherently discontinuous nature of the pore structure is homoge-
nized into effective, continuum properties. Since there are two phases as solid and
fluid in the porous media, volume averaged and intrinsic volume averaged quantities
can be defined as [14]:

1
(@) = v .[fl’dV (7)
14
x 1
W= jwv ®)
Vi

where Vand V are the total volume and corresponding volume of solid or

fluid phase. These volume averaged quantities form the basis for deriving the macro-
scopic governing equations, which can predict the overall heat and mass transport
behavior in the porous medium while substantially reducing the computational
burden.

By taking the volume average of the dimensional pore scale governing
equations (i.e., Egs. (3)-(6)), the corresponding dimensional volume averaged
governing equations (Egs. (9)-(12)) can be derived [14]. This averaging process
transforms the complex, highly detailed pore-level descriptions into more
tractable macroscopic equations that characterize the overall behavior of the
porousmedium.

V-(v)=o0 )
é ‘@f (@) @ e
_’I‘_g <§>f - f%? <V>f‘<§>f + BT = Trg) j
e(pc},)ngr (pcp)f<\7>f V(Y = kLﬂf(Tﬁz(TV i~
+h, (1) = (T
(1= 6)0G), "I — g, 1y — (47— 1) )
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In these equations, ¢, K and Cy represent the porosity, permeability, and inertia
coefficient of the porous medium, respectively. Each of these parameters plays a
crucial role in characterizing the resistance to fluid flow and the overall transport
behavior within the porous structure. The third term on the right side of Eq. (10) is
the Darcy term, which accounts for the viscous resistance exerted by the porous
matrix on the fluid. The fourth term represents the inertial effects that become
significant at higher flow velocities and are modeled through a nonlinear Forchheimer
correction. The fifth term captures the influence of buoyancy forces arising due to
gravity and temperature-induced density variations, and is incorporated using the
Boussinesq approximation. The parameter /, denotes the volumetric interfacial heat
transfer coefficient between the solid matrix and fluid, quantifying the rate of thermal
energy exchange across the solid—fluid interfaces within the porous matrix. Further-
more, kg, and kg ¢ are the effective thermal conductivities of the solid and fluid
phases, which are modified from their intrinsic values due to the porous structure’s
geometry and connectivity. The heat transfer effect between the solid and fluid phases
are expressed in Eqs. (13) and (14). kg and k. rcan be defined as,

ke = (1 ek (13)
k#)f =¢" kf
The ¢*is the effective porosity and it can be found from following equation.
ker = € ke + (1 — & )ks (14)

keﬁc can be calculated numerically. To determine the effective thermal conductivities,
a representative pore-scale cell within an isotropic domain can be selected. A temper-
ature gradient is applied along the x-axis, while the remaining boundaries are ther-
mally insulated. The steady-state heat conduction equation is then solved separately
for two kinds of different fluid. Based on the solutions, the effective thermal conduc-
tivity can be obtained. Subsequently, Eq. (14) is used to calculate the value of ¢*, and
tinally, the effective thermal conductivities of the solid phase (k) and fluid phase
(ke ) are easily determined by Eq. (13).

As mentioned before, these macroscopic equations incorporate effective properties
such as permeability, inertia coefficient, effective thermal conductivity, and interfa-
cial heat transfer coefficient, which must either be determined experimentally or
computed through detailed numerical simulations based on the pore structure. The
calculation methods for permeability and inertia coefficient have been extensively
studied in the literature, with detailed procedures available in Refs. [15, 16]. These
references provide systematic approaches for determining the flow resistance charac-
teristics of porous media based on both experimental and numerical techniques. Wang
et al. [11] conducted a comprehensive study on heat transfer in a three-dimensional
lattice metal foam structure. In their investigation, the permeability and inertia coef-
ficient were quantitatively evaluated. The study involved solving the continuity and
momentum equations at the pore scale for a representative unit cell, subjected to a
range of different inlet velocities to simulate various flow conditions. By analyzing the
simulation results, the relationship between the dimensionless pressure drop and the
pore-scale Reynolds number was established. From the slope and intercept of the
resulting curve, the permeability and inertia coefficient of the porous media were
determined based on the obtained data.
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4. Local thermal equilibrium and no-equilibrium models

There are two primary models that are commonly employed in the analysis of heat
transfer within metal foams: local thermal equilibrium and nonequilibrium, as shown
in Figure 2. Generally, there are many studies on local thermal equilibrium or local
thermal nonequilibrium model are done, especially heat transfer with phase change in
metal foam. Table 2 shows some reported studies refer to local thermal equilibrium or
nonequilibrium model for phase change in metal foam, and the applied porosity and
main findings are also presented. These assumptions play a pivotal role in shaping the
formulation of the energy equations and significantly influence the interpretation of
heat transfer behavior in porous structures, particularly in systems involving complex
interactions between solid and fluid phases.

Under the local thermal equilibrium model, it is presumed that the temperature
difference between the solid matrix and the fluid within the pores at the microscopic
(pore) scale is negligible when compared to the temperature gradients observed at the
macroscopic scale. In other words, it is assumed that the solid and fluid temperatures
are essentially identical at any given point in the porous medium. This assumption
allows the system to be modeled using a single averaged energy equation that
describes the overall temperature distribution across the entire domain, significantly
simplifying the modeling process and reducing computational complexity. The LTE
model is particularly valid in cases:

¢ The thermal conductivity of the solid and fluid phases is similar;
* The interfacial heat transfer between the solid and fluid is very efficient;

* The system has reached a steady state or varies slowly with time.

Since the temperature of fluid phase is equal or close to the temperature of solid
phase, only one energy equation is enough to express the heat transfer behavior in
porous media, and the energy equation can be defined as [25],

oT Eg
(pcp)gﬁg+ (PCp)fV. VT = ke (T)V T +¢ (15)

where k,¢is effective thermal conductivity and expressed as e * kg + (1 — ¢ )k;, and gis
the heat source term.
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Figure 2.
The local thermal equilibrium and local thermal nonequilibrium models.
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Reference Models Porosity Main findings
Zhao etal.  Local thermal 0.8-0.95 The porosity for the fully filled scenarios has a great
[17] equilibrium effect on the PCM melting and solidification processes.
Liu et al. Local thermal 0.94 Design on graded porosity reduces the complete
[18] nonequilibrium melting time by 21.1% compared with the non-gradient
structure.
Puetal. Local thermal 0.89-0.99 An optimal configuration 0.99-0.97-0.89 of negative
[19] nonequilibrium gradient was recommended to further reduce the
complete melting time by 23.7%.
Shakibi Local thermal 0.4,0.8,0.9 It was found that average electrical efficiency for the
etal. [20] nonequilibrium model with a porosity of 0.9, 0.8, 0.4, and no-foam
state are 13.805%, 13.794%, 13.761%, and 13.714%,
respectively.
Marriand  Local thermal 0.9, 0.94, 0.97 PCM heat sink with nonuniform porosity and
Balaji [21] nonequilibrium  and PPI of 8. 14 nonuniform PPI density gradients created with tri-
and 20 layer metal foams have almost the same performance as
a bilayer metal foam with enhancement ratio up to 4
and 4.4 times, respectively, over the baseline case
(i.e., PCM heat sink without metal foams).
Briache Local thermal 0.8,0.9,0.95 Metal foams with 80% porosity can reduce 64.6%
etal. [22] equilibrium melting time and increase 145% storage rate.
Hu et al. Local thermal 0.85, 0.9, 0.95 For the critical temperature of 40°C, the maximum
[23] nonequilibrium operation time of heat sinks with RT31 is about 5 times
greater than that of heat sinks with RT55.
Yang etal. Local thermal 0.9-0.98 The pin fin-metal foam hybrid structure with graded
[24] equilibrium porosity can further improve the solidification rate
by 34.7%.
Table 2.

Some studies on local thermal equilibrium or local thermal nonequilibrium model for phase change in metal foam.

However, while the LTE model has been widely adopted in earlier studies due to its
simplicity and the ease with which it can be applied, its applicability may be questioned,
particularly a common occurrence in thermal systems utilizing metal foams in transient
heat transfer processes. In such cases, there is often a significant difference in the heat
propagation rates between the solid and fluid phases. For instance, the solid phase,
typically composed of metals with high thermal conductivity, can experience a much
faster rate of heat transfer than the fluid phase, which is often air, water, or oil-
substances with much lower thermal conductivity. This disparity in thermal conductiv-
ity between the phases can lead to the development of temperature gradients across the
phases, causing localized regions where the solid matrix and fluid phase are not in
thermal equilibrium. As a result, the LTE model becomes increasingly invalid in such
situations, especially when transient effects are significant, such as during heating,
cooling, or rapid phase change processes. In these cases, a more comprehensive
approach, such as the local thermal nonequilibrium model, may be required to accu-
rately account for the temperature differences between the solid and fluid phases.
Hence, two energy equations for fluid phase and solid phase are given [25],

JdT, e =2
S(pcp)f <?f + V. VTf) = eka Tf + hsfasf (TS — Tf) (16)
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- = -2
(1-€)(pCp), (%T‘ +V. vn) = (1— e)kV T, — hyay (T, — Ty) (17)

where his heat transfer coefficient between fluid phase and porous media,

and it can be defined as %, /a, .4, is the volumetric heat transfer area, which is written by
€/ry,and ry,is hydraulic diameter of the fluid phase (r, = Vy/ay). Furthermore,
Vrandagare the volume of fluid and the interfacial area between fluid phase and
porous media.

5. Conclusions and outlook

This chapter introduced two primary modeling methods that are commonly
used to analyze transport phenomena in metal foams: the Pore Scale Method and
the Volume Averaged Method. PSM involves directly solving the Navier—Stokes
and energy equations at the pore level, offering highly accurate predictions of local
flow and temperature fields. By averaging the governing equations over a representative
elementary volume, VAM simplifies the problem and yields macroscopic transport
equations, thereby significantly reducing computational complexity and enhancing
suitability for engineering-scale problems. For heat transfer modeling, two important
models are considered: Local Thermal Equilibrium and Local Thermal Non-Equilibrium.
Under the LTE model, the solid and fluid phases are assumed to have equal tempera-
tures at each location, allowing the use of a single energy equation. However, in tran-
sient conditions or systems with large differences in thermal conductivity, the LTE
model becomes invalid. In such cases, LTNE models, which treat the solid and fluid
temperatures separately and incorporate interfacial heat transfer terms, provide more
accurate descriptions of the thermal behavior. This chapter also presents the governing
equations corresponding to each modeling method and model, offering a foundational
framework for simulating heat and fluid flow in porous metal structures.

Generally, metal foams have emerged as highly promising materials for
enhancing heat transfer due to their unique combination of high porosity,
large surface area, and excellent thermal conductivity. These features make
them suitable for a wide range of applications such as compact heat exchangers,
thermal energy storage systems, electronics cooling, and phase change material
enhancement. However, despite their advantages, the study and practical application
of heat transfer in metal foams present several significant challenges that continue to
limit their broader implementation in industry. One of the primary challenges is the
complex geometry of metal foams, which significantly complicates the modeling and
simulation of heat and fluid flow. Unlike simple porous media, metal foams exhibit
highly irregular, interconnected pore structures that vary at both the micro and macro
scales. This makes it difficult to accurately represent their morphology in computa-
tional models and to establish reliable correlations for thermal and flow properties
such as permeability, inertial coefficient, and effective thermal conductivity.
Although pore-scale simulations using CFD or lattice Boltzmann methods can offer
detailed insights, they are computationally expensive and often impractical for large-
scale systems.

Despite these challenges, the outlook for metal foam in heat transfer applications
remains highly promising. Advances in additive manufacturing (3D printing) now enable
the fabrication of custom-designed foam structures with controlled porosity and
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topology, improving both performance and predictability. Similarly, ongoing research
into hybrid materials such as metal foams coated with nanostructures or embedded with
phase change materials, which opens new opportunities for multifunctional thermal
systems. Furthermore, the development of multi-scale modeling techniques, coupled with
machine learning for property prediction and optimization, holds the potential to over-
come current computational barriers. As experimental techniques continue to evolve,
providing more accurate measurements of thermal properties at the microscale, and as
more validated LTNE models become available, the integration of metal foams in practical
thermal systems is expected to accelerate. In conclusion, while heat transfer in metal
foams is a field filled with technical hurdles, it is also rich in innovation potential.
Addressing current limitations through interdisciplinary research combining materials
science, thermal engineering, and computational modeling will pave the way for the next
generation of high-performance, compact, and energy-efficient thermal management
systems.
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Appendices and nomenclature

ag interfacial heat transfer area, m>

a, volumetric heat transfer area, m%*/m3

VAM volume averaged method

Cy specific heat capacity, J/kg K

CFD computational fluid dynamics

FVM finite volume method

FEM finite element method

h interfacial heat transfer coefficient, W/m?K
h, volumetric heat transfer coefficient, W/m>K
K permeability, m?

k thermal conductivity, W/mK

LBM lattice Boltzmann method

LTNE  local thermal non-equilibrium

LTE local thermal equilibrium

PSM pore scale method
PCMs phase change materials

p pressure, N/m?

q heat flux, W-m 2

REV representative elementary volume
" hydraulic diameter of the fluid phase, m
T temperature, K

t time, s

\%4 velocity vector, m/s

p thermal expansion coefficient, 1/K
€ porosity

U dynamic viscosity, Pa.s

p density, kg/ m?>
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Subscripts and superscripts

eff effective

f fluid
ref reference
s solid
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Chapter 2

CFD-Deep Learning Investigation
of the Structure-Performance
Relationship of Foam Reactor with
Hierarchical Pore Structure for Dry
Reforming of Methane

Shiqi You, Yixiong Lin, Ting Qiu and Chen Yang

Abstract

As a highly promising carbon capture and utilization approach, dry reforming of
methane faces the critical challenge of carbon deposition arising from cold spots,
thereby inducing catalyst deactivation. To address this, an innovative foam reactor
with hierarchical pore structure, which has fine(small) and coarse(big) pores, was
proposed to enhance the heat transfer process. Using numerical simulation and deep
learning methods, this study explored how hierarchical pores affect heat transfer and
DRM reactions. The simulation findings demonstrate that the overall heat transfer
coefficient reaches an optimal value at a particular dgpue/ dfine ratio when pumping
power is kept constant. A synergistic heat and mass transfer mechanism was identi-
fied, and the optimal hierarchical structure boosted reaction performance by 14.1%
(vs. uniform fine pores) and 13.0% (vs. uniform coarse pores).

Keywords: foam reactor, dry reforming of methane (DRM), hierarchical pore
structure, deep learning, heat and mass transfer

1. Introduction

Greenhouse gas emissions give rise to abnormal global climate patterns. CO, and
CH, are the primary GHGs, accounting for 73.5 and 21.6% of the total, respectively
[1]. As an advanced catalytic process, methane dry reforming (DRM) represents a
viable strategy to convert CO, and CH, into syngas (H,/CO), with significant envi-
ronmental and economic benefits [2-4]. However, the coke formation-induced cata-
lyst deactivation is the main challenge restricting the widespread use of DRM [5].

DRM is highly endothermic; coke forms via CH4 decomposition and Boudouard
reaction at 557-700°C [5]. If the temperature is below 700°C, Boudouard reaction will
occur in this process, whereas the optimal operational temperature range for DRM is
from 870 to 1040°C [6]. Thus, high temperatures and enhanced heat transfer can
enhance the reaction performance of DRM [7]. Consequently, upgrading heat transfer
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in DRM reactors is of crucial importance for mitigating the aforementioned
challenges.

In practical DRM applications, fixed-bed and fluidized-bed reactors represent the
most widely adopted reactor types across industrial-scale applications [8]. Fixed-bed
reactors are extensively used in the chemical industry due to their structural simplicity.
Yet, the random packing of catalyst particles within the reactor results in non-uniform
bed void distribution, which in turn generates zones where heat transfer is constrained,
especially along the radial axis. This not only reduces conversion of CO, and CH,4 but also
sharply increases pressure drop while degrading heat transfer performance [9]. In con-
trast to fixed bed reactors, fluidized beds eliminate localized transfer limitations, resulting
in enhanced thermal uniformity and mass transfer across the catalyst bed [10]. However,
the accurate prediction of particle flow, heat transfer, mass transfer, and reaction kinetics
is rendered highly problematic by the complex hydrodynamic phenomena and violent
interparticle collisions inherent to fluidized-bed reactors, with this challenge serving as a
pivotal barrier to the industrial scale-up of such reactor technology [11].

With a unique structural design comprising high porosity and a fully
interconnected pore structure, the foam reactor stands out as a novel reactor type that
can effectively disrupt the development of fluid boundary layers during reactive flow
processes, significantly enhancing fluid mixing and radial mass and heat transfer
[12, 13]. In a study of convective heat transfer with matched reactor sizes, Li et al. [14]
observed that foam reactors exhibited more uniform radial and axial temperature
distributions than fixed-bed reactors. Moreover, foam reactors have a high catalyst
effectiveness factor [15]. Improving heat transfer and mass transfer in foam reactors
requires optimization of pore size (PPI, pores per inch), porosity, and ligament shape,
which are critical structure parameters for foam reactors [16-18]. For decades, this
domain has stood as a thriving area of academic inquiry.

An innovative open-cell foam structure with a hierarchical pore structure, com-
prising fine (small) and coarse (big) pore sizes, was proposed by Lin et al. [19], aiming
to enhance transport processes through structural optimization. In contrast to foam
materials with a uniform pore structure, foams engineered with a hierarchical pore
structure demonstrate markedly enhanced heat transfer performance. In a subsequent
numerical investigation, Lin et al. [20] separately evaluated how the structural
parameters of hierarchical pores influence the coking rate during the DRM reaction.
Their numerical findings revealed that, during the DRM reaction, the rate of coke
deposition in a foam reactor engineered with a hierarchical pore structure is dimin-
ished by 58% relative to that observed in the uniform pore structure.

Although numerical simulations afford the capability to conduct direct analyses of
the phenomena associated with transport in porous media, numerical simulations
often demand a lot of computing time and resources, particularly for large-scale
domains. Therefore, developing an efficient alternative method is crucial for investi-
gating transport processes. In recent decades, more and more researchers in chemical
engineering are leveraging machine learning techniques to predict transport in the
porous media [21, 22]. With respect to the deep neural network architectures
employed for the predictive simulation of transport in porous media, the U-Net-based
convolutional neural network (CNN) model is widely used for transport prediction in
porous media [22-25]. Graczyk et al. [22] proposed the usage of the U-Net architec-
ture CNN model, which accurately predicts the concentration fields in porous media.
According to the research by Wang et al. [23], predictions of temperature fields and
effective thermal conductivity for irregular porous media are achievable via a CNN
model, with the model demonstrating high accuracy in capturing thermal transport
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behavior in complex porous structures. Notably, no existing studies have used CNN
model to analyze transport in foam structures.

This research undertakes a comprehensive exploration of the structure-performance
relationship exhibited by hierarchical pore structure of foam reactors during the DRM
reaction. Capitalizing on the superior mass transfer characteristics of open-cell foam, we
innovatively integrate deep learning with 3D numerical simulation to analyze fluid flow
and heat transfer in open-cell foam featuring the hierarchical pore structures. These
research findings establish a critical theoretical framework and provide actionable tech-
nical guidance for the optimized structural design and rational development of high-
performance foam reactors tailored to industrial catalytic processes.

2. Mathematical model framework
2.1 General description

Within the porous domains of foam materials, fluid flow is a dominant transport
process, while heat transfer falls into two primary categories: convective heat transfer
in the interconnected pore network and conductive heat transfer through the foam’s
solid ligaments. Building on this fundamental understanding, the current study
examines the integrated processes of transport and DRM reactions within a foam
structure. As shown in Figure 1, DRM reaction takes place on the surface of solid foam
ligaments, which serve as the site for concurrent mass and heat transfer. Additionally,
in terms of foam structure, our previous work proposed a new algorithm designed to
generate foams featuring varied hierarchical pore structures. In this algorithm, dj,,
Acoarses Veoarse» and Vi denote the pore size of fine pore, the pore size of coarse pore,
the volume of coarse pore, and the volume of fine pore, respectively.

2.2 Numerical scheme of MRT-LBM for foam reactor
The lattice Boltzmann method with multiple relaxation times (MRT-LBM), incor-
porating D3Q15 and D3Q7 discrete schemes, is employed to numerically simulate the

fluid flow and heat transfer process in the foam reactor. The evolution equations are as
follows [26, 27]:

£ (% + ety t + At) —f, (3,8) = — (Mf* 1sfo) [0 t) — .4 (x,1)] (1)

f‘t‘lt}*‘l“l“l‘

Figure 1.
Schematic illustration of transport and DRM reaction processes in a foam reactor.
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Number Reaction name Reactions
1 Dry reforming of methane CO, + CH4 <> 2CO + 2H,
2 Reverse water-gas shift CO, + H, «~ CO + H,0
3 Coke formation CH4 <« C+2H,
4 Water-gas shift C+ H,0 —~ CO+H,
5 Boudouard reaction C+ CO, < 2CO
Table 1.

Benguerba et al. [32] identified five veactions relevant to DRM [32].

g (x + eat,t + At) — g (x,t) = — (M’ 1S£,M) [g; (2,2) — gD (x, t)} +waS;  (2)
Na(x + oAt t + Ot) —ng(x,t) = — (M 1S,M) [na(x,t) —n%(x,t)] +waSr  (3)

where ¢, x, and At are lattice time, spatial position, and time step. f , is the density
distribution, g’ is the mass concentration distribution, and 7, is the energy distribu-
tion. f,,“(x,t) is the equilibrium distribution function in ¢, velocity. M 'S¢My is the
collision matrix for D3Q15, in which My is transformation matrix, Sy is the diagonal
matrix. M~ 1S;M and M ~1S,M are the collision matrix for D3Q7, in which M is
transformation matrix. S; is a diagonal matrix. S, is a diagonal matrix. The source

terms (S;, St) related to reaction, the reaction only occurs at this interface between the
pore and solid skeleton. Therefore, S; and Sy are zero in other areas.

2.3 Reaction kinetic data

Ni/Al, O3 catalyst exhibits good coke resistance in DRM reaction [28, 29]. In this
work, the kinetics data of Ni/Al,O; catalyst due to its extensive application in DRM
reaction [30, 31]. Five reactions are considered on the Ni/Al, O3 catalyst, detailed
descriptions of these reactions can be found in Table 1.

2.4 Convolutional neural network model
2.4.1 U-net architecture

Figure 2 presents the detailed architecture of the CNN model integrated with the
U-Net structure, along with the computational workflow used to predict the tempera-
ture and velocity field across various foam configurations. The process starts with input
parameters such as foam structure morphology and boundary conditions, ultimately
generating output parameters that include detailed velocity and temperature fields.
U-Net structure consists of two symmetric components: encoder and decoder layers.
The encoder contains five identical convolutional blocks. Each network block incorpo-
rates three convolutional layers (kernel size of 3 x 3 x 3), which are subsequently
followed by the Rectified Linear Unit activation function to bolster the model’s
norlinear characteristics. Following each individual block, a max pooling layer
(2 20« 2 kernel size) serves to extract salient features and reduce the dimensions of the
inpuc wensor. In a comparable manner, the decoder comprises five convolutional blocks,
each mirroring the encoder’s architectural design (three 3 x 3 x 3 convolutional layers
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Figure 2.
Calculation process of CNN model.

coupled with an activation function). After every decoder block, a2 x 2 x 2 upsampling
layer—implemented through trilinear interpolation—undoes the compression of the
encoder-derived features, thereby performing the decoding process. As shown in
Figure 2, the input data are processed by the encoder, which progressively compresses
it into lower-dimensional representations through a downsampling procedure. Subse-
quently, the decoder reconstructs the velocity and temperature fields from the latent
representation by employing upsampling and convolution operations [33].

2.4.2 CNN model training and hyperparameter settings

In this study, the value of loss functions L, for velocity distributions and Lt for
temperature distributions are calculated as follows:

_ 2| —uf™) |

L.— 4)
T X[
TLBM _ TCNN 2
Ly = 2 N.N.N ) 5)
xX=Vy z
where u®™ and T"#M denote the velocity in the i direction and temperature distribu-

tions computed using LBM, respectively, and u"¥N and TN represent the

corresponding velocity and temperature predictions obtained from CNN model. N,
N,, and N, indicate the dimensions of the porous foam domain along the x, y, and z
coordinate axes, respectively. To ensure model accuracy during training, the following
configurations are implemented: a maximum epoch count of 1000 is defined; the
batch size is fixed at 16 due to computational limitations; Initially set to 0.0001, the
learning rate is scheduled to reduce by 50% per 200 epochs.

3. Verification and validation

3.1 Permeability in LBM

To evaluate the flow resistance of fluids in the foam reactor, permeability was
determined using Darcy’s law. In LBM simulation, a pressure gradient was applied
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Sample number PPI € Kp x 10° (m?) Deviation
Present studies Wu et al.
1 10 0.76 21.2 233 8.8%
2 10 0.80 27.2 27.2 0.2%
3 10 0.84 349 32.7 6.7%
4 10 0.88 44.8 41.0 9.1%
5 10 0.92 60.4 55.1 9.7%
6 20 0.76 55 5.8 5.4%
7 20 0.80 7.0 6.8 3.2%
8 20 0.84 9.2 8.2 12.8%
9 20 0.88 11.4 10.3 9.5%
10 20 0.90 12.9 11.8 7.9%
Table 2.

Comparison of experimental and simulated permeability vesults.

along the x-direction by imposing density (pressure) differences between the inlet
and outlet boundaries, with Zou-He scheme [34] employed to enforce these boundary
conditions. The permeability was then calculated as follows:

QuL Ny « Ax

1 N N, N,
Kn = =D . * ! * u(i,i, ke 6
PTANP T Ay T NG N, o N, ¢ A DD 2 it liofk) - (6)

where Kp denotes the permeability of the foam structure, Q represents the flow rate,
 is the dynamic viscosity, L is defined as the characteristic length along the direction
flow field, A refers to the cross-sectional area of the flow path, and AP signifies the
pressure drop differential exerted across the foam structures. As shown in Table 2,
the study compared two uniform pore structures (10 and 20 PPI) at different poros-
ities, revealing strong consistency with Wu et al. [35]. The maximum observed devi-
ation remained below 12.77%, validating the reliability of the findings.

3.2 Overall heat transfer coefficient in LBM

In this work, heat transfer occurs through two dominant mechanisms: convective
heat transfer through the flow and conductive heat transfer through the solid foam
ligaments. To quantitatively evaluate the thermal performance of the foam reactor,
the overall heat transfer coefficient was determined using the following equation [36]:

_ q
h B Aw,up(Tw,i - T) (7)
q = mcp(Tout - Tinlet) (8)
T, own Tou
Ti = % 9)

where / is the overall heat transfer coefficient, g is the heat flux, 7z is the mass flux.
Ay up is the bottom surface area for heating. C, is the specific heat capacity.
Tour and Tiy, are the average temperatures of the inlet and outlet fluid. T, is the
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Figure 3.

( a}gt}ioeufldmy conditions for heat transfer process. (b) Comparison of h: Pouveslami et al. [37] vs. this work.
mean surface temperature, which is the average temperature of the bottom and top
surfaces. Systematic evaluation was performed on the overall heat transfer coeffi-
cients of three kinds of uniform foam structures with differing pore densities. The
boundary conditions to calculate /, as well as a comparative analysis between the
current results and Poureslami et al. [37] reports, are presented in Figure 3(a) and
(b), respectively. Excellent agreement between the two studies is demonstrated by
the comparison, with the mean relative error calculated to stay below 15%.

4. Fluid flow and heat transfer characteristics in hierarchical pore
structure

4.1 Fluid flow process

The CNN model was employed to investigate the fluid flow behavior within
hierarchical pore structure. For CNN model training, 120 sets of lattice Boltzmann
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method (LBM) simulation data were utilized, incorporating the effects of three struc-
tural parameters on velocity distributions: the pore size ratio (dgoarse /dﬁ-m =1-3), the
fine pore volume fraction (Vie/ Vi = 0-100%), and the overall porosity (e = 0.75—

0.9). The pressure drop was fixed at AP = 2.1 x 10 ~° Pa during simulations. Addi-
tionally, the velocity direction distributions in the x-axis direction predicted by the
CNN model are used to calculate the permeability, and the results were compared
with those obtained from LBM simulations. As illustrated in Figure 4, the maximum
absolute voxel-wise velocity errors in the two representative cases were approxi-
mately 4.1 x 10> m/s and 2.2 x 10> m/s. Furthermore, over half of the CNN model
predicted velocities exhibited relative errors within 20%. These research findings
demonstrate that the CNN model custom-developed in the present work delivers
exceptional performance in predicting Kp of hierarchical pore foam. The CNN
framework was also capable of effectively capturing the intrinsic structural charac-
teristics of the foam matrix, a capability that forms the fundamental basis for its high-
precision flow field prediction performance.

To expand the predictive capabilities of the model to key transport properties of
porous media, the CNN model was further employed to forecast permeability across
an array of hierarchical pore structures with distinct structural configurations.
Figure 5 investigates the influence of Vi, / Vo and deoarse /dfine on permeability.

WVelocity g 1 2 3 4 5 [ T 104
fra-s] S —
LBM result CNN result

100

0™ -
.10} 25 100
(a)
Velocity g 1 2 3 4 5 [ T =i
[#-:] NN |
LEM result CNN result

114} 100

200

Figure 4.
Velocity distributions between CNN model and LBM model. (a) € = 0.9, dearse [Afine = 3-55 Vine/Viol = 50%;

(b) €= 0.9, dcaarse/dfine =3.5 Vfine/Vtol =25%.
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Figure 5.

(a, b): Kp predicted by the CNN model for different Vi, [V vatio, (c, d): Kp predicted by the CNN model for
different dcoarse | Afine vatio.

As shown in Figures 5a and b, K increases drastically with the volume of coarse
pores. This is consistent with the findings of Durmus et al. [38], who observed that
hierarchical structures incorporating coarse pores into fine pores exhibit lower flow
resistance compared to fine-pore foams at similar porosity levels, thereby validating
our predictions. Regarding pore size ratio, Figures 5c¢ and d show predictions for four
ratios (1, 2, 3, 4) across porosities of 0.7-0.95. A clear upward trend emerges: under
constant Vi, / Vi, and fixed dj,., increasing coarse pore diameter enhances Kp.

4.2 Heat transfer process

Hundreds of sets of LBM simulation data were utilized for training the CNN
model, which can predict temperature distributions. The training dataset
incorporates three foam structural parameters. These parameters are pore size ratio
(dcoarse /Afine = 1-3.5), fine pore volume fraction (V. / Vi = 0-100%), and overall
porosity (¢ = 0.85-0.95)—as well as the mean velocity (#esn = 0.21-1.76 m/s).
Furthermore, & was derived from the temperature distributions predicted by the
CNN model, and the results were compared with those obtained from LBM simula-
tions. The evaluation resulted in a mean relative error of 4.23% for 2 when comparing
CNN predictions with LBM reference data, thereby confirming the model’s predictive
accuracy. Figure 6 demonstrates strong agreement between LBM and CNN results.
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The maximum absolute temperature errors are approximately 75.39 K (Figure 6a)
and 74.86 K (Figure 6b), with the corresponding mean relative errors consistently
below 10%.

The CNN model was further harnessed to generate predictions of / for different
foam structures. Figure 7a shows predictions for five foam structures with
Viine/ Vo = 100, 67, 50, 25%. The results reveal two key trends: (1) the coefficient
increases progressively with bulk mean velocity (#mean). (2) Higher Vi, / Vi, ratios
yield greater /. This occurs because finer pores increase specific surface area, whereas
larger coarse pores reduce it — explaining the coefficient’s decline as coarse pore
volume grows. Pore size ratio (dcoarse/dfine) also critically influences heat transfer.
Predictions for four ratios (1, 1.5, 3, 4) in Figure 7b demonstrate that at fixed dp,,
increasing coarse pore diameter (d;oayse/ dfine) reduces h. For practical evaluation under
equal pumping power (pressure drop x flow rate [39]), Figure 7c reveals a critical
distinction: while uniform pore structures (dcoarse /dfine = 1) exhibit significant pressure
drop increases with velocity, pressure drop in hierarchical structures especially show
negligible changes (d;oarse /dfine>2). As illustrated in Figure 7d, an optimal value of the
heat transfer coefficient is observed when the coarse-to-fine pore size ratio
(Acoarse /dfine) falls within 2-3. Under the same £, the optimal hierarchical structure can
reduce pumping power by approximately 30%.
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00— 275100
(a)
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Figure 6.
Temperature distributions between LBM model and CNN model: (a) € = 0.90, dearse/Afine = 25 Vine/Viol = 50%,
u=2.01m/s; (b) & =0.90, Aeoaree/Afine = 4> Vine/Viol = 50%, 1 = 1.01 m/s.
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(a) h predicted by the CNN model for different Vi, / Vs (b) h predicted by the CNN model for different
Acoarse [ Afines (¢) AP with vavying deoarse /5 (4) h predicted by CNN model of under different equal pumping power.

4.3 Computational time and robustness in CNN model

Table 3 shows the structure parameters domain for training data and testing data.
The test sets are drawn from outside the training domain. It should be emphasized that
the generation algorithm for foam structures possesses randomness. Even with the same
structure parameters, foam structure may not be the same. The CNN model is employed
to quantitatively predict the flow and temperature fields in distinct hierarchical pore
foam structures that exhibit identical structural parameters. Figure 8 shows the result of
Kp and h, which also demonstrates that the CNN model has generalizability.

Computational efficiency is a critical performance metric for testing the CNN model.
To study the advantage of the CNN methodology, we directly compare the computa-
tional time required for both training and testing phases against conventional Lattice
Boltzmann Method (LBM) simulations. As detailed in Table 4, the prediction tasks
encompass velocity and temperature distributions, utilizing 120 and 124 sets of training
datasets, and 32 and 49 sets of test datasets, respectively. The results reveal a profound
disparity in computational demands. For velocity distribution predictions, the CNN
model achieves inference in a mere 0.132 minutes. This represents a significant contrast
to the 17,280 minutes required by the LBM simulation, with the difference spanning
several orders of magnitude. Remarkably, the efficiency gain is even more pronounced
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Mode Structure parameters Train Test
Velocity field mode € 0.75-0.95 0.7-0.95
Acoarse [ Afine 1.0-3.0 1.0-4.5
Viine/ Viol 0-1 0-1
Temperature field mode £ 0.85-0.95 0.7-0.95
d:oarse/dfine 1.0-3.5 1.0-4.0
Viine/ Vil 0-1 0-1
u 0.21-1.77 0.21-2.01
Table 3.
The structure parameters domain for training data and testing data.
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Kp and h predicted by CNN model for a foam structure with hievarchical pove structure (& = 0.85, deoare [ Afine = 3.5,

Vfine/Vtol = 50%)~

Calculation conditions CNN CNN LBM
training prediction simulation
time time time
CPU Velocity distributions — — 17,280 min
AMD 7B12
( ) Temperature distributions — — 35,280 min
GPU Velocity distributions 792 min 0.132 min —
NVIDIA A800
( ) Temperature distributions 150 min 0.252 min —
Table 4.

The computational time consumed for foam structure simulations via the CNN and LBM model.

for temperature distributions. Training the CNN model on all 124 datasets requires only
150 minutes. Subsequently, performing predictions on new data consumes a negligible

0.252 minutes. Meanwhile, equivalent LBM simulations demand an extensive
35,280 minutes of computational effort. Moreover, as detailed in Table 5, the CNN

model significantly reduces energy cost compared to LBM. Reducing computation from

hundreds of hours to hours or minutes demonstrates the CNN model’s superior suit-
ability for rapid flow and thermal field predictions versus LBM.
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Calculation conditions CNN CNN LBM
Training Prediction Simulation
energy cost energy cost energy cost
CPU Velocity distributions — — 18.7 kW-h
AMD 7B12
( 7B12) Temperature distributions — — 38.2kWh
GPU Velocity distributions 5.8 kW-h 8.9 x 10 *kW-h —
NVIDIA A800
( ) Temperature distributions 1.0 kW-h 17 x 10> kW-h —

Table 5.
The computational enevgy cost for foam structuve simulations via the CNN and LBM model.

4.4 DRM reaction in foam reactor with different hierarchical pore structures

Subsequent to an in-depth investigation into the heat transfer behaviors exhibited
by hierarchical pore structure of foams, the reaction performance of DRM within such
foams was subsequently investigated. To simplify the analysis, this study focuses
solely on the initial coke formation rate for fresh catalysts, disregarding the influence
of specific coke types on DRM reaction. To evaluate the reaction performance of the
DRM system, a computational analysis was performed to determine the difference
between the volume-averaged methane dry reforming reaction rate (Rpga) and the
volume-averaged coke formation rate (Rcokine). Specifically, Rpry and Reoking are
defined and computed as follows:

Sactive
VldS
Rprm = OT (10)
Sactive
VCakingdS
RCoking = 0# (11)

S and V represent the foam structure’s specific surface area and computational domain
volume, respectively. For this subsection, dj;,, and porosity were held constant. A
comprehensive study was carried out to explore the impact of hierarchical pore
structures on the coke formation kinetics during the DRM reaction.

4.4.1 Effect of Ve / Vi1 on DRM reaction

For the purpose of specifically and methodically gauging the influence of hierar-
chical pore structures on the DRM reaction process, the effect of Vi, /Vy,; in the foam
reactor was investigated. With ¢ (0.95) and « y (1.51 m/s) kept constant, different
Vfine/ Vil Were tested. Meanwhile, the coarse-to-fine pore size ratio (deoarse/dfine) Was
fixed at 2. As shown in Figure 9, decreasing the Vf;,./Vy, increases & in the foam
structure, thereby enhancing heat transfer. Conversely, our previous work demon-
strates that Vi, / V. reducing weakens mass transfer performance [20]. Therefore,
controlling V. / V4, achieves synergistic transport enhancement, yielding optimal
reaction performance at Vi, / Vi = 50%. Figure 9 reveals two key trends: (1) The
coking rate Rc,kin, consistently remained below the DRM reaction rate (Rprum),
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Figure 9.
The relationship between Vi, | V1o and the apparent reaction rate of DRM. Adapted from Ref. [40].

exhibiting a clear decrease as V. /Vy, diminished; (2) Rprm showed negligible vari-
ation above Vi, / Vi = 50%, but declined markedly below this threshold. Conse-
quently, the reaction performance demonstrates a non-monotonic trend, initially
increasing and then decreasing with falling Vi, / Vi peaking at Vi, /Vie = 50%.

4.4.2 Effect of dcoarse | Afine on DRM reaction

Based on the aforementioned findings, adjusting the hierarchical pore volume ratio
yields an optimal foam structure with enhanced DRM reaction performance. There-
fore, this section focuses on investigating the influence of pore size ratios (dcoarse/ dﬁm)
on reaction performance, with the Vi, /V,, fixed at 50%. Specifically, five distinct
(Acoarse /dfine) values were tested: 1, 1.5, 2, 3, and 4. As illustrated in Figure 10, both the
DRM reaction rate (Rprym) and coke formation rate (Rcoking) exhibit a gradual
decreasing trend with an increase in dcyuse /dﬁm. This trend can be attributed to the
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The relationship between hierarchical pore diameter vatio and the appavent veaction rate of DRM. Adapted from

Ref. [40].
30



CFD-Deep Learning Investigation of the Structure-Performance Relationship of Foam Reactor...
DOI: http://dx.doi.org/10.5772/intechopen.1014992

reduction in the specific surface area of the foam structure, which weakens the
catalytically active sites available for reactions. Furthermore, when d s / Afine
decrease, the rate of decrease in Rcoping is higher than that in Reging; this observation

thus signifies that the foam reactor achieves optimal reaction performance when the
dc‘oarse/dﬁne is 2.

5. Conclusions

In this study, the CNN model was trained to predict velocity and temperature
distributions in hierarchical pore structure foam. The LBM was employed to generate
training and testing datasets, and the flow and temperature fields predicted by CNN
model can precisely calculate the permeability and overall heat transfer coefficient.
Furthermore, this work systematically investigates the influence of hierarchical pore
structures on transport and DRM reactions in foam reactors, with a specific focus on
the effects of Ve / Vi and (dcoarse /dfine) on coke formation rate. The findings demon-
strate that the proposed CNN model can greatly expedite the design and scale-up of
industrial foam reactors. The key results are summarized as follows:

1.The U-Net-based CNN model was developed for predicting velocity and
temperature distributions in hierarchical pore foam. The model’s validation
results reveal mean relative errors of just 3.2% for permeability predictions and
4.2% for heat transfer coefficient predictions, highlighting its strong predictive
capability across these two critical performance metrics. Notably, compared with
LBM simulations, the CNN model reduces computational time by approximately
95.4% for velocity field prediction and 99.6% for temperature field prediction,
demonstrating remarkable computational efficiency.

2.The trained CNN model was utilized to study the effects of V. / Vi and
Acoarse /dfine ON the permeability and heat transfer coefficient of hierarchical pore
foam, respectively. Under constant pumping power conditions, the heat transfer
coefficient reaches an optimal value when d.yu /dfine is in the range of 2-3.

3.By modulating Ve / Vo and deoarse /dfine, the optimal hierarchical pore structures
were successfully delineated. This tailored structure demonstrates exceptional
performance in the DRM reaction, leading to over 10% higher reaction rates
compared to uniform pore structures.
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Chapter 3

Enhancing Water Discharge and
Output Performance in Proton
Exchange Membrane Fuel Cell Via

Metal Foam Flow Field with
Hierarchical Pore Structure

Yun Sun, Yixiong Lin, Ting Qiu and Chen Yang

Abstract

To enhance the water discharge capability of metal foam flow fields possessing
uniform pore structures in a proton exchange membrane fuel cell, a newly developed
hierarchical pore structure is proposed for the metal foam flow field. This chapter
numerically investigates the impacts of the structures of metal foam on water dis-
charge capability, along with the output performance. Subsequently, 3D printing
technology is utilized for fabricating metal foam flow fields with high precision. These
fabricated flow fields are then experimentally compared with several other flow field
configurations integrated into the cathode side. Experimental outcomes indicate that
when applying a current density of 1.5 A/cm” over a duration of 3 hours, the volume
of water discharged from the metal foam flow field that features a hierarchical pore
structure approximates that of a parallel flow field. Specifically, this water discharge
volume is 1.12 times and 1.30 times greater than those of the metal foam flow fields
possessing uniform coarse pore and uniform fine pore, respectively. Furthermore, in
comparison to the previously optimized approach, specifically the metal foam flow
field possessing a pore per inch (PPI) of 75 and a compression ratio of 0.75, hierarchi-
cal pore structure can not only enhance the peak net power density by 9.5% and
augment the water removal volume by 14.1%, but also reduce the pressure drop on the
cathode side by two-thirds. This study establishes the theoretical foundation as well as
provides technical perspectives for the application of metal foam flow fields in
PEMFCs.

Keywords: PEMFC, metal foam flow field, hierarchical pore structure, water
discharge capability, 3D printing
1. Introduction

Contemporary energy systems, heavily reliant on fossil fuels, have led to the
depletion of natural reserves and adverse impacts on ecosystems [1], underscoring the
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urgent need to accelerate innovation in clean energy technologies [2]. Proton
exchange membrane fuel cells (PEMFCs) have turned into a focal point within the
realm of renewable energy research [3], with their exceptional performance effi-
ciency, negligible environmental impact, and low acoustic emissions driving wide-
spread adoption [4]. However, the broad-based commercial uptake of PEMFC is
impeded by a multitude of hurdles [5]. To achieve successful market penetration,
continuous improvements in performance, cost-effectiveness, and durability are
essential [6].

In PEMFC, the bipolar plate (BP) is pivotal to its weight and cost, accounting for
over 60% and 30%, respectively [7]. Optimizing the flow field design in bipolar plates
substantially improves reactant distribution, water discharge capability, and fuel cell
performance [8], representing a viable pathway to advance both technical perfor-
mance and commercial feasibility of PEMFCs [9]. Nowadays, metal foam is gaining
more attention as a flow field for PEMFCs [10], attributable to its superior reactant
distribution characteristics, high thermal and electrical conductivity, as well as effi-
cient heat removal [11].

Performance and mass transfer have been demonstrated to be improved by
employing a metal foam flow field in PEMFC [12]. Ju et al. [13] performed a numerical
investigation to examine the reactants transport efficiency and distribution properties
of the metal foam and the classic serpentine flow channel. Their findings indicated
that the metal foam configuration resulted in decreased reactant consumption as well
as a more evenly distributed current density. Moreover, research findings by Awin
and Dukhan [14] demonstrated that implementing metal foam flow fields in PEMFCs
promotes better, even thermal dispersion throughout the membrane electrode assem-
bly (MEA). Comparative analysis reveals that metal foam flow fields generate 9.9%
higher maximum power density than classic serpentine designs. Though having
immense real-world use potential in PEMFCs, according to Wan et al. [15], cathode-
side application of metal foam flow fields results in a water management challenge at
high current densities or elevated humidity levels. Improving water removal capabil-
ity is essential for boosting the technology’s practical implementation prospects.

Some researchers have applied hydrophobic materials to metal foam flow fields to
improve water discharge capability [16, 17]. Baroutaji et al. [18] adopted polytetra-
fluoroethylene (PTFE) on the surface of metal foams to improve hydrophobicity and
consequently enhance water removal performance. However, due to the limited con-
ductivity of PTFE, this will generate a greater interfacial resistance at the interfacial
zone between the flow field and the MEA. Moreover, several existing studies have
systematically explored how structural characteristics affect liquid water removal
dynamics within metal foam flow fields [19, 20]. According to Chen et al. [21], they
adjusted the metal foam structure by means of compression, finding that a compres-
sion rate over 0.69 can boost water discharge and PEMFC performance. However,
compression of metal foam flow fields results in increased parasitic power consump-
tion. Through numerical simulation, Bao et al. [22] investigated pore size effects on
water removal in metal foams, finding that drainage becomes challenging when
droplet diameters approach pore dimensions. But the water removal efficiency can be
enhanced when having much bigger or smaller pores than the droplets. The reason can
be concluded that in larger pores, droplet separation from the metal foam’s solid
network can occur at a lower breakthrough velocity. While smaller pores make it
easier to split water droplets. Therefore, designing a structure with more than two
kinds of pore sizes can improve liquid water removal efficiency within metal foam
flow fields. In their innovative work, Lin et al. [20] developed a newly designed
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hierarchical pore structure for metal foams, which incorporates both coarse pores and
fine pores. Their results demonstrated a 17.6% enhancement in water removal effi-
ciency relative to conventional uniform pore structure designs. Nevertheless, existing
research has mainly investigated water management aspects, while the electrochemi-
cal characteristics of the hierarchical pore structure metal foam flow field remain
unexplored within a complete PEMFC model.

This chapter explores the whole PEMFC performance by employing a newly
designed metal foam flow field that features a hierarchical pore structure. Numerical
simulations are employed to evaluate both the water removal process and power
generation characteristics of the PEMFC. Following this, 3D printing is utilized to
fabricate metal foam flow fields with high precision, enabling experimental compari-
son with conventional cathode flow-field designs in PEMFCs. Through systematic
experimentation, the cell performance of metal foam flow field, parallel flow field, as
well as compressed metal foam flow field configurations is rigorously evaluated [21].

2. Reconstruction of metal foam flow field

An innovative algorithm was applied to generate metal foam flow field structures
that can yield both uniform and hierarchical pore structures. The algorithmic proce-
dure is detailed below, with corresponding process steps visually presented in
Figure 1a.

1. Construct a randomly packed assembly of two sphere classes with diameters
Acoarse and dp;y, using the discrete element method, where the particle counts are
calculated according to the specified volume proportion Vs / Viine-

2.0Obtain the Cartesian coordinates for every sphere’s geometric center. After
removing the packed assembly, generate a 3D Voronoi structure derived from
coordinate data.

3.Extract the nodal points and topological connections of all polyhedral cells in the
Voronoi tessellation. Construct the solid matrix framework by interlinking these
vertices following the elimination of the Voronoi structure.

4.Execute isotropic lattice expansion by progressively extending the solid matrix
toward adjacent units according to the prescribed growth probability, iterating
until reaching the specified porosity level (the porosity of all metal samples is
0.9).

Hierarchical metal foams are produced by this algorithm under non-unity diame-
ter ratios (dcoarse /dfine 7 1). For enhanced simulation accuracy, the reconstruction
algorithm incorporates necessary simplifications for mesh refinement. The spherical
architecture is employed to substitute the polyhedral configurations generated
through 3D Voronoi tessellation in step (2). This approach has been employed by Yu
et al. [23] for metal foam fabrication. Subsequent applications include structural
reconstruction by Sedeh et al. [24] for thermal conductivity analysis and by Xiao et al.
[25] for fluid dynamics investigations in metal foams. Their numerically derived
thermal conduction and fluid permeability parameters showed strong agreement with
empirical results, demonstrating that the reliability of this simplified reconstruction
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Sphere packing struciure  Yorvmai diagram Structwre framework Foam siructure

Figure 1.
(a) Reconstructed metal foam structure; (b) graphical presentation of the simplified foam configuration
implemented in numerical modeling; (c) mesh vepresentation of PEMFC possessing hierarchical pore structure.

approach works. Accordingly, the present study models metal foam pores as spherical
structures for simplification. Figure 1b illustrates this conceptual representation of
the metal foam architecture. The algorithm-designed metal foam configuration was
applied to the cathode, contrasting with a conventional parallel-channel anode to
create the PEMFC’s geometric model. Moreover, the mesh view for PEMFC with a
hierarchical pore structure model is also presented in Figure 1c.

3. Metal foam flow field within PEMFC
3.1 Numerical simulation
3.1.1 Physical models

This chapter investigates PEMFC performance through combined numerical and
experimental analysis, focusing on water management, mass transfer, and electro-
chemical performance. Five distinct cathode flow field designs are explored. Specifi-
cally, they include metal foam flow field that features a uniform coarse pore design
(case 1), one with a uniform fine pore design (case 2), another with a hierarchical pore
structure design (case 3), traditional parallel flow field design (case 4), and com-
pressed metal foam flow field design (case 5) [21] which can be observed in Figure 2.
It is important to illustrate that the porosity of cases 1-3 is 0.9, and the porosity of case
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Case 4 Case 5

Figure 2.

Deitzl‘ction of five distinct configurations of cathode flow fields: Case 1: Metal foam flow field that features a
uniform coarse pore arrangement (deoarse = 1 mm); Case 2: Metal foam flow field that features uniform fine pore
arrangement (dg,. = 0.5 mm); Case 3: Metal foam flow field that featuves hierarchical pove arrangement
(Aeoarse [ Afine = 25 Veoarse /| Viine = 15 dfine = 0.5 mm); Case 4: Pavallel flow field (channel dimensions:

1 mm X 1 mm, vib width: 1 mm); Case 5: Compressed metal foam flow field (pore density: 75 PPI, compression
ratio: 0.75).

5 after compression is 0.84. In the numerical simulation part, we compare three cases
to study the mass transfer performance, water discharge processes, and cell perfor-
mance within various metal foam flow fields. Afterward, during the experimental
phase, these metal foam flow fields are fabricated with high precision via 3D printing
technology. It is worth noting that the flow field structure and surface chemical
properties of the metal foam will not change during the PEMFC reaction. In the
subsequent phase, an assessment is made of the output performance of PEMFCs
utilizing five distinct cathode flow fields.

3.1.2 Governing equations

To maintain computational efficiency while preserving predictive accuracy, the
following assumptions were incorporated into our comprehensive three-dimensional,
two-phase, isothermal fuel cell model:

1. A stable operational regime is maintained in the PEMFC.

2.The gaseous phase is treated as a noncompressible ideal fluid governed by
laminar flow characteristics.

3.Isotropic behavior is assumed for all porous PEMFC elements (gas diffusion
layer, catalytic layer, as well as membrane), with the membrane exhibiting zero

gas permeability.

Table 1 summarizes the governing equations, while Table 2 details their associ-
ated source items.
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Description Equations
Mass V- (epU) =S
Momentum V- (epUU) = —eVp + V - (uVU) + S,
Energy V- (espyep UT + e(1 = 5)pc, UT) = V - (kg VT) + Sq
Species V- (epUY;) = V(pDigr VYi) +S;

Di,if _ 81.5(1 _ S)"Di,o (1%) p (%}) 7
Charge A\ (6501),,,”” Vd)ml)mm) + Ryolymem = 0

Yan
R = (E,59 (T ))(%) [eer1un /RT _ gacalnan /RT
2

Yea
. C —
Ry = (5:4]:{(’11)) <Cg}> [_ea”"F"‘“/RT +e maFW/RT}
2

_J —Ray (anode)
Ro = {Rm (cathode)

_ R,y (anode)
Ronem —Re, (cathode)

Dissolved phase V- (lion 23 AMyy) =V - (MyD; V) + S + Si—a

4.17x10~ 3/1(ﬂ+161e el =BT) )53

{31><10 71 0284 71 (-2346/T) 0 <1 <3
\

Liquid water transport 0= (mKK, V(p, + P)) 5,
o cos 0, 2 3 0
e [14417(1 —§) —2.12(1—5)? + 12631 —5)}| 6. <90
Pe= 9 seoso,

< [1.4175 — 2,126 + 1.2635°] 0, > 90°
(K/e)™?

V- (pUss) =V - (D;Vs)

Table 1.
Governing equations applied in this work.

3.1.3 Boundary conditions

In this chapter, the PEMFC model’s outer surfaces are designated with zero flux
and act as immovable walls. In addition, the boundary conditions for the electrical
potential are defined.

¢sy=0 (terminal wall of the anode) (1)
¢e1=V e (terminal wall of the cathode)

The flow field’s inlet is set using mass flow rates, which are detailed below:

) _ punganIV@cAMEA RT
Minlet,an = 2F Pan — RHlmpmt ®
PeaScalrer AMEA RT
s . = 3
Minlet,ca 4F 0.21 (pm - RHCﬂpmt) ()
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Source items Expressions Unit
Mass S,» = 0 (Flow channel and GDLs) kg/(m3~s)

S, = -4 R,, (Anode CL)

S, =Miop , —Y% R, (Cathode CL)
Momentum S, = —%U (GDLs and CLs) kg/(m2~sz)
Energy Sq =~ S, -L (GDLs) W/m®
SQ = Ran (g — 45) + 52 4 " (S, +5,1_4) - L (Anode CL)
8Q = Rea (~1ey — 45%) + 12 4 Jn® (S, + 5,,_4) - L (Cathode CL)
Sq = - (PEM)

So = (% (Current collector)
Species Sy, = _1‘% ., (Anode CL) kg/(m>s)

So, = Y% R,, (Cathode CL)

S0 = — "3 Rea (CLs)
Dissolved water S, = %Rm (Cathode CL) mol/(m>s)
Sw = 0 (PEM, Anode CL)
pmem
(1=5)700 e (Aeg — A
So-d = )y/jmgrw (g —3) (CLs)
SYid W (Aeq - A)

Liquid water kg/(m?s)

M, PP,
eru-)vpln <ﬁ> Puwv > Psar

wy

M, (‘Z -p t)
€S~ In (-2 o < s
» 7 RTP I Psar

ree(1=s)

Table 2.
Source items within governing equations.

where p,, and p,, are considered to be the mixed gas densities for the anode and
cathode. p_, as well as p_, refer to the gas pressure entering the anode and cathode
channels, respectively. Additionally, the key operating parameters along with physical
properties employed in this work are compiled in Table 3.

3.1.4 Numerical methods and grid independence verification

Numerical solutions can be obtained by employing ANSYS Fluent’s simulation
environment. Numerical solutions are accepted only when the maximum residuals
across all equations are attained magnitudes under 107>, Additionally, a grid indepen-
dence is also performed as depicted in Table 4. Group 2 was chosen for further
computations due to its optimal balance between computational cost and result accu-
racy, exhibiting less than 1% current density variation compared to Group 3.

3.1.5 Verification of the numerical model

To confirm the accuracy of the numerical model, the results of various flow field
configurations are compared against the data in the existing study [30] as well as the
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Parameter Value Reference
Open circuit voltage (V) 1.0 [26]
Mass fraction of H, 0.112 1271
Mass fractions of O, and H,O 0.150/0.354 [27]
Operation temperature (K) 353.15 [27]
Stoichiometry ratio of anode/cathode 1.5/2.5 [27]
H, diffusivity (m?/s) 1.1x10 * [27]
0, diffusivity (m*/s) 3.2x10°° [27]
H,0 diffusivity (m’/s) 7.35x10° [27]
Other species diffusivity (m?/s) 1.1x107° [27]
Liquid water density (kg/m?) 1000 [26]
Liquid coverage exponent 1 [27]
GDL/CL porosity 0.5/0.5 [27]
Contact angle of GDL, CL (°) 135 [27]
The permeability of GDL/CL 1x10~ [27]
Porosity of the metal foam flow fields 0.95 [20]
Anode/cathode reference exchange current density (A/m?) 5000/0.05 [28]
Anode/cathode reference concentration (mol/m?) 56.4/3.39 [28]
Anode/cathode concentration exponent 0.5/1.0 [29]
Equivalent weight of membrane (kg/kmol) 1.1x103 [29]
Faraday constant (C/mol) 96487

Gas constant (J/(mol-K)) 8.314

Droplet size geometric factor 1x10° [30]
Water vapor/liquid water mass exchange rate constant 0.5/0.5 [30]

Table 3.

Operation conditions and key physical parameters.

Group no. Grid number Current density (Alem?) Relative deviation (%)
Group 1 431252 1.44 2.78
Group 2 665277 1.48 -
Group 3 832674 1.49 0.68
Table 4.

Impact of grid number on the results.

current experimental outcomes when the operating parameters are the same. As
evident in Figure 3a, the simulated polarization behavior using parallel flow fields
closely matches reported numerical results. Next, regarding the PEMFC, a parallel
flow field is equipped in the anode, while a metal foam flow field, which possesses a
consistent pore size of 1 mm, is set in the cathode. We have also obtained and
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Figure 3.
(a) Comparison between current modeling results and Azarafza et al.’s simulations [30]; (b) comparison between
current numerical and experimental vesults.

compared the current numerical results with the experimental data. Figure 3b shows
a close match between experimental and simulation results at current densities below
1.2 A/cm®. It is also worth noting that, given the current modeling constraints for
capturing key experimental behaviors, including liquid water buildup and MEA per-
formance decay. The computed values tend to be higher than the actual ones when the
current density increases. Nevertheless, the maximum disparity in current density
between the numerical and actual test outcomes amounts to merely 5.7%, and this
value lies within an acceptable scope [31]. These findings demonstrate the reliability
of the PEMFC model applied in this research.

3.1.6 Mass transfer and water discharge capability

The water management, along with the mass transfer features of cases 1-3, is
detailedly investigated in this subsection. As depicted in Figure 4a, the mass-
weighted mean velocity of case 2 is greater than that of cases 1 and 3 across the
different voltage ranges. This effect is attributable to the mass transfer augmentation
provided by small pore diameters of case 2. Furthermore, case 3 exhibits marginally
reduced mass-weighted velocity compared to case 2, attributable to its localized fine
pores. Still, fine pores are bad for water discharge as liquid water sticks more to fine
pore ligaments. Figure 4b shows that at 1.8 A/cm?, case 2 has the highest water molar
concentration in the GDL-CL interface among cases 1-3, indicating poor water man-
agement. Case 3 (hierarchical pore structure) shows a marked reduction in water
molar concentration compared to case 2. Our prior research shows that the coarse pore
within the hierarchical pore structure is conducive to cutting the bond between liquid
water and ligaments, thus improving water drainage. Also, because coarse and fine
pores are randomly spread, the local gas velocity along the flow direction can be
enhanced. So, case 3 has a better water discharge ability than cases 1 and 2, as shown
in Figure 4c.

3.1.7 Output performance

After a systematic investigation of water discharge and mass transfer properties,
this section further looks into the output performance of cases 1-3. Figure 5a
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Figure 4.

(a) Mass-weight mean velocities perpendicular to the CL of cases 1-3 at the interface between GDL and flow field;
(b) comparison of water molar concentration at the GDL-CL interface under 1.8 A/cm?; (c) air velocity
component along the direction from inlet to outlet under 1.8 A/em”.

demonstrates the I-V curves of the three cases. As can be observed, owing to the
larger pore size, case 1 underperforms. Interestingly, case 3 featuring this novel
hierarchical pore structure exhibits more excellent performance compared to case 2,
especially under elevated current loads. For obtaining a clearer insight into the per-
formance differences among cases 1-3, under 0.5 V, the oxygen concentration is also
compared. From Figure 5b, it can be depicted that case 3 has the highest oxygen molar
concentration distribution profile over the three cases, owing to its better mass trans-
fer and water discharge performance. As clearly shown in Figure 5c, case 3 shows the
more homogeneous current density, leading to enhanced power generation
characteristics.
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Figure 5.
(a) I-V curves of different cases; (b) Oxygen concentration distribution at the GDL-CL interface under 0.5 V; (c)
Current density at the GDL-CL interface under 0.5 V.

3.2 Experiment
3.2.1 Fabrication of metal foam flow fields and PEMFCs integration

This chapter makes use of 3D printing technology to fabricate metal foam struc-
tures with high precision. Figure 6a illustrates the reconstruction process based on a
computational algorithm developed in our earlier work [20]. Next, a metal 3D printer
(iSLM160) is employed to construct the structure, using a nickel-base alloy (IN718)
for metal foams. To guarantee the printed structure’s accuracy, the microscopic
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Figure 6.
(a) Schematic illustration of the process from designing to producing metal foam structures using a 3D printer; (b)
comparison of structuves between theoretical planning as well as actual fabrication; (c) PEMFC and its key parts.

structures of the metal foam are shown in Figure 6b. It is evident that the metal foam
structures remain highly precise, covering both design and production stages. Fol-
lowing this, the PEMFC can be assembled. Figure 6c presents the completed PEMFC
assembly alongside its key components, the bipolar plates and MEA.

3.2.2 Comparisons of experimental performance and water discharge

In this section, an experiment is carried out to evaluate the PEMFC performance
and water removal across different flow-field designs. Figure 7a depicts that cases 1
and 4 perform worse than cases 2-3 due to their poor mass transfer. Case 3 delivers
the top performance, particularly at elevated current density conditions. Looking at
Figure 7b, it is evident that case 3 demonstrates the cathode pressure drop values
intermediate to those of cases 1 and 2, aligning with the prior findings. Also, the water
discharge amounts under 1.5 A/cm” over 3 hours are logged and contrasted to study
different cases’ water discharge abilities as depicted in Figure 7c. From Figure 7d,
case 3’s water discharge is 1.12 and 1.30 times higher than that of case 1 and 2. It is
nearly equivalent to the conventional parallel flow field.

3.2.3 Comparison of different optimized strategies

To further verify the outstanding performance of the hierarchical pore structure,
a comparison of the previous optimized strategy is carried out. The compressed
metal foam flow field (75 PPI, being made from pure nickel and having a compression
rate of 0.75) [21], named case 5, is taken into account in this section. From the
comparison of the output performance presented in Figure 8a, it can be seen that
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Assessment of diverse flow field designs: (a) I-V curves; (b) pressure drop variation curves; (c) the amount of

water discharge during 3 hours under 1.5 A/cm?.
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the peak net power density in case 3 is 9.5% greater compared to that in case 5.

The definitions of the pumping power as well as net power density are given in

Egs. (4)-(6) [32]. Also, from Figure 8b, the cathode pressure drop in case 3,

under 2 A/cm? amounts to just one-third of what it is in case 5. Moreover, it can

be depicted from Figure 8c that the volume of water discharged in case 3 is around
14.1% greater compared to that in case 5 within 3 hours when applying a current
density of 1.5 A/cm?. This discovery suggested that this novel hierarchical pore struc-
ture demonstrates not only a reduced pressure drop but also excellent output
performance.

Pret = Py — Ppump (4)

Pcell =V (5)
uinAinA

Ppump = Tp (6)
MEA

Note that Py is the net power density, P, serves to indicate the cell power density,
ui, isreferred to as the inlet velocity, A;, denotes the region at the cathode inlet [33, 34].

4, Conclusions

In this chapter, a brand-new metal foam flow field that possesses a
hierarchical pore structure was proposed for improving water discharge capability for
PEMFCs. This research carried out a numerical exploration of the water discharge
features and performance of metal foam flow fields with uniform pore structure
and hierarchical pore structure. Moreover, 3D printing technology was utilized for
accurately fabricating these metal foam flow fields. These fabricated metal foam
flow fields were then contrasted with the parallel flow field and the compressed metal
foam flow field [21]. After a comprehensive investigation, three conclusions were
made:

1. The hierarchical pore structure demonstrates a bit worse mass transfer than in
uniform fine pore ones. However, the water discharge in the hierarchical pore
structure is nearly the same as that from the parallel flow field. Specifically, it is
1.12 times higher than in a uniform coarse pore structure and 1.30 times higher
than in a uniform fine pore structure. This shows better water discharge
efficiency in a hierarchical pore structure.

2.3D printing is utilized for accurately fabricating the metal foam flow fields.
Additionally, because of its outstanding mass transfer and water
discharge features, a hierarchical pore structure can achieve superior output
performance.

3. When contrasted with the prior optimization approach, namely the metal
foam flow field characterized by 75 pores per inch and a compression ratio of
0.75, the metal foam flow field equipped with a hierarchical pore structure is
capable of not only boosting the peak net power density by 9.5% and augmenting
the water discharge by 14.1%, but also slashing the pressure drop by nearly two-
thirds.
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active area of membrane (m?)
mass diffusivity (m?/s)

reference current density (A/m?)
voltage (V)

relative permeability (m?)

pore blockage exponent
characteristic length (m)
exchange current density (A/ m?)
saturated vapor pressure of water (Pa)
liquid water saturation

mass fraction (—)

transfer coefficient (—)

local surface potential (V)
porosity of porous area
stoichiometry ratio (—)
contact angle (°)

equilibrium water content
dynamic viscosity (kg/(m-s))
electricity conductivity (Q/m)
liquid coverage exponent
dissolved water content
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Chapter 4

Foam Materials for Electrochemical
Applications in Renewable Energy

Suchada Sirisomboonchai, Rongchi Dai and Koyo Norinaga

Abstract

This chapter provides a review of the design, fabrication, and electrochemical
performance of foam-based materials as advanced electrodes for water splitting and
electrochemical CO, reduction (CO,RR). Foam structures ranging from metallic to
carbon-based and hybrid composites offer high surface area, interconnected poros-
ity, and excellent charge and mass transport properties. These attributes make them
highly suitable for gas-evolving and multi-electron reactions such as the hydrogen
evolution reaction (HER), oxygen evolution reaction (OER), and CO,RR. This chap-
ter highlights key fabrication strategies, including electrodeposition and templating,
and discusses how foam morphology influences catalytic activity, gas release, and
reactant accessibility. Emphasis is placed on structure-function relationships, par-
ticularly how pore architecture and catalyst distribution affect efficiency, selectivity,
and stability. Additionally, this chapter concludes with current limitations and future
prospects for implementing foam electrodes in scalable, real-world electrochemical
systems.

Keywords: metal foam, electrochemical reaction, foam electrode, CO, reduction, water
splitting

1. Introduction

The extensive utilization of fossil fuels has led to a persistent rise in global
greenhouse gas emissions, thereby exacerbating climate warming and increasing
the frequency of extreme weather events. To attain the objective of “carbon neutral-
ity,” current research priorities focus on advancing renewable energy technologies
and optimizing their conversion into environmentally benign fuel vectors [1].
Electrochemical approaches offer significant advantages, including mild operating
conditions, flexible integration with renewable energy sources (e.g., solar and wind),
and highly controllable reaction kinetics. This facilitates the efficient management
of multi-electron transfers and the regulation of intermediate species at ambient
temperature and pressure, presenting a viable technological approach for clean
energy conversion and carbon resource utilization [2]. For example, water electrolysis
enables the direct conversion of renewable electricity into high-purity hydrogen while
generating negligible greenhouse gas emissions under optimal operating conditions [3].
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Similarly, electrocatalytic CO, reduction (CO,RR) converts captured CO, into
value-added chemicals (e.g., CO, formic acid, methanol, and ethylene) under ambi-
ent conditions. This process facilitates carbon recycling, mitigates environmental
pressure from rising atmospheric CO,, and yields significant economic returns [4].
However, achieving high performance and low cost in these electrochemical conver-
sions depends on the development and refinement of advanced electrode materials
that provide superior catalytic kinetics, reduced overpotentials, and enhanced
operational durability [5].

Electrode materials are required to demonstrate high catalytic activity, superior
electrical conductivity, adequate porosity, and mechanical stability. Although planar
electrodes offer ease of fabrication, their flat topology results in uneven electrolyte
transport and encourages the retention of gaseous products (e.g., H,, O, and CO) on
the surface. This retention leads to bubble formation, which creates diffusion barriers
that increase the local overpotentials and obscure the active sites, thereby reducing
the efficiency and selectivity. Conversely, three-dimensional (3D) porous electrodes,
such as foam and hydrogel electrodes, utilize their inherently interconnected pore
networks. This architecture allows for the distribution of numerous catalytically
active sites throughout an expanded volumetric domain while simultaneously
facilitating rapid electrolyte infiltration within the electrode matrix and promoting
efficient bubble detachment and egress. Consequently, this significantly mitigates
the adverse effects of bubble coverage and mass transport limitations, resulting in
enhanced reaction kinetics and improved operational stability at high current densi-
ties [6].

Foam electrodes are three-dimensional porous structures composed of metal or
carbon-based materials, fabricated through techniques such as chemical vapor depo-
sition, electrochemical deposition, and mold casting. This porous “foam” structure
typically exhibits a remarkably high specific surface area and a well-connected pore
network, which facilitates the rapid diffusion of the electrolyte and provides numer-
ous catalytically active sites. Foam electrodes can be categorized into two primary
types based on the scaffold material: metal foams (e.g., copper and nickel foams) and
carbon foams (e.g., carbon black and carbon nanotube-assembled foams). Metal foam
electrodes demonstrate excellent electrical conductivity and can directly function
as current carriers and catalytically active centers. Conversely, carbon-based foam
electrodes can further support metal nanocatalysts, maintaining high conductivity,
corrosion resistance, and relatively low cost [7].

Foam electrodes’ 3D porous networks dramatically improve both hydrogen
evolution and CO, reduction by preventing gas-bubble clogging and enhancing mass
transport. In water electrolysis, rapid detachment of H, bubbles through internal
pores avoids the resistive layer that elevates overpotential on planar surfaces, yielding
higher current densities at lower voltages [8]. Similarly, in CO,RR, interconnected
pores facilitate CO, diffusion and adsorption deep within the foam while allowing
swift expulsion of CO and C,H, bubbles, thus reducing interface coverage and boost-
ing current and Faradaic efficiency (FE) [9]. Moreover, alloyed metal foams (e.g.,
Ni-Co) or noble-metal-decorated foams further tune active-site electronics to lower
overpotentials and enhance catalytic activity [6]. This unified foam-electrode design
therefore delivers more efficient gas evolution, superior mass-transfer characteristics,
and improved stability than conventional planar electrodes.

Foam electrodes, distinguished by their three-dimensional interconnected porous
networks, offer substantial advantages for applications such as water splitting and
CO; reduction (CO,RR). Their architecture permits the adjustment of pore size and
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porosity through templating and deposition parameters, thereby maximizing the
specific surface area while preserving mechanical strength. This structure facilitates
efficient ion and gas transport, consequently minimizing both ohmic losses and
concentration polarization [10]. Finally, the compatibility of foam-based systems
with a variety of substrates and scalable fabrication techniques, such as templating,
electrodeposition, and roll-to-roll (R,R) processing, renders them highly promising
for industrial-scale implementation [6].

2. Fundamentals of electrochemical reactions

Electrochemical catalytic technology has emerged as a crucial method for produc-
ing green hydrogen and valorizing carbon, primarily because of its ability to integrate
effectively with renewable energy sources. This technology operates under ambient
temperature and pressure conditions and offers superior process controllability.

The hydrogen evolution reaction (HER) involves a multi-electron transfer process

in which protons (H") or water molecules (H,0) receive electrons at the electrode
surface, resulting in the formation of molecular hydrogen (H,). For example, in acidic
electrolytes:

2H" +2¢ > H, 1)
In an alkaline electrolyte:
2H,0+2¢" — H,+20H" 2)

The catalyst is subject to stringent requirements concerning its electronic struc-
ture, surface adsorption energy, and electrical conductivity. The key performance
indicators include the overpotential at 10 mA cm™?, Tafel slope, and long-term
stability under high current-density operation conditions [11]. The oxygen evolution
reaction (OER), which constitutes the anodic half-reaction, involves a more complex
mechanism characterized by four electron-proton-coupled steps and the formation/
desorption of oxygenated intermediates (*OH, *O, and *OOH). This complexity
imposes heightened demands on the oxidative resilience and surface-intermediate
interactions of catalysts. In alkaline media, the OER can be represented as:

40H™ >0, +2H,0+4e” 3)
In acidic electrolytes:

2H,0—>0,+4H" +4¢” (4)

Common performance metrics include the overpotential at 10 mA cm?, faradaic
efficiency, and cycling stability [12]. By strategically modulating transition metal
oxides, bimetallic layered double hydroxides (LDHs), and incorporating chiral
molecules, researchers have effectively optimized the OER overpotential to a range of
160-220 mV [13].

The electrochemical CO, reduction reaction (CO,RR) enables the transformation
of captured CO, into a wide range of C;—C; products, including carbon monoxide
(CO), formic acid (HCOOH), methanol (CH;0H), and ethylene (C,H,). This process

59



Advanced Foams for Process Intensification

involves a series of sequential steps, which include the adsorption and activation of
CO,, the formation of key intermediates such as *COOH and *OCHO, the cleavage of
the C-O bond, and multi-electron coupling events [14]. The fundamental reaction
pathways for the production of CO, formic acid, and C, + products are delineated as
follows:

CO,+H"+2¢” ->CO+H,0 (5)

CO, +2H" +2¢” -> HCOOH

(6)

CO, +6H" +6¢” — CH,0H + H,0 (7)
CO, +8H" +8¢” > CH, +2H,0 (8)
2CO, +12H" +12¢” — C,H, + 4H,0 ©9)
2CO, +12H" +12¢” — C,H,OH +3H,0 (10)

The choice of electrode material and its architecture significantly impacts the
distribution of the local electric field, interfacial pH, and energy barriers associated
with critical reaction intermediates. These factors ultimately determine the selectivity
and distribution of reduction products [15]. The precise regulation of active sites and
the design of electrode microenvironments, such as local proton concentration and
electric field distribution, have emerged as key areas of research for enhancing the
performance of CO,RR [16].

3. Foam materials and fabrication method

Foam materials are a new class of materials with outstanding properties that
make them suitable for a wide range of applications. These materials possess
excellent mechanical properties and are lightweight, while still maintaining
high strength and stiffness. In addition, foam materials exhibit superior acoustic
properties, making them effective for sound absorption. The complex internal
geometry of foam structures increases the surface area per unit volume, which is
highly desirable for heat transfer or thermal management applications, such as
heat exchangers. The characteristics of metal foams such as permeability, pore
size, and pores per inch (PPI) can be tuned to suit specific applications [17, 18].
Since 2015, scientific publications related to foam-based electrodes have shown a
steady increase. Although research on this topic was relatively limited before 2015,
the number of publications has grown substantially each year. Notably, interest in
their applications for renewable energy such as water splitting and electrochemi-
cal CO, reduction has continued to rise, reflecting the growing importance of
sustainable energy technologies (Figure 1).
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Figure 1.

Trends in the number of publications related to foam electrodes from 2015 to 2024, data retrieved from Web of
Science using relevant keyword searches conducted in May 2025 (Search terms used included “foam electrode,”
“foam electrode for water splitting,” and “foam electrode for electrochemical CO, reduction.” Only articles indexed
in the Web of Science Core Collection were considered.

Foam materials can generally be classified into two categories: open-cell foams and
closed-cell foams. Open-cell metal foams allow fluids to pass freely from one cell to
another, as the cells are interconnected and not sealed off. These foams are typically
used in functional applications where load-bearing is not the primary concern [19].

In contrast, closed-cell metal foams consist of continuous cell walls that separate each
cell from the others, typically forming spherical shapes [20]. These materials offer
good mechanical properties but restrict access to the inner surfaces of the foam,
making them more suitable for structural or load-bearing applications. The selection
of foam with specific characteristics should be based on the design requirements of
the intended application [21]. While closed-cell foams excel in mechanical perfor-
mance, open-cell foams are generally necessary for applications involving internal
interactions, such as fluid or gas flow. Foam electrodes, such as those made from metal
or carbon, are widely used in electrocatalysis due to their highly porous, three-dimen-
sional structure. Metal foams are often more suitable for use as electrodes than carbon
black because their porous nature enhances catalytic activity and reduces transport
resistance within the system.

3.1 Metal foam
3.1.1 Noble metals foam (NMF)

Noble metals foam (NMF), which include gold (Au), silver (Ag), ruthenium (Ru),
palladium (Pd), iridium (Ir), and platinum (Pt), are known for its superior resistance
to oxidation and corrosion. Self-supported macroscopic foams composed of noble

metals have been synthesized using single or bimetallic systems, such as Au, Ag, Pt,
Au-Ag, and Ag-Pt. These foams comprise 3D interconnected networks formed by
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metallic nanowires (NWs). NMFs can be engineered with various compositions and
morphologies, including monometallic and multi-metallic alloys. The nanostructures
may form nanospheres, nanowires, nanotubes, nanosheets, nanocubes, or core-shell
nanoparticles. The nanowire diameter ranges from ~3 nm to over 1000 nm, with
bulk densities from 1.3 to 773 mg-cm > and specific surface areas of 0.1 to 269 m*g™"
[22, 23]. However, NMFs face challenges including limitations in structural control,
difficulties in obtaining high-purity products, and high precursor costs.

3.1.2 Nickel foam

Nickel foam is a widely used current collector material in electrochemical sys-
tems due to its three-dimensional porous structure, high surface area, light weight,
mechanical strength, chemical stability, and excellent electrical and thermal con-
ductivity. It features an interconnected pillar network that forms small (~50 pm) and
large (~500 pm) open pores, providing effective pathways for electrolyte transport
and ensuring high surface accessibility. The surface of nickel foam naturally contains
metallic nickel (Ni°) and its oxidized forms (Ni**), such as nickel oxide (NiO) and
nickel hydroxide (Ni(OH),) [24]. Period functionalization, the native oxide layer on
the Ni foam surface is typically removed using concentrated acid to expose a clean
metallic surface. Common methods reported for Ni foam include various methods,
each offering distinct advantages in terms of morphology control, composition tun-
ability, and scalability.

3.1.3 Copper foam

Copper foam exhibits rich redox chemistry and excellent electrical conductiv-
ity. Over the past decade, researchers have increasingly leveraged the highly porous
surface of copper foam for the fabrication of various nanomaterials. Beyond serving
as a structural support, copper foam can also act as a precursor for other copper-based
derivatives, making it a highly versatile material platform for advanced functional
materials. Among the available fabrication techniques, electrodeposition remains
the most widely adopted method due to its cost-effectiveness, ease of electrolyte
preparation, and precise control over film thickness. Copper foams typically possess a
uniformly distributed three-dimensional (3D) porous network with ultrahigh poros-
ity (>95%) and significant specific tensile strength. These structures are generally
fabricated through a combination of pretreatment steps, chemical or electrochemical
deposition, calcination, and thermal reduction. Recent research efforts have focused
on enhancing the surface characteristics of copper foam using advanced modification
techniques to increase porosity and improve electrochemical performance [25].

3.2 Carbon foam

Carbon foam with microporous structures is a material composed of various
carbon forms, such as fibers, tubes, spheres, flakes, or granules, each possessing
unique porosity characteristics. Typically, the macropores in carbon foams are inter-
connected, forming an open-cell structure that results in a high geometric surface
area. This distinctive structure is directly linked to the fundamental properties of
carbon materials, including low density, high thermal stability, hydrophobic sur-
faces, and excellent thermal and electrical conductivity. Reticulated vitreous carbon
(RVC) foams were first utilized as electrodes, benefiting from their honeycomb-like
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structure that supported electrochemical applications [26]. Since then, carbon foams
have continued to attract interest and have been researched and developed for a wide
range of applications. These include heat energy storage both as containers and ther-
mal conductivity enhancers, electrodes in electrochemical systems, gas adsorption
and separation using molecular sieve structures, oil spill absorption and recovery, and
electromagnetic wave reflection. These diverse applications highlight the significant
engineering potential and value of carbon foams [27].

Carbon foams can be produced through a variety of techniques. However, in recent
years, the synthesis of carbon foams from polymers and biomass has attracted signifi-
cant attention due to their recyclability and environmentally friendly characteristics.
One widely used synthesis method involves thermosetting materials combined with a
sacrificial template, such as nickel foam. This process typically includes the deposition
of carbon via chemical vapor deposition (CVD) onto the foam structural template,
followed by acid washing to remove the residue. Nevertheless, controlling the pore
structure at the nanometer scale remains a significant challenge for this method.
Alternatively, melamine foams or biomass materials with high nitrogen content have
emerged as promising options. These materials can serve as both porous templates
and carbon sources in the direct carbonization process, leading to carbon foams with
enhanced structural integrity and electrical conductivity. Nitrogen doping not only
improves the electrical conductivity of the carbon framework but also introduces
defect sites at the molecular level, which play a crucial role in the electrocatalytic
performance of the material, particularly when used as an electrode in electrochemi-
cal reaction systems [28].

3.3 Synthesis of an electrocatalyst on foam substrate materials
3.3.1 Hydrothermal

This method is the most widely adopted approach for the direct growth of
nanostructured catalysts. This technique enables facile, low-cost, and binder-free
fabrication of well-adhered active materials with controllable chemical composi-
tion and morphology. Through hydrothermal reactions, various transition metal
oxides, sulfides, phosphides, and hydroxides can be synthesized directly onto NF,
yielding electrodes with enhanced electrochemical performance due to the strong
interfacial bonding and efficient charge transport pathways afforded by the 3D
architecture [29]. This technique allows for precise control over the morphology
and physical properties of the catalyst at relatively low temperatures compared to
conventional high-temperature methods. One limitation of this approach is the
use of surfactants, which can be difficult to remove and may negatively affect the
catalytic performance [8].

3.3.2 Electrodeposition

Electrodeposition is a method used to synthesize electrocatalysts for various
energy conversion applications. This involves the deposition of materials onto a
conductive substrate using an electric current. There are several types of electrode-
position techniques, including galvanostatic electrodeposition (constant current),
potentiostatic electrodeposition (constant potential), and co-electrodepositiontion.
The process typically uses a three-electrode system consisting of a working elec-
trode, counter electrode, and reference electrode. The current density, electrolyte
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concentration, pH, and temperature can affect the electrodeposition process and the
properties of the resulting electrocatalyst. Electrodeposition enables the synthesis of
porous nanomaterials with high specific surface areas, which can enhance electro-
catalytic activity [30].

Electrodeposition method has been extensively employed to deposit thin catalyst
layers such as transition metal hydroxides, layered double hydroxides (LDHs), and
noble metals onto NF substrates. This method allows precise control over catalyst
loading and thickness under ambient conditions, making it suitable for scalable elec-
trode fabrication [31-33]. In the electrochemical method, metal ions from a precursor
solution are reduced and deposited onto the copper foam surface under an applied
potential, resulting in the formation of thin metal films or composite layers [34].
Electrodeposition is favored due to its simplicity, fast processing time, and control of
the thickness and structure via current or time [35].

3.3.3 Chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) is a widely used technique for growing 2D
materials, including transition metal dichalcogenides (TMDs). Some key points
about the CVD method for growing 2D TMDs are as follows: it allows for the con-
trollable synthesis of large-scale, high-quality 2D TMD materials. Several key fac-
tors affect the CVD growth process, including the temperature, carrier gas, growth
time, and precursor ratio. The CVD method has been used to successfully grow
various 2D TMD materials, such as MoS,, WS,, MoSe,, and WSe, nanosheets [36].
Proper design of the growth system and choice of growth substrates are crucial for
obtaining wafer-scale monolayer TMD films and millimeter-sized single crystals.
The CVD method has also been extended to growing more complex structures, such
as TMD alloys, heterostructures, and superlattices. The CVD method can control
the growth of thin film layers through several key factors, such as temperature, as
higher temperatures generally promote better crystallinity and larger domain sizes.
The type and flow rate of the carrier gas influence the transport of the precursors
and can affect the shape and quality of the grown crystals. For example, the intro-
duction of H, gas can optimize the flake shape. The precursor ratio and feeding rate
affect the growth rate, domain size, and composition of the thin films. Moreover,
longer growth times can lead to larger crystal sizes by providing a continuous
precursor supply [37].

3.3.4 In situ oxidation

This method involves the release of copper ions from the foam into an alkaline
solution, where they react with a strong oxidizing agent to form copper hydroxide
(Cu(OH);) under mild conditions. The resulting Cu(OH), can be further converted
into other functional copper-based compounds, such as copper oxide (CuO), through
controlled thermal treatment [38, 39].

Among the four synthesis methods, chemical vapor deposition (CVD) offers
the highest level of precision, allowing for atomic-scale control over film thickness,
crystallinity, composition, and morphology. Electrodeposition also provides high
precision, especially in controlling catalyst thickness, loading, and structure by
adjusting deposition parameters such as current, time, and electrolyte composition.
Hydrothermal synthesis enables moderate control over morphology and chemi-
cal composition but is less precise due to the influence of surfactants and batch

64



Foam Materials for Electrochemical Applications in Renewable Energy
DOI: http://dx.doi.org/10.5772/intechopen.1012509

variability. In situ oxidation provides the least control, as it largely depends on the
intrinsic properties of the foam substrate and mild reaction conditions, limiting the
tunability of the final catalyst structure.

4. Foam substrates for electrocatalytic water splitting (HER and OER)

Foam substrates such as nickel, copper, and carbon foams provide a unique three-
dimensional (3D) conductive scaffold with large surface area and mechanical stabil-
ity, making them highly suitable for hosting bifunctional electrocatalysts capable of
catalyzing both hydrogen evolution (HER) and oxygen evolution (OER) reactions.
The use of these porous frameworks promotes gas diffusion, enhances electron
transport, and allows effective anchoring of nanostructured catalysts, thus improving
overall water-splitting efficiency.

4.1 Nickel foam

Nickel foams have been advantageously utilized as electrode substrates because
they present a high active surface area and high conductivity [40]. Both HER
and OER are widely used because of their excellent conductivity and mechanical
strength. Relative to other transition metals such as Fe and Co, Ni alloys and their
composites exhibit excellent resistance to corrosion in alkaline media, unlike Ni
metal alone, which leads to relatively low catalytic activity [41]. Transition metal
phosphides such as CoP and Ni,P, directly grown on nickel foam, have shown out-
standing performance. For example, CoP/NF demonstrated an overpotential of just
45 mV, outperforming commercial Pt/C [42]. For OER, Layered double hydroxides
(LDHs) are a class of two-dimensional materials composed of divalent and trivalent
metal cations (M** and M*", respectively) coordinated with hydroxide anions and
charge-compensating interlayer anions. However, despite their promising catalytic
behavior, the practical application of LDHs is limited by their inherently low electri-
cal conductivity and relatively modest specific surface area (SAs). To overcome these
limitations, recent efforts have focused on the direct growth of LDH architectures
on conductive, high-surface-area substrates. Among these, the integration of LDHs
with NF has been demonstrated to significantly enhance the OER performance.
NiFe-layered double hydroxides (NiFe-LDH) integrated on NF exhibit low onset
overpotentials (~230 mV) and long-term stability [43]. Further improvements have
been achieved by incorporating elements like Co or Mn to create NiCoFe or NiMnFe
LDH, which can deliver even higher current densities [44]. Additionally, the catalysts,
such as NiCo,S4/NF and NiFe-PBA/NF, demonstrate high activity in both HER and
OER, enabling efficient overall water splitting. In one study, a NiFe-LDH/Ni/NiCo,S,/
NF catalyst delivered an overall water-splitting voltage of 1.53 V [45].

4.2 Copper foam

Copper foam, while less commonly used than nickel foam, has emerged as a prom-
ising substrate due to its high porosity and ease of functionalization. Nanostructured
MoS, based alloys on Cu foam exhibit overpotentials 218 mV for HER, benefiting
from good electron conductivity and catalyst-support interaction [46]. Cu foam has
been modified with protective layers such as NiCo-NiCoO, nanoheterostructures or
conductive polymers. These coatings serve as physical barriers and chemically stable
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interfaces that inhibit oxidation, dissolution of the underlying copper, and strong
mechanical adhesion/interaction between conductive substrate, thereby improving
long-term durability and maintaining electrocatalytic performance during HER [47].
Although Cu foam is unstable under the high anodic potentials required for OER,
especially in alkaline media, where copper species (Cu, Cu,0, and CuO) can corrode,
dissolve, or oxidize into soluble forms such as Cu(OH),* .Less stable under oxidative
conditions. However, some studies have reported Cu foam with high performance for
OER and HER as a bifunctional catalyst. By engineering hybrid architectures, such
as NiMnOx nanosheets grown onto CuOx nanowires, Cu foam can support high-
performance bifunctional electrocatalysts with enhanced durability and reduced
overpotentials. Owning to the formation of intimate interfacial contact and valence
interactions between the Cu and Ni/Mn species can lead to improved charge transport
and partial stabilization of the underlying CuOx during OER [48].

4.3 Carbon foam

Carbon foams, including graphite and biomass-derived carbon, are attractive due
to their light weight, chemical stability, and tunable porosity. Compared to metal
foams like nickel or copper, carbon foams generally exhibit lower electrical conduc-
tivity but offer significant advantages in terms of cost-effectiveness and corrosion
resistance, especially in acidic or neutral pH environments, due to their light weight,
chemical stability, and tunable porosity. Metal nanoparticles like Ni or Co embedded
on carbon foam show low overpotential. By forming an interconnected conductive
network with graphene, carbon foam improves electron transfer kinetics, reducing
the chances of corrosion caused by inefficient charge flow. Its hierarchical porous
structure enhances mass transfer, minimizing localized conditions that could lead
to corrosion. Together, these features create a durable environment that protects the
active sites and improves the long-term stability of the electrocatalyst [49]. For OER,
carbon foam modified with metal oxides or LDHs can provide competitive perfor-
mance. The synergy between conductive carbon and active metal centers promotes
oxygen evolution, especially when dopants like nitrogen (N) or phosphite (P) are
introduced. Carbon foam’s open framework facilitates electrolyte access and bubble
release. However, its hydrophobicity must often be tuned to maintain optimal wet-
tability and mass transport [50].

As mentioned above, by comparison to the typical foam substrate, nickel foam
remains the most widely used substrate due to its superior stability and compatibility
with alkaline electrolytes. However, copper and carbon foams present unique oppor-
tunities for customized architectures and cost reduction. The future of foam-based
electrocatalysis lies in the rational design that combines multiple materials, fine-tunes
surface chemistry, and leverages advanced fabrication methods such as electrodeposi-
tion or 3D printing.

5. Foam substrates for electrochemical CO, reduction reaction

Copper foam plays a crucial role in the electrochemical reduction of CO, reduc-
tion reaction (CO,RR) because of its electronic and structural properties. Although
pure bulk copper has limited selectivity at lower overpotentials, nanostructured Cu,
especially in the form of electrodeposited foam, has demonstrated notable activ-
ity in converting CO, to products such as CO, formate, and hydrocarbons. This is
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primarily attributed to their unique surface morphology, which includes dendritic
structures with high roughness and large electrochemically active surface areas. Such
structures expose a greater number of low-coordinated atoms (e.g., edges, steps,

and kinks), which are known to stabilize reaction intermediates such as *COOH and
facilitate CO, adsorption and activation. Copper foam served as the base material for
synthesizing bimetallic AgCu foams through hydrogen-bubble-templated electrode-
position. Even before incorporating silver, the porous Cu foam exhibited measurable
CO,RR activity, particularly at lower overpotentials. CO and formate were produced,
demonstrating that the inherent catalytic properties of copper remain effective when
nanostructured [51].

Beyond the surface area, the intrinsic electrical conductivity of the Cu foam
was selected to ensure efficient electron transport during electrolysis. The Cu foam
was first oxidized to grow Cu nanowires, creating a high-surface-area scaffold that
facilitated the uniform electrodeposition of Zn nanosheets and a thin indium layer
on the scaffold (as shown in Figure 2A). These modifications led to the formation of
a nanostructured InZnCu catalyst, which exhibited excellent CO,-to-CO conversion
with a Faradaic efficiency over 90%. This is crucial for reducing the overall energy
input of the CO,RR process. Furthermore, its mechanical stability supports long-term
operation, which is a requirement for any system aimed at practical or industrial-scale
CO; conversion. For the OER, Cu foam was used again, which was modified with cop-
per hydroxide nanowires and coated with NiCo layered double hydroxide (LDH). This
combination creates a robust and conductive anode material that facilitates efficient
water oxidation, operates at low overpotentials, and exhibits high durability. In
essence, Cu foam acts as a versatile platform that can be engineered to support high-
performance electrocatalysts on both the cathode and anode sides of the CO,RR-OER
system, as shown in Figure 2B, which shows the low energy requirement to convert
CO; to CO per ton [52].

Cu foam substrate electrodes typically suffer from moderate selectivity, surface
reconstruction, and stability issues during prolonged operations. In contrast, recent
research has focused on silver (Ag)-based foam electrodes. The nano-Ag foam in this
study is not a conventional foam but a hierarchical nanosheet structure grown iz situ
on a porous Ag skeleton. This design substantially increases the electrochemically
active surface area (ECSA). In the nano-Ag foam system, the catalyst and support
were unified, leading to superior mechanical stability and electronic conductivity
throughout the electrode structure [53].

Figure 2.

(A) Schematic of the synthesis of the InZnCu base copper foam electrode. (B) Overall CO,RR-OER
performance of an assembled InZnCu/CF (cathode)||[Cu(OH)2 NWs@NiCo-LDH (anode). Reproduced
with permission from Ref. [52].
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Method Key features Advantages Disadvatages Materials

Hydrothermal Growth via reactions in a sealed vessel Low cost, surfactant-free Surfactants may be hard to Transition metal oxides, sulfides,
at moderate temperatures. (optional), binder-free, good remove and can affect catalytic phosphides, hydroxides, and

adhesion, and strong interfacial performance. carbon foam
bonding.

Electrodeposition Deposition using electrical current Fast, scalable, ambient conditions, Sensitive to parameters like pH, Metal hydroxides, LDHs, noble
(e.g., galvanostatic, potentiostatic, and precise control over loading and electrolyte, current density, and metals, composite layers
o-electrodeposition). thickness, and simple setup. temperature.

Chemical vapor Gas-phase growth of materials on a High quality, uniform, wafer-scale Requires complex setup, high 2D TMDs (MoS,, WS,,

deposition (CVD) substrate, often at high temperatures. coatings, control over structure/ temps, time-consuming, and not MoSe,, and WSe,), alloys,

morphology.

ideal for all substrates.

heterostructures, carbon foam

In situ oxidation

Oxidation of metal foam in alkaline
solution to form hydroxides/oxides.

Simple, mild conditions, self-
sourced material from foam, easy
conversion to other copper-based
materials.

Limited to metal foam
substrates (like Cu), may need
post-treatment (e.g., thermal
conversion).

Cu(OH),, CuO, other copper-
based compounds

Table 1.

Comparison the method of synthesis electrocatalyst on foam substrate materials.
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Therefore, foam-based electrodes, particularly those using nickel, copper, and
carbon foam substrates, demonstrate promising performance for water splitting
and CO, reduction reactions. As Table 1 shows, an overview of foam-based mate-
rials presents various catalysts that show bifunctional activity for both hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER), enabling effi-
cient overall water splitting. Common synthesis methods include hydrothermal
growth, electrodeposition, and phosphorization to create nanostructured active
materials on the foam substrates. Transition metal-based materials like NiFe-
layered double hydroxides (LDHs), cobalt phosphides, and nickel selenides are
frequently used as active catalysts. Low overpotentials (often <200 mV) are
achieved for HER and OER, indicating high catalytic activity. For CO, reduction,
copper-based foams modified with other metals like Ag, In, Zn show selectiv-
ity for different products like CO, formate, and hydrocarbons. Hierarchical
nanostructures combining different materials (e.g., NiSe,-NiMoOy) often show
enhanced performance compared to single-component catalysts. The 3D porous
structure of foams provides high surface area and facilitates mass transport, con-
tributing to the high activity. Further optimization of composition, morphology
and synergistic effects between components could lead to even better performing

catalysts for these important electrochemical reactions (Table 2).

Electrode Synthesis method Application Performance References
NiFe/NiCo0,0,4/Ni Hydrothermal, HER, OER HER 105 mV at [54]
Foam Electrodeposition 10 mA/cm?
OER 340 mV at
1200 mA/cm?
NiCoP nanosheet Hydrothermal, HER, OER HER 133 mV at [55]
arrays/Ni Foam phosphorization 50 mA/cm®
OER 308 mV at
50 mA/cm?
MoP/Ni,P/NF Hydrothermal, Overall water 1.55V at [56]
phosphorization splitting (two- 10 mA/cm?
electrode system)
NiCo,S,;@NiFe Hydrothermal Overall water 16V [57]
LDH/NF splitting (two-
electrode system)
Nig 75Feg 125V 125- Hydrothermal Overall water 1591V [58]
LDHs/ splitting (two-
NF electrode system)
NiSe,-NiMoO,/NF Hydrothermal and Overall water 137Vat [59]
selenization splitting (two- 10 mA/cm?
electrode system)
CoFe@NiFe/NF Hydrothermal and Overall water 1.59 V at [60]
electrodeposition splitting (two- 10 mA/cm?
electrode system)
NiFe/Cu nanowires Chemical oxidation, Overall water 154V at [61]
on Cu foam Thermal treatment and plitting (two- 100 mA/cm?
electrodeposition electrode system)
Cu/Cu,0 foam Electrodeposition, HER HER 290 mV [62]

Electroless plating
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Electrode Synthesis method Application Performance References
Cu foam@BiNW In situ electrochemical CO,RR FE (o rmate 95% [63]
transformation, Thermal
treatment
PEI-Sn/Cu foam Electrodeposition and CO,RR FEco 92.3% [64]
impregnation
InZnCu/CF Electrodeposition CO,RR FEncooun 93.7% [52]
CoSe,/ carbon Inkjet printing, pyrolysis, HER, OER HER 122.6 mV [65]
foam and selenization at10 mA/cm?
OER 400 mV at
10 mA/cm?
Table 2.

Overview of various foam-based electrode materials, their synthesis methods, and applications.

6. Key design strategies in foam electrodes for application
6.1 Structure-property relationships

Recent studies have significantly advanced the quantitative understanding of the
relationship between the pore structures of foam electrodes and their electrochemi-
cal performance. Liu et al. developed nickel foam electrodes with hierarchical pore
distributions, comprising macropores (>500 pm) and micropores (<50 pm), and
quantitatively demonstrated, via electrochemical impedance spectroscopy (EIS),
that macropores enhance gas bubble release, while micropores promote electrolyte
infiltration. This hierarchical structuring effectively reduced mass transport resis-
tance by approximately 30% at high current densities (>200 mA cm™), increasing
the HER current density by about 25% compared to conventional foams Weber et al.
utilized selective laser melting (SLM) additive manufacturing to precisely tailor
pore structures with controlled overall porosity (50-70%) and pore size distribution
(10-100 pm). Their study revealed that foam electrodes with macroscopic porosity
above 65% and a specific surface area of approximately 12 m® g™ exhibited a notable
enhancement (20%) in CO Faradaic efficiency at —1.0 V vs. RHE for CO,RR, while
effectively suppressing competing HER side reactions [66].

In another innovative approach, Hoffmann et al. applied dynamic hydrogen-
bubble templating (DHBT) to fabricate hierarchical silver foams containing cellular
macropores (300-600 pm) interconnected with dense nested micropores (1-10 pm).
Quantitative X-ray computed tomography (XCT) and scanning electron microscopy
(SEM) analyses confirmed that macropores facilitated rapid gas release, while the
microporous network significantly enhanced the adsorption of reaction intermediates
(*CO,, *COOH)), leading to a CO Faradaic efficiency as high as 98% and improved
current density (~50 mA cm™?) at —0.8 V vs. RHE [67]. Shi et al. further demon-
strated the significance of multi-scale structuring by integrating Bi,O; nanosheets
onto copper foam surfaces with additional silane-based hydrophobic modification,
creating hierarchical macro-micro-nano interfaces. Their electrode achieved over
90% selectivity for formate (HCOO~) at —0.9 V_RHE, maintaining exceptional stabil-
ity with less than 5% Faradaic efficiency loss after 50 hours [68].

Addressing the trade-off between high porosity and mechanical stability, Hu et al.
introduced an elastic PDMS phase into the carbon foam skeleton, creating second-
arv pore gradients. This approach maintained high porosity (~85%) while restoring
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compressive modulus to about 92% of the original foam. As a result, the modified
foam electrode displayed excellent mechanical robustness, with only a 3% degrada-
tion in performance after 1000 hours of oxygen evolution reaction (OER) testing

at a current density of 100 mA cm™? [69]. Similarly, Qiu et al. explored hierarchical
porous transport layers (PTLs) for proton exchange membrane water electrolyzers
(PEMWE), applying a fine titanium-powder layer (20 pm) onto a coarse macropo-
rous substrate (200 pm). This engineered porosity optimized two-phase transport,
significantly reducing combined ohmic and concentration polarization by 12% at 2 A
cm?, and improving energy efficiency by 8% [70].

Lastly, single-atom catalyst (SAC) integration into porous electrodes has emerged
as a promising strategy. Zhu et al. synthesized indium single-atom catalysts anchored
on carbon foams via a NaCl-templating method, achieving a controlled pore size
distribution (50-200 pm). Through X-ray photoelectron spectroscopy (XPS) and
density functional theory (DFT) studies, they demonstrated that the synergistic
interaction between In-N, single-atom sites and the pore structures greatly enhanced
CO, adsorption and stabilized reaction intermediates, achieving an exceptional for-
mate Faradaic efficiency of 82% and a stable current density of 67 mA cm ™ at 1.4 V
vs. RHE over 21 hours [71].

In summary, recent advances in hierarchical pore structuring, surface function-
alization, and mechanical reinforcement have enabled precise balancing among pore
structure, interfacial chemistry, and mechanical robustness. These developments pro-
vide comprehensive guidelines for optimizing foam electrodes to achieve enhanced
efficiency, product selectivity, and durability in HER, OER, and CO,RR applications.

6.2 Gas-bubble effect

During the hydrogen evolution (HER) and oxygen evolution reactions (OER), gas
bubbles frequently adhere to the electrode surface, forming a “bubble shield” that
obstructs active sites and hinders ion transport. Consequently, the performance of
foam electrodes in water electrolysis and CO, reduction reactions (CO,RR) is highly
contingent upon effective gas-bubble management. In conventional foam electrodes,
gas bubbles accumulate within the porous structure, obstructing catalytic sites and
disrupting ion transport at the solid-liquid interface. This results in increased overpo-
tentials and diminished reaction efficiency. Notably, the hierarchical micro/nanostruc-
ture significantly enhances the electrochemical surface area (ECSA), thereby exposing
more active sites for catalysis. These surfaces exhibit underwater superaerophobicity,
contributing to a more discontinuous three-phase contact line. This phenomenon sup-
presses bubble aggregation, promotes the formation of smaller bubbles, and enhances
water-splitting performance. The low-adhesive nanosheet arrays on the surface play
a crucial role in reducing bubble size and increasing the frequency of bubble release.
This feature, in conjunction with the underlying microscale porous structure, aug-
ments mass transfer at the electrode/electrolyte interface. The high bubble contact
angle of the superaerophobic surface further facilitates bubble detachment [72].
Additionally, the combination of microscale pores and groove patterns induces an
asymmetric Laplace pressure, which drives the lateral spreading, transport, and timely
detachment of bubbles from the surface. The 3D nanosheet arrays (*30 nm thick and
~2 pm long) further increase the surface area, contributing to higher reaction rates.
Collectively, these micro/nanostructures help establish a balanced solid-liquid-gas
microenvironment, reduce gas-bubble adhesion, and disrupt the three-phase contact
line, collectively improving gas release dynamics and catalytic efficiency.
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7. Recent advances and future outlook

In recent years, significant breakthroughs have been achieved in the research on
foam electrodes, particularly concerning multifunctional design and system integra-
tion. Notably, additive manufacturing-based 3D printing techniques facilitate the
fabrication of microarchitected foam electrodes from metallic or carbon-based mate-
rials, allowing customizable pore size distributions, gradient porosity, and precision-
engineered conductive networks. These advancements not only greatly enhance the
specific surface area (up to 20-30 m® g™') and electrical conductivity (>10* S cm™)
but also maintain the exceptional mechanical robustness of the material. The result-
ing electrodes outperform conventional foam counterparts in both HER and OER
performance under high-current-density operation, while also establishing a founda-
tional platform for integrating multiphysics-coupled functionalities such as sensing
and energy storage [73]. Second, the engineering of interfaces by introducing oxygen
functional groups or applying metal oxide coatings onto the surfaces of graphene
foam significantly enhances the wettability of the electrolyte and optimizes the ener-
getics of intermediate adsorption. This synergy effectively reduces the overpotentials
to less than 40 mV for the HER and less than 200 mV for the OER, while also extend-
ing operational lifetimes beyond 500 hours, thereby demonstrating a robust potential
for operation in extreme environments [74]. In CO,RR applications, electrodeposited
In-Zn alloy catalytic layers on Cu foam substrates utilize nanostructure modulation
and control of the local alkaline microenvironment to achieve an FE of CO exceed-
ing 85% with over 100 hours of current retention. This configuration enhances
productivity by nearly 50% compared to planar Cu electrodes [52]. Recent advances
in room-temperature flow CO, electrolyzers have elevated their energy efficiency to
55%, concurrently validating the feasibility of large-area modular deployment [75].
However, the scalable production of foam electrodes continues to face challenges
in terms of process reproducibility, consistency of microstructural characteristics
between batches, and effective cost management. Future efforts should prioritize the
development of low-cost, self-supporting composite foam architectures and ensure
their deep integration with ion-exchange membranes and electrochemical stacks. By
employing modular and flexible designs alongside real-time monitoring, multifunc-
tional foam electrodes can be synergistically utilized in industrial-scale applications
such as water splitting, CO, valorization, and renewable energy storage.

8. Conclusions

Foam-based substrate materials are increasingly utilized in electrochemical
applications within the realm of renewable energy, particularly in water electrolysis
and CO, reduction. These technologies are pivotal in addressing climate change and
achieving carbon neutrality goals. Foam electrodes present substantial advantages
over planar electrodes due to their three-dimensional porous architecture, which
offers increased surface area, enhanced mass transport, and efficient gas bubble
release, thereby improving reaction rates and catalytic efficiency. Metal foams, such
as those composed of nickel and copper, exhibit high conductivity and can function
as both current carriers and catalytic centers. Nickel foam is particularly prevalent
due to its superior conductivity and mechanical strength. Conversely, copper foam
is advantageous in terms of cost-effectiveness and corrosion resistance, especially in
acidic or neutral environments, and can be modified with various catalysts, such as

72



Foam Materials for Electrochemical Applications in Renewable Energy
DOI: http://dx.doi.org/10.5772/intechopen.1012509

NiFe-layered double hydroxides (LDHs), to enhance performance. The reduction of
CO; is particularly noteworthy due to the unique electronic and structural properties
of nanostructured copper foam, which has demonstrated significant activity in con-
verting CO, into CO, formate, and hydrocarbons. Carbon foams, which can support
metal nanocatalysts, offer high conductivity and corrosion resistance at a reduced
cost, making them advantageous in terms of cost-effectiveness and corrosion resis-
tance, particularly in acidic or neutral environments. This chapter underscores two
principal design strategies: (i) structure-property relationships, where factors such
as pore size, surface area, conductivity, and mechanical stability critically influence
electrochemical performance and (ii) gas-bubble management, where effective gas
bubble release is essential for maintaining high catalytic activity. Hierarchical micro/
nanostructures can facilitate bubble detachment and enhance overall efficiency.
Nonetheless, challenges persist in scalable production, including process reproduc-
ibility and cost management. Future research should prioritize the development of
low cost, self-supporting composite foam architectures and their integration with
ion-exchange membranes and electrochemical stacks.
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Abstract

Solar energy, as a renewable energy source currently attracting much attention in
the energy field, is of great significance for its effective utilization and conversion for
environmental protection and energy industry development. This study proposes a
solar-driven photothermal reactor and establishes a mathematical model coupled with
multi-physical fields. Specifically, the radiative transfer of the numerical model takes
into account different wavelengths to improve the simulation accuracy. Further, the
effects of operating condition parameters such as xenon lamp power, inlet flow rate,
and foam’s porosity and pore diameter on the photothermal field performance in the
reactor were comparatively analyzed. The results showed that lower xenon lamp
power, higher inlet flow rate, and smaller foam’s porosity and pore diameter could
improve the photothermal (fluid) energy conversion rate of the solar reactor. The
findings contribute to diversifying solar energy utilization strategies and support
future efforts to optimize reactor energy conversion performance.

Keywords: solar-driven reactor, radiative heat transfer, foams, multi-physical field
coupling, numerical simulation

1. Introduction

Energy has always been a critical material foundation for the development, progress,
and survival of human society. As societal development advances, energy demand
continues to rise. Fossil fuels remain the dominant source of primary energy consump-
tion, primarily owing to their high energy density and convenient transportability [1, 2].
However, these carbon-based fossil fuels generate substantial amounts of air pollutants
and greenhouse gases, negatively impacting ecosystems and the climate. This results in
challenges including global warming, ecological degradation, and energy scarcity, which
hinder sustainable development. To address the increasingly severe environmental and
energy challenges, vigorously developing renewable green energy has become an inev-
itable trend in the energy sector. Renewable resources such as solar, wind, and biomass
present considerable potential for further advancement. Notably, solar energy is widely
regarded as a leading candidate among future energy sources owing to its abundance,
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environmental friendliness, renewability, and sustainability [3]. Solar energy, as both
the direct and indirect source of all terrestrial energy, is extensively researched and
harnessed [4]. Among all renewable resources, solar energy is the most abundant, with
yearly availability far outweighing humanity’s overall energy requirements [5]. How to
effectively absorb, store, and convert it is a critical issue in solar energy utilization.

In solar thermochemistry, the solar reactor is a key part that can realize the
purpose of converting solar energy to heat and then to chemical energy [6-8]. Since
the last century, numerous research teams have been designing and developing solar
reactors for hydrogen from methane reforming. However, experimental results indi-
cate that these reactors suffer from several issues, including localized high tempera-
tures, poor thermal stability, and significant heat loss. Consequently, many
researchers have focused on optimizing solar reactors through improvements in opti-
cal design, geometric configuration, heat transfer models, and solution methods.

Recent studies have concentrated on enhancing photothermal performance and
conversion efficiency by modifying reactor structures. For instance, Bai et al. [9] applied
a spectrally selective coating (TiONy) to the outer layer of the reactor and added
vacuum tubes to increase solar radiation absorption while reducing energy loss due to
convection and conduction. This structural modification significantly improved light
absorption and thermal insulation, resulting in a 32.9% increase in solar-fuel conversion
efficiency. Jiang et al. [10] investigated the transfer characteristics of radiation intensity
using different Fresnel lens shapes, designing three optimized Fresnel lens structures via
the Monte Carlo method. The results revealed that the use of Fresnel lenses and para-
bolic mirrors not only regulated the photothermal performance of the reactor but also
optimized the solar collector-reactor coupled concentrator system, leading to cost
reductions and reasonable thermal storage efficiency. Additionally, Bala Chandran et al.
[11, 12] designed a novel tubular flow channel that integrates radiative absorption with
foam catalyst filling, achieving a 12% increase in fuel productivity and over 90% heat
recovery efficiency. This design allowed for continuous fuel production under sunlight
through alternating redox steps across six separate reactors within a half-cycle. The tube
filled with alumina mesh porous ceramics outside the reactor cavity served as an effi-
cient heat recovery device, effectively increasing reaction temperature and overall ther-
mal efficiency. From these studies, it is evident that structural modifications to solar
reactors can significantly enhance their performance.

Moreover, foam-filled solar reactor is the research hotspot. The complex pore
structure favors the transmission of radiation in its interior, and the high specific
surface area enhances convective heat transfer between the fluid and solid phases,
making it an efficient medium for thermal exchange. Guene et al. [13] investigated the
radiative transfer and heat transfer processes in a solar receiver with a quartz glass
cover and in foam filled with porous materials. The results indicated that the temper-
ature and heat flux of the diffuse radiating surface were strongly affected by the heat
transfer coefficient, which led to considerable heat loss near the solar flux inlet of the
receiver. Du et al. [14] developed an optimization approach integrating genetic algo-
rithms with thermal analysis for solar collectors containing porous structures. Both
single-objective and multi-objective optimizations were performed to enhance
receiver performance. The results of single-objective optimization revealed that
greater porosity and elevated inlet velocity contribute to improved thermal perfor-
mance of solar receivers. The multi-objective optimization approach seeks to achieve a
balance between minimizing flow resistance and maximizing heat transfer efficiency
in the receiver. In conclusion, optimizing heat transfer and flow within the solar
reactor is crucial for improving energy conversion efficiency.
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To gain deeper insights into the reactor’s heat and mass transfer processes and to
explore how various factors influence the photothermal performance, numerical simu-
lation methods combined with experimental validation offer an efficient and cost-
effective approach. Zhang et al. [15] numerically investigated the thermal and flow
behaviors in a high-temperature solar thermochemical reactor incorporating foams,
considering various thermophysical property models. The study highlighted the neces-
sity of using both LTNE and radiative transfer models to effectively assess thermal
characteristics in high-temperature thermochemical processes. Tong et al. [16]
employed direct pore-scale numerical simulations to explore the coupled heat transfer
behavior in a porous volumetric solar receiver, based on a model developed at the pore
scale. The results showed that a higher inlet velocity enhanced convective heat transfer
between the liquid and solid phases, significantly reducing overall temperature, and that
greater porosity can minimize reflection loss. Thus, optimizing the inlet velocity and
foam scale parameters helps reduce heat loss and improve thermal efficiency.

In summary, to address challenges such as local overheating, large heat losses, and
poor thermal stability in solar reactors, efficiency can be improved by designing the
optical structure and modifying the reactor’s design. Exploring heat and radiation
transfer in the reactor helps improve efficiency by lowering associated losses. Addi-
tionally, numerical simulations can be used to optimize influencing factors. This study
proposes a novel solar-driven photothermal reactor. A numerical model with multi-
physical field coupling, including the radiation transfer process at different wave-
lengths, is established. The influencing factors of temperature distribution, radiation
distribution, and energy utilization inside the reactor are analyzed to advance the
reactor’s capability in converting solar input into thermal energy.

2. Methodology
2.1 Physical model

Figure 1 shows the simplified physical models of the solar simulator and solar
reactor. The solar simulator is composed of a xenon lamp source and a concentrating
mirror. The solar reactor is composed of an alumina insulation cavity, a quartz glass
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Figure 1.
The physical model in numerical simulation.
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tube, and foams [17]. The xenon lamp source is defined as a composite of spherical
and cylindrical surfaces. The condenser mirror is modeled as an ellipsoid. The xenon
lamp of the solar simulator generates light, which is guided into the reactor via
reflective mirrors. The foam absorbs part of the incoming light directly, and the rest is
delivered through the reflection chamber. The foam is made of alumina ceramic
material, with a diameter of 42 mm and a height of 80 mm. Inert gas flows into the
reactor through the inlet, ensuring a chemically stable environment. Entering through
the feed inlet, the reactants are thermally decomposed into volatile compounds by the
foam and subsequently discharged from the outlet. The model assumes that the xenon
lamp source behaves as a Lambertian source on a set surface. The concentrating
mirror exhibits specular reflection properties, while the various surfaces inside the
reactor exhibit diffuse reflection and emission properties for radiation in both short
and long wavelength ranges. The glass’s selective transmittance and absorption pro-
cesses are approximated by assuming partial absorption and transmittance for short-
wave radiation, based on the absorption factor. For long-wave radiation, the glass is
considered opaque with a defined diffuse emissivity. It is concluded that the radiation
transmission process in the foam can be treated as a linear superposition. The short-
wave and long-wave radiation transmission processes are considered separately as
gray medium processes. Regarding fluid dynamics and thermal transport within the
reactor, the fluid flow is approximated as compressible ideal-fluid laminar flow [18].
The thermal transport in both fluid and solid domains is modeled based on Fourier’s
law, combined with the governing equations of continuity, energy, and momentum
conservation [19].

2.2 Governing equations

This study analyzed radiative heat transfer, involving short-wavelength solar radi-
ation (0-2 pm) and long-wavelength infrared emission (2-20 pm) [17]. The short-
wavelength radiative transfer using the xenon lamp as the radiation source is
expressed as follows:

Is(9) = > BRDF;, (4, G cos(rii, S )L, () AQ =I5 (Ti )
k

—
AlAi:Qk

1)

Qrad,i == AAiZj,k {agl’i (Q]) Gﬂl,i (.Q]) - Eﬁl’i (T,‘, %)} AQjA/lk (2)

where 4; denotes the short wavelength, Q specifies the direction of the solid angle, AQ
is the size of differential elements, I,, ; is the element i’s effective radiation intensity in
the short wavelength 4;, BRDF,_ ; is the bidirectional reflectance distribution function,

n; denotes the surface normal vector, I ;, ; represents the element i’s emissive inten-
sity in the short wavelength ;, T’ is the uniform temperature, Q ,4; corresponds to
the radiative heat source of element i, AA; indicates the surface area element., a;, ;
represents the element 7’s absorptance in the short wavelength 1;, Gy, ; is the xenon
lamp irradiation power, and E;, ; is the emission radiation intensity in short wave-
length [17, 20].

The P1 approximation model is adopted to evaluate radiative heat transfer within
the foam.
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V- (Dy,mVGy) — k1,2Gy, = 0 (3)
V- (Dgz,pIVGh) — K/lz,a(G/lz — 477.'Ib) =0 (4)

where Dp denotes the P1 diffusion coefficient, G represents the incident radiation
[17], k. denotes the absorption coefficient, and I, represents the blackbody radiation.
The expression for the P1 diffusion coefficient Dp; can be expressed as follows:

1

A 5
3(Kﬂk,ﬂ + Klk,S) ( )

Dj,p=

where J; refers to the short wavelength, 4, refers to the long wavelength, and «; is the
scattering coefficient [17]. The absorption coefficient «,, scattering coefficient «;, and
extinction coefficient . are calculated by [17]
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dp

where ¢;, denotes the emissivity, ¢ represents the porosity, and d,, corresponds to the
pore diameter [17], which is calculated by d, = 0.028PPI ~0721 (PP[ indicates pore per
inch).

Accordingly, the foam’s radiative heat sources are expressed separately for short
wavelength Q, , and long wavelength Q,, ,:

Q)q,r = Kll,aG/h (9)
Qy,r = Kipa(Gs, — 4xly) (10)

Note that the continuity, momentum, and energy equations in the reactor are not
provided due to page limitation [21].

3. Results
3.1 Simulation results

Figure 2 demonstrates the temperature distribution under the conditions of a
2.0 kW xenon source, a feed rate of 200 cm>/min, a porosity of 0.8, and a foam with
10 PPI. The solid temperature in the foams along the radial direction gradually
decreases, while the fluid temperature first rises sharply to the peak and then gradu-
ally decreases. The formation of the temperature peak in the foam boundary area is
due to the local thermal non-equilibrium effect. The reduced fluid flow rate in the
boundary area leads to weakened convective heat transfer, and the fluid cannot fully
absorb the heat conducted by the solid. Since the solid has a higher thermal conduc-
tivity and the fluid phase has a lower thermal conductivity, heat diffuses quickly in
the solid and transfers slowly in the fluid, resulting in a significant temperature
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{a) : (k)

Figure 2.
(a) Temperature distributions Tg at the cross-section of the reactor; (b) solid temperature Ts in foams; (c)
solid-fluid temperature difference Ts-Tg in foams.

difference in the boundary area. As the fluid continues to absorb heat, its temperature
gradually increases radially, reaching thermal equilibrium with the solid at the peak
position, and then the temperature change trends of the two phases tend to be con-
sistent. At the same time, the intensity of short-wave incident radiation decreases
significantly, while the intensity of long-wave incident radiation has a smaller trend,
and the intensity of long-wave radiation is greater than that of short-wave radiation in
the back half of the foam region (x > 80 mm). The solid and fluid phases are
considered to be in thermal equilibrium throughout the foam, except near the bound-
aries of the medium.

3.2 Effect of xenon lamp power

Numerical simulations were conducted to evaluate the influence of xenon lamp
power variation (2.0-8.0 kW in 2.0 kW increments) on solar reactor performance
characteristics under a constant inlet flow rate of 200 cm®/min. In this range, the
average temperature of the solid skeleton in the foam region increased from 869.28 to
1351.10 K, and the average temperature of the fluid rose from 823.92 to 1296.70 K. The
thermal profile exhibits a pronounced dependence on the xenon lamp power inten-
sity, as evidenced in Figure 3(a). The temperature increase is due to the higher
intensity of incident radiation when the xenon lamp power increases. This leads to
more energy being absorbed by the foam and fluid. Figure 3(b) shows that the energy
absorbed by the foam ranges from 131.91 W at 2.0 kW to 577.35 W at 8.0 kW. The
thermal energy uptake by the fluid increases from 31.73 W at 2.0 kW to 52.96 W at
8.0 kW. Additionally, the energy absorbed by the insulation chamber and quartz glass
tube increases by 416.60 W and 268.19 W, respectively. However, it is evident that
the energy conversion efficiency decreases with increasing xenon lamp power, from
4.07% to 1.55%. Therefore, a lower xenon lamp power is more favorable for improv-
ing the energy conversion rate.

3.3 Effect of inlet velocity

Figure 4(a) reveals that the fluid recirculation zone exhibits progressive expan-
sion with increasing inlet flow velocity. Figure 4(b) reveals that higher inlet fluid
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The average temperature distributions of solid Ts and fluid Tg phases in foams (a) and reactor energy analysis
(b) at varying lamp powers (2—8 kW).
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Figure 4.
At different gas inlet velocities: (a) the distribution of gas temperature (Tg) at z = 0; (b) the average solid
temperature (Ts) and gas temperature (Tg) within the foams; and (c) the reactor energy analysis.

velocities result in a smaller decrease in the mean solid temperature (Ts) and the mean
fluid temperature (Tg). The mean solid temperature decreased from 871.53 to
851.51 K, and the mean fluid temperature decreased from 824.29 to 808.52 K. Due to
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At different foam porosities: (a) Ts and Tg profiles at the centerline of the reactor and (b) the reactor energy
analysis.

the negligible contribution of convective heat transfer relative to conduction and
radiation, the average temperature remains largely unchanged. The energy absorbed
by each part of the reactor is illustrated in Figure 4(c). As the inlet flow rate rises
from 100 to 1000 cm?®/min, the enhanced interfacial heat transfer coefficient facili-
tates greater energy exchange from the solid structure to the flowing medium inside
the foam. The observed increase in fluid temperature beneath the foam toward the
reactor outlet is due to this mechanism. Meanwhile, the energy absorbed by the quartz
glass tube decreases by 7.82 W, while the energy absorbed by the foam and the
holding chamber remains nearly unchanged. The energy conversion efficiency
exhibits an upward trend, rising from 3.89% to 5.27%, as the inlet fluid flow rate
increases. Therefore, higher inlet fluid velocities are more favorable for improving the
energy conversion rate.

3.4 Effect of porosity

Figure 5(a) exhibits the centerline temperature profiles of both fluid and solid
phases in the reactor under different porosity conditions. As the porosity increases,
the fluid and solid temperatures at the centerline decrease. Specifically, the fluid
temperature peak drops from 948.48 to 871.90 K, and the solid temperature peak
decreases from 948.79 to 883.07 K. This is attributed to the diminished heat absorp-
tion by the porous structure and fluid. Figure 5(b) presents the energy distribution
inside the reactor. As the porosity increases, the energy absorbed by the fluid, foam,
and quartz glass decreases. Notably, the energy absorbed by the foam drops from
166.73 to 85.42 W. This decline arises from the decreased solid fraction at elevated
porosities, reducing the reabsorbed radiative energy within the porous structure. As a
result, the energy taken up by fluid declines from 36.70 to 25.59 W. Additionally, the
energy conversion efficiency drops from 4.71% to 3.28% as porosity increases from
0.6 to 0.9. Therefore, smaller porosity is more favorable for energy conversion.

3.5 Effects of pore size

Figure 6(a) presents the temperature profiles of fluid and solid phases along the
reactor centerline for different pore sizes. As pore size decreases, the fluid
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At different foam pore sizes: (a) Ts and Tg profiles at the centerline of the veactor and (b) the reactor energy
analysis.

temperature near the inlet and outlet regions rises. However, the fluid temperature at
the inlet remains similar across different pore sizes. In the central region of the foams,
both the fluid and solid temperatures are significantly influenced by pore size. As pore
size increases, both temperatures decrease, and the temperature distribution becomes
more uneven. A reduced pore size elevates the extinction coefficient, leading to a
larger radiative heat flow gradient and greater temperature inhomogeneity, which can
cause localized thermal stresses and deformation in the foam. To reduce the risk of
local thermal stress and deformation, the following measures can be taken: optimize
pore size and structure; select moderate foam pore size; design gradient pore structure
to evenly distribute heat; improve thermal conductivity; use high thermal conductiv-
ity materials or thermal conductive coatings to reduce temperature gradients; provide
reasonable layout and buffer design; introduce flexible connections or thermal
expansion buffers to relieve mechanical stress; predict temperature fields and stress
concentration areas through multi-physics field simulation; and optimize structure
and material selection in advance.

Figure 6(b) shows the energy distribution in the reactor. The results reveal that
the energy absorbed by the fluid, foam, and quartz glass increases significantly with
the reduction in pore size from 10 to 40 PPI. The energy absorbed by the foam
increased by 43.52 W. Additionally, the energy absorbed by the fluid due to convec-
tive heat transfer nearly doubled, from 31.73 to 58.59 W, attributable to the improved
interfacial heat transfer coefficient. Furthermore, the optical-fluid energy conversion
efficiency increased from 4.07% to 7.51% as the pore size decreased. This indicates
that smaller pore sizes are more favorable for improving optical-fluid energy
conversion.

4. Conclusion

In this work, a new physical model and a multi-physics coupled mathematical
model for a solar-driven photothermal reactor are developed. The distribution of
various physical fields in the solar reactor under specific operating conditions is
obtained through simulations using COMSOL software. The study investigates how
different factors, including xenon lamp power, inlet velocity, foam’s porosity, and
pore size, affect the temperature distribution of the fluid and foams, the short-wave
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and long-wave radiation distribution, and energy utilization rate in the reactor. The
principal findings emerging from this investigation may be summarized as follows.

A novel solar-driven photothermal reactor is proposed, utilizing a multispectral
radiation transfer mechanism. This design reduces radiation and heat losses, enhances
heat transfer, and improves photothermal conversion performance. The study exam-
ined the impacts of varying operating conditions. The results showed that as xenon
lamp power increased, both fluid and porous solid temperatures exhibited substantial
elevation. Energy absorption by the fluid, foams, quartz glass, and insulation cavity
also increased. However, the energy conversion efficiency decreases with increasing
xenon lamp power from 4.07% to 1.55%. Higher inflow velocities diminished thermal
energy transfer from the porous solid to the fluid. Increasing the velocity improved
the optical-fluid energy conversion rate (3.89-5.27%). Thus, reducing the xenon lamp
power and increasing the inlet velocity can improve the photothermal energy conver-
sion rate. A comparative analysis of the impact of different foam structural parame-
ters was conducted. The simulation results revealed that increasing the porosity
reduced the fluid and foam solid temperature. The energy absorbed by the fluid,
foams, and quartz glass decreased, leading to a reduced optical-fluid energy conver-
sion rate (4.71-3.28%). Smaller pore diameters promoted greater energy absorption
by the fluid, foams, and quartz glass, thus improving the light-fluid energy conversion
rate (4.07-7.51%). Therefore, the photothermal conversion rate is enhanced by con-
trolling the foam’s porosity and pore size.

In this study, a xenon lamp simulator was employed for numerical modeling. Its
spectral characteristics in the visible and near-infrared regions closely resemble those
of natural sunlight, facilitating systematic analysis under controlled conditions. How-
ever, natural solar irradiation exhibits significant fluctuations in both intensity and
spectral composition, which may impact the actual performance of solar energy sys-
tems. Therefore, the present results primarily reflect the system’s response under
idealized illumination conditions. To enhance the engineering applicability of the
model, future work will involve experimental validation under real solar irradiation
scenarios. Subsequent research may focus on the following aspects: (1) incorporating
dynamic solar radiation data into numerical simulations to more accurately represent
system performance under varying weather conditions; (2) conducting outdoor pro-
totype testing to assess the reactor’s adaptability under conditions of intermittent high
irradiance and partial shading; and (3) developing system designs with adaptive
regulation capabilities to strengthen the stability and overall efficiency of solar energy
utilization.
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Chapter 6

Perspective Chapter: Numerical
Investigations on the Regulation of
Temperature Distribution in
Packed Bed for Exothermic
Reactors

Wei Zhang, Yixiong Lin, Koyo Norinaga, Shijie Wu,
Yuming Zhang, Zhewen Chen and Jiazhou Li

Abstract

The integration of hydrogen production with CO, methanation facilitates the use
of existing natural gas infrastructure while lowering CO, emissions, thereby removing
the necessity for new facilities dedicated to hydrogen transport, storage, and applica-
tion. However, the CO, methanation process is inherently highly exothermic. Ele-
vated reactor temperatures can induce catalyst thermal degradation, sintering, and
carbon deposition, which ultimately result in catalyst deactivation and reduced CH,4
production. In this study, numerical simulations were conducted to investigate hot-
spot formation and temperature regulation in fixed-bed reactors. The results demon-
strated that enhancing catalyst pellet heat transfer significantly suppresses hot spots
while maintaining carbon conversion. Furthermore, an optimal packed-bed dilution
strategy employing inert particles was identified. This approach can control the
hotspot temperature within the operating range of the catalyst, preventing deactiva-
tion caused by high temperatures. Additionally, a “CHESS” monolith design was
proposed for packed-bed reactors. This design not only sustains high carbon conver-
sion but also enhances heat transfer. The performance of radial flow reactors was
explored as well. It was found that the centripetal Z-type radial flow reactor exhibited
the best performance. These findings provide valuable insights into temperature
management in fixed-bed reactors for CO, methanation.

Keywords: packed bed, exothermic reactor, CO, methanation, heat management,
numerical simulation
1. Introduction

Global warming, long recognized as one of the most critical environmental chal-
lenges of this century [1], is substantially attributable to the dramatic rise in
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atmospheric carbon dioxide concentrations. Atmospheric CO, levels, which were
around 280 ppm during the pre-industrial period, have surged markedly to 386 ppm
by the late twentieth century and have remained elevated to the present day [2].
Against this backdrop, the reduction of atmospheric carbon dioxide concentrations
emerges as a matter of paramount urgency. The international community has widely
recognized Carbon Capture and Storage (CCS) and Carbon Capture and Utilization
(CCU) technologies as indispensable approaches for combating climate change and
preserving the planetary environment [3]. Under the current pressing situation,

the significance of developing such efficient carbon capture, utilization, and

storage technologies in achieving carbon neutrality goals is becoming increasingly
pronounced.

CCS technologies have been relatively widely used. Some oil and gas fields utilize
CO,, which is separated from associated gas streams in oil reservoirs, for enhanced oil
recovery [4, 5]. For some situations, CO; is being reinjected for geological sequestra-
tion [6]. However, the implementation of CCS requires extremely high specification
equipment, rigorous safety protocols, and significant capital investment [7]. More-
over, geological limitations often restrict its applicability [8]. By contrast, Carbon
Capture and Utilization (CCU) technology converts CO, into valuable chemicals,
demonstrating greater economic viability and long-term potential [9]. Among the
emerging CCU processes, CO, methanation has gained considerable research atten-
tion as a technically attractive alternative [10-14].

Notably, the CO, methanation is a highly exothermic process. Elevated reactor
temperatures could lead to adverse effects such as catalyst thermal degradation,
sintering, and carbon deposition on catalyst particles, thereby reducing catalytic
activity and CH, yield [15-17]. Thus, controlling the catalyst bed temperature is
critical to minimize the risks of carbon deposition and thermal deactivation while
maintaining optimal CH, production rates [18].

CO methanation can also be utilized for methane synthesis over catalysts, com-
monly applied in fields such as coal-to-natural gas, coke oven gas, and biomass-
derived syngas. Kopyscinski et al. [19] conducted an experimental study
employing spatially resolved measurements. They measured the axial gas concentra-
tion and temperature profiles within a fluidized bed and analyzed the effects of
catalyst loading, gas velocity, and gas composition on the reaction of CO methanation.
The results revealed that CO methanation occurs near the inlet region, with a hotspot
developing in close proximity where the temperature rise can reach up to 80°C. The
CO conversion was found to be virtually 100%. The fluidization quality of the fluid-
ized bed reactor significantly impacts the methanation reaction. Li et al. [20] experi-
mentally demonstrated that the fluidization quality of a Ni/AlL, O3 catalyst markedly
affects the methanation reaction. Because CO methanation is a mole-number-reduc-
ing reaction, defluidization readily occurs inside the bed. The addition of
alumina effectively improved both the fluidization characteristics and the methana-
tion activity, leading to higher CO conversion and CH, yield. Although the CO
methanation and CO, methanation are both highly exothermic reactions, CO,
methanation can directly utilize the CO, and thus is easier to couple with CO,
capture technology.

The reactor’s high temperature and pressure conditions prevent direct observation
of internal parameters, making it necessary to find safer and more efficient ways to
simulate the reaction process and monitor key variables. Thanks to the advances in
computational technology, numerical simulation has become a widely acknowledged,
efficient, and flexible research tool in this field. As a result, many researchers have
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used this method to study CO, methanation [21-24]. However, most existing

studies simplify the heat transfer process. They usually only model the tube side
reactant flow and ignore the shell side cooling medium. Heat transfer is then calcu-
lated based on a constant effective heat transfer coefficient and an isothermal

cooling agent temperature. Although this simplification is computationally

efficient, it limits the analysis. The constant coefficient cannot reflect the changing
temperature distributions on both the tube and shell sides. Since CO, methanation
takes place in a high pressure, hydrogen rich environment, accurately understanding
the reactor tube temperature profile is a critical safety requirement. This is essential to
prevent dangerous events like hydrogen explosions caused by local overheating. Thus,
fully coupling thermal hydraulic phenomena is vital for precise CO, methanation
modeling.

CO, methanation exhibits rapid reaction kinetics, yet its diffusion within catalysts
is constrained. Such limitations manifest as inadequate heat transfer between catalyst
particles, which can readily lead to thermal runaway and the formation of hot spots. In
numerical simulations of fixed-bed reactors, pseudo-homogeneous or heterogeneous
models are widely employed. Schlereth et al. [25] utilized one- and two-dimensional
pseudo-homogeneous models for simulations, demonstrating that diffusion and heat
conduction within the catalyst bed are critical factors affecting reaction efficiency and
temperature distribution.

However, these approaches cannot account for localized flow effects that signifi-
cantly influence fluid dynamics and heat-mass transfer. Particle-resolved simulations
can provide detailed information on velocity and temperature fields. Meanwhile, the
random distribution of catalyst particles in the bed complicates fluid flow and heat
transfer. Cundall et al. [26] pioneered the Discrete Element Method (DEM), initially
developed to study the dynamic behavior of discontinuous media such as rocks. The
DEM offers higher resolution and accuracy in simulations. Furthermore, most studies
adopt a single-temperature model, assuming thermal equilibrium within the catalyst
bed. This approach neglects the effective thermal conductivity between the fluid and
catalyst particles. Zhang et al. [27] applied a two-temperature model that considers
conjugate heat transfer across multiple regions, including heat transfer between the
reactant gas and reactor tube, between the reactor tube and coolant, and between the
reactant gas and catalyst bed. It is confirmed that the solver captures the thermal
hotspots formed in the reactor. Therefore, in the simulation of CO, methanation,
obtaining detailed distributions of the flow and temperature fields is crucial for
understanding the causes of hotspot formation and for suppressing their develop-
ment. This understanding provides a basis for the further optimization of reactor
design.

In this chapter, we have presented several research findings on CO, methanation
in shell-and-tube reactors, monolithic reactors, and radial flow reactors, which offers
valuable insights into temperature management in fixed bed reactors for CO, metha-
nation. These studies adopted a triangular reaction mechanism, in which the reaction
kinetics were determined over a Ni/ZrO, catalyst.

2. CO; methanation in a single tube shell-and-tube reactor

In this section, numerical models of a shell-and-tube reactor were established to
systematically explore temperature distributions and reaction performance during the
C' 97 nethanation process.
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2.1 Geometry of the reactor

CO, methanation is a complex multiphysics process that integrates fluid dynamics,
coupled heat and mass transfer, and heterogeneous catalysis. The shell and tube
reactor used here, which has cylindrical symmetry as Figure 1 schematically shows.
Some researches use computationally efficient 2D axisymmetric simulation model
[28, 29]. However, here the full 3D model was established. The reactor has three main
parts: the interior reaction zone, the cooling shell, and the tube wall. In the interior, a
central catalyst bed layer, where methanation happens, is between upper and lower
alumina spheres layers. The reactant feed gas goes into the tube side, and the coolant
flows through the shell side. Specifically, the coolant is arranged in a counter current
configuration relative to the process gas stream.

2.2 Governing equations

The catalyst bed was treated as an isotropic porous medium. To account for the
local thermal non-equilibrium between the solid catalyst and fluid phases, a two-
temperature model was formulated to describe thermal behavior in this domain
[30, 31]. The governing equations were numerically solved using the Finite Volume
Method (FVM). The gas phase transport phenomena are governed by conservation
equations for mass continuity, momentum, energy, and chemical species, which can
be expressed as follows [32]:

pVeu=0 (1)

1 1
pp(ueVius = —Vp+Veo+pg+S, (2)
prCppus VTy = Vo (i VTy) + Qp + Sy (3)
prV o (uCi) = peV « (DiVG) +; (4)

where &, pg, u, p, and 6 represent the porosity, density of the gas phase, velocity,
pressure, stress tensor, respectively. C;, C, s Ty, and k¢ indicate the concentration of
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Figure 1.
Axisymmetric geometry of the shell-and-tube reactor simulated.
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species 7, heat capacity of the gas phase, temperature of the gas phase, thermal
conductivity of gas phase, respectively. g is the gravitational acceleration, and D;
stands for the diffusion coefficient of species i. S, and Sy are the source terms in
momentum and temperature equations. J; and Qy are the reaction flux of species i and
reaction heat, respectively. Under the local thermal non-equilibrium condition, the
energy conservation equation governing the solid-phase temperature must be
included:

Ve (VT,) +Sp =0 ©)
where «;, is the thermal conductivity, and T, is the temperature of catalyst pellet. S,, is

the source term. S, In Eq. (2) stands for the resistance caused by the porous catalyst
bed, which can be calculated by the Darcy-Forchheimer law:

1
Su = —usDu— ipfF|u|u (6)
150 (1—¢)?
D= d; 6‘3 (7)
~35(1—¢)
F= 4, & (8)

where D and F are the resistances caused by the viscous and inertial effects, respec-
tively [33, 34]. uris the dynamic viscosity of the fluid phase. d, is the representative
diameter of catalyst pellet. Under the local thermal non-equilibrium condition, the
energy source terms Sgand S, in Egs. (3) and (5) are written as:

q
S =122 (T, = T) (©)
Sp = % (Tf - Tp) (10)

where gy, is the convective heat transfer coefficient, which can be estimated by
Nusselt number (IN#). It should be mentioned that Nusselt number correlation

Nu =2 + 1.1Re®°Pr'’? proposed by Wakao et al. [35] has been widely used for packed
bed. Given the catalyst bed porosity of ¢ = 0.481 in this study, a modified Nusselt
correlation was implemented to ensure simulation fidelity. This formulation maintains
accuracy across extended porosity ranges characteristic of packed-bed reactors [36].

K'fNu (11)
qu = 2
dp
12(1— 1 1
Nu = (2 + %) + E (1 — 8)0‘5 Re 0‘6PV§ (12)
prupd
e — L7P7 (13)
Hy
C mix Hf mix
Py — ZpixHf mix (14)
Kf mix
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here, Re and Pr denote the Reynolds and Prandtl numbers, respectively, while C, iy,
Hfmix> and Kg,i Tepresent the heat capacity, dynamic viscosity, and thermal conduc-
tivity of the gas mixture.

2.3 Methanation kinetic model

Xu and Froment [37] established a fundamental kinetic formulation incorporating
a triangular reaction mechanism that integrates CO, methanation, CO methanation,
and the reverse water-gas shift (RWGS) reaction. This microkinetic description
remains prevalent for modeling both CO, methanation and steam methane reforming
processes [38, 39]. The reactions are:

CO, methanation:

kco et ( 4 Pcm]’??p)

) mPco, —
13.15 ? ’ keq,COzMeth

k
CO;, + 4H, = CHy 4 2H,0 AH¥ = 165 ]71 ¥COuMeth = 5
mol K KHzOPHzo
COpCO+ KHZPHZ + I(CH4PCH4 +

Pu,

(15)

RWGS reaction:

krwas ( pCOszO)
PH, PP co, keq,RWGS

CO; + Hy = CO + H,0 AH?®K = 41 k] /mol ™" rrwes =

2
K,
(I<COPC()+ I<H2171~12 + I<CH4PCH4 + Hzoszo)

P,
(16)
CO methanation:
kcomen [ 3 Pcu.Pu,o
23 HP'co ™ ke COMeth
CO + 3H, = CHy 4 2H,0 AHZ® = —206 kJ /mol ~* rcomen = Hy X 5
Ktyopyy
(KCOPCO +Kip,, + Kctpg,, + —;‘ZZ 20)
(17)

within these kinetic expressions, p; denotes the partial pressure of species, k; repre-
sents the forward rate constant for reaction i, while K; and K,,, correspond to adsorp-
tion equilibrium constants and reaction equilibrium constants, respectively. Crucially,
as established by Xu and Froment [37] and parameterized for Ni/ZrO, catalysts by
Choi et al. [40] at 0.6 MPa, these kinetic terms follow an Arrhenius formalism;
requisite pre-exponential factors and activation energies are listed in Table 1. Impor-
tantly, the foundational kinetics were derived for powdered catalysts, necessitating
geometric scaling of the intrinsic reaction rate Ry,,,; to accurately represent pellet-scale
behavior within the packed-bed numerical model:

Rgeo,i =per; (18)

where the scaling factor § quantifies the impact of intraparticle diffusion limitations
on the intrinsic reaction kinetics within a catalyst pellet, functioning as a volume
averaged metric tied to the catalyst’s structural features. Importantly, any changes to
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Parameter Value Unit

kcoameth 1.51 x 10" mol's "-g-cat “Mpa °
krwas,o0 4.18 x 10? mol's "-g-cat *Mpa *
kcoMeth 429 x 10° mol's "-g-cat “Mpa °
E4cometh 17.80 kJ-mol !
E,rwas 43.30 kJ-mol !
E4,coMeth 50.90 kJ-mol *

Kco,o 3.07 x 10 Mpa "

Kino 7.35 x 10" Mpa !

Kcna,o 1.04 Mpa

K200 1.56 x 10° (=)

AHco 19.40 kJ-mol ™"

AHyp 17.10 kJ-mol *
AHcg —11.80 kJ-mol *

AHyo 41.20 kJ-mol !

Table 1.

Values of estimated kinetic parameters for Ni/ZrO, catalyst under 0.6 MPa [40].

the catalyst’s pore structures require a reevaluation of §. This ensures an accurate
representation of mass transport constraints under the new conditions. Such precise
parameterization is vital for the model to accurately capture the diffusion-limited
phenomena that govern reaction rates at the pellet scale [41-43].

In this study, the influence of water in the products of CO, methanation is
neglected. It is reasonable since the numerical model is developed for high-tempera-
ture reaction systems. Under these conditions, water exists as the vapor phase, and its
competitive adsorption effects on catalyst active sites are significantly diminished. No
water film will form over the catalyst. Concurrently, thermodynamic analysis dem-
onstrates that, within the temperature and pressure ranges employed in the simula-
tions, water’s contribution to the equilibrium shift of side reactions, such as the RWGS
reaction, is not that pronounced [44].

2.4 Sensitivities of operation parameters

In order to perform the simulations, it is also necessary to determine some bound-
ary conditions. Here, velocity inlets were specified for both the gas and coolant phases
at the boundaries, with pressure outlets set for the outflow boundaries. Temperature
coupled interfaces were established at three key locations: (i) between the gas phase
and catalyst pellets/monolith walls; (ii) between the gas phase and reactor tube inner
wall surface; (iii) between the coolant and reactor tube outer wall surface. For porous
pellets, the particle diameter was computationally reduced by 1% to improve mesh
quality and convergence, a method referenced in Yang et al. [45] and Nijemeisland
etal. [46] .

First the impact of different catalyst properties on heat transfer efficiency and
reaction performance within the shell-and-tube reactor was investigated [44, 47].
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The porous medium was assumed to be homogeneous and isotropic in the model. The
effects of different thermal conductivity, porosity, and size of catalyst particles on the
gas temperature along the axial bed was obtained. Figure 2 illustrates the significant
impact of the catalyst’s heat conductivity. Due to more heat transfer to the reactor wall
via the catalyst bed, the catalyst bed’s temperature dropped, which in turn lowered the
gas phase temperature.

In Figure 3, higher porosity led to a higher gas temperature after the peak but
slightly decreased the peak value. For instance, at ¢,,, = 0.584, the peak value reduced
because the catalyst amount was less than at ¢,,, = 0.481 (higher porosity means fewer
catalysts). However, the lower catalyst amount decreased heat transfer to the reactor
wall, resulting in a temperature rise after the peak.

As shown in Figure 4, the gas temperature variations were almost the same while
the catalyst diameter changes. This suggests that the catalyst size is not a key factor in
the reactor’s temperature distribution. It mainly affects the heat exchange rate

1000
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Figure 2.
Effect of thermal conductivity on the temperature of the gas phase in the catalyst bed.
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Figure 3.
Effect of porosity on the temperature of the gas phase in the catalyst bed.
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Figure 4.

Effect of catalyst diameter on the temperature of the gas phase in the catalyst bed.

between the gas phase and the catalyst bed, with no relation to wall heat transfer.
Therefore, changes in the catalyst size did not affect the heat flux transferred to the

reactor wall through the gas and catalyst bed.

2.5 Catalyst dilution

As discussed above, the thermal conductivity of the catalyst significantly impacts
tube side heat transfer. Therefore, a catalyst dilution strategy was proposed [48],
which involved adding high thermal conductivity inert particles to pure catalyst
particles, to enhance heat transfer [49]. As shown in Figure 5, the effects of pure
catalysts, layered mixing, and random mixing on the reactor temperature distribution
were investigated. For the layered mixing, 9 layers and 5 layers were considered.

(A) (B)

(©)

Figure 5.
Packing structure considered: (A) without inert particles; (B) uniformly mixed with inert particle; (C) Inert

particle and catalyst in 9 layers. Figure excerpted from literature [48] with permission.
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(A)

(B)
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Figure 6.

The temperature distribution in the central cross-section for: (A) Catalyst randomly mixed with inert particle; (B)
Inert particle and catalyst in 9 layers; (C) Inert particle and catalyst in 5 layers. Figure excerpted from literature
[48] with permission.

All the pellets have a diameter of 3.4 mm. The number of catalyst particles was
maintained identical between different structural layers within each layer.

Temperature distributions illustrated in Figure 6 show that the inert particle
dilution technique effectively maintains bed temperatures below 800 K for both
mixing and layered configurations. Under the layered dilution approach, temperature
contours demonstrate that inert particle stratification creates axial temperature varia-
tions in the central region. These variations arise from inconsistent heat transfer
across catalyst layers [48], directly reducing the axial thermal uniformity of the
reaction bed.

2.6 Reactor with phase change coolant

This part compares the cooling efficiencies of conventional oil coolants and phase
change coolants, specifically water. The Volume of Fluid (VOF) method was adopted
to simulate the nucleate boiling regime of coolant water [47, 50, 51], aiming to
efficiently utilize the latent heat of water evaporation.

Figure 7 illustrates the relationship between peak reactor temperatures and cool-
ant parameters including flow rate and type. For the thermal oil coolant, decreasing
the flow rate to 0.5 and 0.1 m>/h raised peak temperatures to 840 and 980 K, respec-
tively, highlighting the limitations of flow dependent convective cooling [47]. Nota-
bly, the saturated water coolant achieved similar peak temperature suppression
despite different flow regimes.

Figure 8 further reveals invariant axial temperature profiles along the centerline
under varying saturated water flow rates. This confirms fundamentally distinct heat
removal mechanics, which are dominated by latent heat exchange during water evap-
oration rather than sensible heat transfer [47], since the temperatures are almost the
same for different water flow rates.

104



Perspective Chapter: Numerical Investigations on the Regulation of Temperature...

DOI: http://dx.doi.org/10.5772/intechopen.1014186

({1} T T T T T
L — b
0.35MPa T e 2.5 m'h Ol
1004 - ===T,, 0.5 m"h Ol
o 1 i
. - 0.1 m'/h il
*.f ~ e

s T, 15m'h Water(VOF)

T(K)

¥im)

Figure 7.
Gas temperature for different oil flow rates on the shell side.
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Figure 8.
Gas temperature for different coolant water flow rates on the shell side.

3. CO, methanation in monolithic reactor

Compared to randomly packed catalyst bed, structured catalysts exhibit signifi-
cantly lower pressure drop and enhanced heat and mass transfer characteristics [52].
These traits allow for precise temperature profile regulation in fixed bed reactors.
Monolithic catalysts exemplify such structured systems, showing superior reaction
performance in various processes and hold particular promise for CO, methanation
applications.
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3.1 Geometry of the monolith

Four different channel dimensions for monolithic catalysts were evaluated, as
detailed in Table 2. Figure 9 illustrates the geometry of the monolith reactor simulated.

3.2 Results and discussion

Figure 10 shows the temperature distributions in the central cut plane of mono-
liths with different channel sizes, indicating that the thermal characteristics depend
significantly on geometric parameters. Monoliths with larger channels, which means
lower channel density, have more uniform thermal profiles and lower peak tempera-
tures [52]. In contrast, reducing the channel size leads to more significant hotspot
formation and higher maximum temperatures. As shown in the Figure 10, the radial
heat transfer capability within the reactor gradually diminishes as the channel size
decreases. Since CO, methanation primarily occurs on the surfaces of the monolith
channels, a parallel-channel structure can hinder radial heat dissipation. This geomet-
ric constraint results in substantial radial thermal gradients, causing significant tem-
perature differences across the cross-section.

The results also indicate that monolithic catalysts achieve higher carbon conver-
sion per unit pressure drop compared to catalyst packed bed. Reducing the channel
size of a monolithic catalyst increases the reactive surface area, thereby enhancing
carbon conversion. However, this expansion of the reaction area leads to significantly
higher reaction intensity, triggering a substantial rise in hotspot temperature. Flow
within the channel can be treated as one-dimensional, exhibiting poor radial heat
transfer effectiveness. Consequently, heat generated along the central axis is hard to
dissipate from the monolith center to the surrounding coolant. Zhang et al. [52]

Case XL-monolith L-monolith M-monolith S-monolith

Channel size [mm)] 8 6 4 2

Wall thickness [mm)] 0.5 0.5 0.5 0.5
Table 2.

The monolith with four channel sizes.

Coolant

=T

A Reactor
wall

Y L Monolith
channel

[

Monolith
wall

Figure 9.
The geometry of the monolith reactor simulated. The channel size varies in terms of Table 2.

106



Perspective Chapter: Numerical Investigations on the Regulation of Temperature...
DOI: http://dx.doi.org/10.5772/intechopen.1014186

hl.th‘n“'l.‘irr =
L chanmnel siae = :
St =
— —
L ¥ 3 2] i "] [ (] L

(a)
$00000000000000000000

100000000000000000000
100000000000006000000
10000000000000040409

(b)

Figure 10.
The temperature distribution for different monolithic reactors: (a) Temperature distribution on the central
sectional view; (b) Temperature on the cross view.

proposed a “CHESS” monolith design. The “CHESS” monolith features alternating
seals applied to specific channels at the inlet, outlet, and within the monolith channels,
creating a chessboard-like pattern. To promote fluid flow mixing between adjacent
channels, periodic openings are designed within the channel walls. Sealing blocks are
placed to enhance radial heat transfer. Although this structure is more complex than
traditional straight-channel monoliths, it can be manufactured using 3D printing.
Asillustrated in Figure 11, the numerical model for the “CHESS” monolith is based on
S-monolith model which has the smallest channel size. Since small-scale features like
openings and blocks need a finer mesh for resolution, which can easily exceed calcu-
lational resource limits. Therefore, only 1/4 of the “CHESS” monolith structure is
modeled in the simulation.

As shown in Figure 12, the “CHESS” monolith’s temperature distribution and flow
pattern are presented. The blocked channels considerably affect the monolith’s fluid
flow. These obstacles impede the flow by redirecting the gas into different channels,
thereby creating a flow pattern similar to that on the shell side of a shell-and-tube heat
exchanger. Channels next to the blocks have near zero velocity, indicating underutili-
zation as they are sealed by the blocks. The “CHESS” monolith’s pressure drop rises
significantly to 350 Pa, higher than the S-monolith’s and closer to that of packed bed
reactors. However, the temperature has been largely reduced compared to that of
S-monolith, while maintaining a similar level of carbon conversion [52]. This indicates
a better performance behavior of the proposed “CHESS” monolith structure.
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blocks

openings

Figure 11.
The structure of the “CHESS” monolith.
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Figure 12.

The flow pattern and temperature distribution of the “CHESS” monolith: (a) Velocity; (b) Temperature
distribution.

4, CO, methanation in radial flow reactor
4.1 Geometry of the reactor

Four radial flow reactors for CO, methanation have been investigated as well [53].
These reactors have different flow configurations shown in Figure 13, including
centrifugal Z-type, centrifugal II-type, centripetal Z-type, and centripetal II-type.
They assessed their fluid dynamics, thermal transport, and catalytic performance
under the same operating conditions. On the reactor wall, each of the 9 layers features
22 uniformly distributed openings to facilitate gas flow into and out of the catalyst
bed. Ni/ZrO, particles with a particle size of 3.4 mm was selected as the catalyst and
the bed porosity is 0.481.

4.2 Results and discussion

The four reactor configurations show distinct thermal behavior in Figure 14. All
designs show significant temperature rise in the catalyst bed because of CO, metha-
nation’s exothermic nature [53]. Notably, the centripetal Z type reactor has unique
thermal characteristics, with a clear low temperature area at the base of the catalyst
bed. This results from its special heat exchange interface, where incoming low
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Figure 13.
Four configurations of radial flow fixed bed reactor: (a) Centrifugal Z-type; (b) Centripetal Z-type; (c)
Centrifugal II-type; (d) Centripetal Il-type.
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Figure 14.
Temperature distribution in: (a) Centrifugal Z-type; (b) Centripetal Z-type; (c) Centrifugal II-type; (d)
Centripetal II-type.

temperature feed gas cools the lower catalyst region. Other configurations lack this
feature, so they cannot cool the feed gas effectively. In the radial direction, the
uniform temperature distribution shows consistent peripheral flow ingress across all
designs. In the axial direction, centripetal flow reactors have steeper thermal gradients
due to better convective coupling. The feed gas entering through the outer shell has
more contact with the catalyst bed, which greatly improves heat transfer efficiency
compared to other flow arrangements.

Centripetal configurations, for both Z- and II- types show abnormal kinetic strat-
ification, with reaction rates violently fluctuating from basal to apical channels. This
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centrifugal centripetal centrifugal centripetal
Z-type Z-type Il-type I-type
CO, conversion (Xcoz) 78.00% 78.39% 78.67% 78.52%
CH, selectivity (Scua) 85.22% 88.97% 85.76% 88.65%

Table 3.
Carbon conversion for the radial flow reactors.

thermal sensitivity indicates greater temperature non uniformity, where local
hotspots selectively boost CO, methanation. Paradoxically, this gradient slightly
enhances CH, selectivity as shown in Table 3. In contrast, centrifugal reactors main-
tain nearly constant vertical reaction rates, showing superior thermal homogeneity
and reaction uniformity despite lower peak selectivity.

5. Conclusions

This chapter introduced the numerical simulations of CO, methanation reactors. It
systematically analyzed how the catalyst’s thermal conductivity, porosity, particle
size, and the proposed “CHESS” monolith affect gas temperatures in reactors. It also
investigated the temperature distribution and reaction performance of four radial
reactor configurations. The main conclusions are summarized as follows:

1.Higher thermal conductivity of catalyst reduces the gas phase temperature by
transferring more heat to the reactor wall. It impacts reactor performance more
significantly than the pellet size or bed porosity. Adding high thermal
conductivity inert particles to the catalyst can enhance heat transfer, with
random dilution proving superior to layered dilution.

2.Packed bed could achieve higher absolute carbon conversion, whereas
monolithic catalysts demonstrated significantly lower pressure drop. Reduced
size of the monolithic channels led to increased pressure loss but improved
carbon conversion. Nevertheless, once the channel size declined below a critical
value, the conversion achieved per unit pressure drop in the monolith fell
beneath the level observed in a pellet packed bed. The newly proposed “CHESS”
monolith structure outperformed both the packed bed and the standard straight-
channel monolith.

3.In radial flow reactor optimization, II-type designs show better flow uniformity
than Z type ones. Centrifugal flow ensures more uniform velocity distribution
than centripetal flow. However, centripetal reactors reduce dead zone volume by
18 25%, improving mass transfer despite slightly more flow maldistribution.
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Chapter 7

Combustion Characteristics and
Flame Stability of Hydrogen-
Enriched Natural Gas for Domestic
Porous Media Burners

Chen Yang, Jie Niu, Yiyu Chen and Zhongmin Wan

Abstract

Existing domestic gas burner are restricted by dual limitations of gas interchangeabil-
ity and flashback limits, typically being limited to low HENG. Elevated hydrogen ratios
degrade flame stability, forming the critical bottleneck constraining the development of
HENG technology. A partially premixed porous media gas stove suitable for high HENG
was designed in this study. The effects of material and structural parameters of homoge-
neous porous media on combustion characteristics under varying hydrogen blending
ratios were systematically investigated, while the transition mechanism of combustion
modes under high hydrogen blending conditions was theoretically analyzed. The results
demonstrate that with increasing hydrogen blending ratios, partial reactions were shifted
toward the interior of porous media, inducing significant variations in OH radical con-
centration that triggered combustion mode transitions and ultimately substantially
influenced combustion characteristics. The threshold HENG for combustion mode tran-
sition was closely correlated with porous media materials and pore density parameters,
where higher pore density enabled accommodation of wider hydrogen blending ranges.

Keywords: domestic gas burner, hydrogen-enriched natural gas, porous diffusion
combustion, combustion characteristics, flame stability

1. Introduction

Hydrogen energy plays a pivotal role in achieving the “dual-carbon” goals and
advancing the “Three Highs and Four New” strategic development [1]. Hydrogen-
enriched natural gas (HENG) combustion technology enables the direct application of
hydrogen in various fields, including transportation, power generation, and residen-
tial gas utilization, significantly facilitating the development of hydrogen energy [2].
A comparison of the key physical and chemical characteristics between methane and
hydrogen is presented in Table 1. While the two gases share many similarities, they
exhibit notable differences in certain parameters. The addition of hydrogen to natural
gas is demonstrated in Table 1 to increase flame propagation velocity while decreasing
the required minimum ignition energy of the resulting fuel blend. Additionally, it
broadens the flammability limits of the mixture [3].
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Properties Methane Hydrogen Unit
Density 0.6801 0.0852 kg/m?
Lean flammability limit 0.53 0.14 /
Flammability limits in air 5~15.98 4~76.51 vol%
Ignition energy 33 2 107°]
Lower heating value (LHV) 34.04 10.23 MJ/m?
Higher heating value (HHV) 37.77 12.09 MJ/m3
Laminar flame speed 0.4 21 m/s
Fuel diffusion coefficient 0.16 0.61 cm®/s
Table 1.

Property comparison between methane and hydrogen.

The domestic gas industry has experienced significant advancement alongside the
growing prevalence of gas burner, making the enhancement of thermal performance
coupled with substantial reduction in combustion emissions a primary research prior-
ity. Extensive and in-depth studies have been conducted by domestic and interna-
tional scholars on critical aspects of HENG burner, including flame characteristics,
thermal efficiency, and emission performance.

Meziane et al. [4] conducted CFD simulations to examine the effects of hydrogen
blending on combustion characteristics in Rich-Quench-Lean (RQL) can combustors
under both fuel-rich and fuel-lean conditions. Their results demonstrated a significant
reduction in CO and NOx emissions with increasing hydrogen fractions. Sun et al. [5]
evaluated the performance of domestic gas burner with 0-20% hydrogen blending,
observing shortened flame length, improved thermal efficiency, reduced CO emis-
sions, though with increased NOx production. Experimental studies by Fang et al. [6]
on radiant porous media burners revealed that hydrogen blending below 25% short-
ened flame length and reduced CO emissions without significantly affecting NOx
levels. Zhao et al. [7] reported accelerated reaction rates in gas burner with hydrogen
addition, leading to shorter ignition times but increased flashback risks at 50% hydro-
gen fraction, with no notable thermal efficiency improvement. In contrast, Chen et al.
[8] observed decreasing thermal efficiency with higher hydrogen content in porous
media burners. Choundhury et al. [9] documented reduced NOx emissions in con-
ventional burners with hydrogen addition, while Sorgulu et al. [10] reported substan-
tially increased NO but decreased CO emissions.

In summary, the academic community has acquired preliminary understanding of
HENG applications in domestic gas burner. The effects of low HENG on flame mor-
phology, thermal efficiency, and pollutant emissions have been partially established,
with consistent observations of flame length reduction and CO emission decrease.
However, no consensus has been reached regarding the impacts on thermal efficiency
and NOx formation, requiring further experimental investigation. Most existing stud-
ies, constrained by gas interchangeability requirements and flashback limits in con-
ventional burner, have focused exclusively on low hydrogen blending ratios (typically
below 20%). This approach has significantly restricted the carbon reduction potential
of HENG. The development of novel combustion technologies to expand hydrogen
blending applicability is urgently needed.
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As the predominant third-generation combustion solution succeeding regenerative
systems, porous media combustion delivers significant improvements in energy utili-
zation while suppressing pollutant emissions by virtue of its engineered structural
design. Pan et al. [11] experimentally examined the performance of microscale porous
burners, revealing that porous structures enhance flame stabilization and yield supe-
rior energy conversion efficiency. Pantangi et al. [12] investigated combustion char-
acteristics of LPG porous media radiant cooktops, documenting a 3% thermal
efficiency improvement along with significantly reduced emissions compared to con-
ventional burners. Trimis et al. [13] examined pollutant emission characteristics of
porous media burners, revealing significantly lower carbon emissions with CO con-
centrations of only 10 ppm and NOx levels between 2 and 20 ppm. Mital et al. [14]
analyzed fluid processes in combustion systems, confirming the effectiveness of
porous media in waste heat recovery and exhaust temperature reduction. Bouma et al.
[15] employed a one-dimensional two-temperature model incorporating radiation
effects, showing that porous media structures can substantially reduce both CO and
NOx emissions compared to conventional free-flame combustion. Laphirattanakul
et al. [16] demonstrated the flame stabilization capability of hollow cylindrical
ceramic foams, revealing that the thermal conduction properties of porous media are
directly influenced by material type and pore structure. Herrera et al. [17] studied
thermal efficiency under lean combustion conditions, reporting 7-14% improvement
compared to free-flame burners. In summary, porous media combustion demon-
strates significant efficacy in stabilizing flames, improving thermal efficiency, and
reducing pollutant emissions in gas burners. This technology is expected to simulta-
neously expand hydrogen blending applicability while improving flame stability.

A novel porous media gas burner was developed in this work for stable operation
with HENG at elevated blending ratios. Through combined experimental investiga-
tion and numerical simulation, the influence of porous media materials and structural
parameters on combustion characteristics was investigated under different HENG.
The transformation mechanism of combustion modes under high hydrogen propor-
tions was theoretically analyzed. Furthermore, Fundamental mechanisms underlying
flashback occurrences in gas burner were elucidated, establishing essential theoretical
frameworks and technical foundations for deploying high-ratio HENG in domestic gas
appliances.

2. Combustion experimental system
2.1 Construction of the test platform

The experimental test platform was constructed as the fundamental basis for
combustion research and performance evaluation. In accordance with national stan-
dard requirements, a combustion test platform for HENG porous media gas burner
was designed and established, as illustrated in Figure 1(b). The combustion system
shown in Figure 1(a) incorporated a gas flow controller, CCD camera, data acquisi-
tion system, composite gas analyzer, porous media burner, gas mixer, gas alarm
device, along with natural gas and hydrogen cylinders. Methane and hydrogen were
delivered from separate high-pressure cylinders, their flow rates accurately regulated
using Alicat flow controllers. Prior to entering the porous media combustion chamber,
the two fuel gases underwent homogenization in a high-precision mixing apparatus to
achieve uniform compositional distribution.
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Figure 1.
Schematic of the combustion experimental system. (a) Diagram of the experimental setup (b) Combustion test
platform.

2.2 System equipment selection

Key instrumentation parameters for the combustion system are specified in
Table 2.

The 0-10 SLM range was selected as the optimal flow range based on the methane
and hydrogen flow rates presented in Table 3.

Measurement apparatus Type Accuracy

Thermal Sensor Type K Thermocouple 0-900°C +1.5°C

CCD MER-132-30UC 1292(H) x 964(V) 30fps

Gas Flow Controller Alicat 0-10 SLM =+ 0.2%

Gas Analyzer GT2000-LF5 CO: 0-1000 ppm, NOx: 0-100 ppm
Data Acquisition System DAQ970A + DAQ901A Maximum Scanning Speed 480 channel/s

Maximum Sampling Frequency 800 kSa/s

Gas Mixing Apparatus Ld-005 20-2000 ml/min Uncertainty <1%

Table 2.
Specifications of major experimental devices.

Hydrogen blending ratio 0 5 10 15 20 25 30 35 40 45 50 55 60
(%)

Methane Flow Rate (L/ 6.37 627 616 6.05 592 579 564 548 530 511 4.89 4.65 4.39

min)

Hydrogen Flow Rate (L/ 0 033 0.68 1.07 1.48 192 242 295 3.54 4.18 4.89 569 6.58
min)

Table 3.
Experimental conditions.
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3. Combustion characteristics of porous media domestic gas burner
3.1 Flame morphology in HENG combustion

To thoroughly investigate the variation of flame stability with hydrogen blending
ratios, an ALO;@60PPI porous medium was analyzed. As illustrated in Figure 2, for
cases where hydrogen accounted for fewer than 30% of the mixture, the lateral flame
fluctuation indicated minimal changes in flame morphology among different groups,
demonstrating strong combustion stability. As the proportion of hydrogen in the fuel
mixture rises, the flame length was significantly shortened, the internal flame structure
became sharper, and the luminosity of the porous medium gradually intensified while
the flame color transitioned from pale blue to yellowish tones. Three mechanistic path-
ways explain these observations. First, intensified radiation from the porous matrix
indicates surface-localized exothermic reactions, where thermal energy transfers to the
porous structure increases both temperature and radiant intensity. Second, the initial
blue emission results from CH* radical chemiluminescence [18]. Third, the observed
yellowing suggests incomplete combustion conditions. The transition to yellowish flame
resulted from incomplete combustion. Increasing hydrogen content reduced fuel den-
sity and consequently decreased primary air flow, creating oxygen-deficient conditions
that prevented complete fuel combustion, manifesting as yellowish flames.

Experimental results in Figure 2 reveal distinct flame morphology alterations
when hydrogen concentrations surpass 35%, contrasting markedly with behavior
observed at sub-30% mixtures. The porous media region darkens, while the external
flame appears dark blue and levitates above the porous medium. A yellow flame

MNatural zas

40 1 2 R 4000 2 N4000 2 X4

10%% H:
20% H:
30% H:2 o
=
40% Hz -
&
=
0% H: "
&
=
L e
&
fimi = &
MENGF 33436 TR00 28 4367800 334267000 3343670012343 47800123 456TH :-_
Figure 2.

Flame morphology in the Al,O;@60PPI porous media burner.
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Figure 3.
Flame morphology of Al,O; under different structural parameters.
persists in the central combustion zone, indicating a transition in combustion mode.
This phenomenon is attributed to two primary factors. Hydrogen combustion velocity
is approximately eight times higher than natural gas. At excessive hydrogen ratios, the
markedly increased flame speed prevents flame stabilization within the porous media,
causing flashback into the burner interior before being pushed back to the surface,
resulting in the darkened porous region. The central combustion zone, representing
the inner flame region, suffers from insufficient secondary air supply through the
limited bottom air inlets, leading to incomplete combustion and yellow flame forma-
tion. When the hydrogen ratio surpasses 40%, further increases cause additional
flame shortening, reddening of the inner flame cover, more pronounced yellow
flames, while the porous media remains dark and unchanged. These observations
confirm that both inner and outer flames gradually lift with increasing hydrogen
content, and the oxygen-deficient conditions exacerbate incomplete combustion.
Figure 3 presents the variations in flame morphology with increasing hydrogen
blending ratios for gas burner employing SiC and Al,O3 porous media materials of
different pore densities. As clearly demonstrated, when the hydrogen ratio reaches
certain thresholds, all five porous media configurations exhibit significant flame pat-
tern alterations. At specific hydrogen concentrations, the inner burner cap gradually
reddens due to reduced flow resistance in low pore density media with larger pore
diameters. This accelerated flow velocity decreases mixing time between gas and
secondary air, resulting in incomplete combustion that generates carbon monoxide
and unburned carbon particles. Thermal radiation from these carbon particles pro-
duces yellowish or reddish flames. Al,O; media demonstrate a wider critical hydrogen
blending range than SiC at equivalent pore densities. For identical materials, higher
pore density porous media enable broader critical hydrogen ranges, enhanced com-
bustion stability, and more complete combustion.

3.2 Pollutant emissions and thermal efficiency in HENG combustion

The flame temperature measurement methodology in this study was conducted by
selecting six spatial points along the vertical axis of the burner (x = 0 mm, y = 0 mm;
z =20, 40, 60, 80, 100, and 120 mm) once stable combustion was achieved at each
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hydrogen blending ratio. Under steady combustion conditions, flame temperatures
were acquired at multiple locations using K-type thermocouples for each hydrogen
concentration level. Among the six measurement positions, the highest temperature
reading was identified as the characteristic peak flame temperature for each specific
fuel mixture. The experimental configuration for temperature measurement is
presented in Figure 4.

Figure 5 demonstrates a consistent positive correlation between hydrogen enrich-
ment levels and peak flame temperature under constant combustion conditions. This
phenomenon is attributed to the fewer intermediate reaction steps between H, and O,
compared to the more complex CH,-O; reaction mechanism, resulting in more vigor-
ous oxidation and faster heat release rates for hydrogen combustion [19]. The addition
of hydrogen elevates combustion temperatures until a critical 35% blending ratio is
reached. At this threshold, the transition in combustion mode induces a sudden
temperature decrease, with peak values dropping from 1540 K to 1420 K. Subse-
quently, with further hydrogen enrichment, the temperature resumes its upward
trend through the same mechanism responsible for the initial temperature increase
prior to the combustion mode shift.

The thermal efficiency represents the ratio of the chemical energy of fuel
converted into effective heat by a gas stove per unit time, reflecting the energy
utilization rate of the appliance. A higher thermal efficiency indicates better combus-
tion performance. The specific calculation formula (1) is as follows:

mxcx (t —t) % 273+ % 1013 x 100 (1)

n:(V1XQ1+V2xQ2) 288 Pomp = Pm — 5

Figure 4.
Schematic diagram of flame temperature monitoring points.
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Figure 5.
Variation of temperatuve and thermal efficiency at different HENG. (a) Temperature (b) Thermal efficiency.

n—The thermal efficiency (%), c—The specific heat capacity of water (MJ/(kg-°C)),
t;—The initial water temperatures (°C), t,—The final water temperatures (°C), V1—
The methane consumption during combustion (m?), V,—The hydrogen consumption
during combustion (m?), Q;—The lower heating value of methane at standard condi-
tions (15°C, 101.3 kPa), Q,—The lower heating value of hydrogen at standard condi-
tions (15°C, 101.3 kPa), t,—The gas temperature inside the flow meter during the
experiment (°C), p,,,, The ambient atmospheric pressure (kPa), p, —The measured
static pressure of gas inside the flow meter (kPa), s—The saturated water vapor
pressure at temperature t, (kPa).

The variation in measured thermal efficiency with structural parameters at differ-
ent HENG is presented in Figure 5(b) for SiC and Al,O; porous media materials.
Using the ALLO3;@60PPI porous media burner as an example, the flame transition
point is observed at 35-40% hydrogen blending ratio. The thermal efficiency is found
to generally increase with rising hydrogen content when the combustion mode
remains unchanged. Following combustion mode transition, an initial decrease in
thermal efficiency is observed before gradual recovery. The initial thermal efficiency
improvement is attributed to hydrogen enrichment, which enhances H/O/OH radical
concentrations in the flame. The enhanced reaction kinetics and accelerated flame
front propagation substantially augment convective heat transfer from high-
temperature combustion products to the cooking surface, consequently improving
thermal efficiency of the burner [3]. At 35% hydrogen blending, thermal efficiency
begins to decline. While higher hydrogen concentrations strengthen chemical reac-
tions R25(H + CH3(+M)=CH4(+M)), R27(OH + H,=H + H,0) and R14
(H + 0,=0 + H,) and flame speed, flame lift-off from the porous media surface is
simultaneously caused. The porous media zone demonstrated significant darkening,
accompanied by distinct flame attenuation and a marked reduction in radiative heat
transfer capacity. Consequently, the heating mechanism transitions from combined
conduction-radiation to purely flame-based heat transfer, with the latter dominating
system performance and decreasing overall efficiency [20]. With further hydrogen
enrichment, continued enhancement of chemical reaction intensity and flame propa-
gation speed is observed under the flame-based heating mechanism, resulting in
subsequent thermal efficiency recovery.
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As shown in the Figure 5(b), the measured thermal efficiency of the Al;03-based
porous media decreases with increasing pore density. When comparing Al,O;@60PPI
and SiC@60PPI, the latter exhibits higher thermal efficiency due to the greater total
emissivity of SiC, which aligns with the findings reported by Muthukumar et al. [21],
thereby validating the experimental reliability. Overall, as the hydrogen blending ratio
increases, the thermal efficiency of all porous media burners follows a consistent
trend: an initial rise, followed by a decline, and then a subsequent increase. Further-
more, before any combustion mode transition occurs, the measured thermal effi-
ciency for each porous media burner exceeds 58%, meeting the requirements specified
in the national standard [22].

Figure 6 illustrates the variations in CO emissions from the gas burner with
increasing hydrogen blending ratios when using SiC and Al,O3; porous media mate-
rials, across different pore densities. Experimental investigations on the ALO;@60PPI
porous burner demonstrate distinct emission characteristics under hydrogen enrich-
ment conditions. Within the hydrogen blending ratio range of 0-30%, CO emissions
demonstrated a decreasing trend while NOx emissions showed an increasing trend
with elevated hydrogen addition. A notable transition occurs at 35% hydrogen con-
centration, where substantial alterations in flame structure develop alongside a dra-
matic CO concentration jump from 175 to 612 ppm, while NOx production shows an
inverse decreasing pattern. Subsequent hydrogen enrichment beyond this critical ratio
leads to renewed CO abatement and restored NOx growth. The dual-stage CO miti-
gation phenomenon primarily originates from two factors [23]: the diminishing car-
bon fraction in the fuel mixture and hydrogen catalytic enhancement of hydrocarbon
oxidation processes, which effectively drives the conversion of carbon monoxide to
carbon dioxide according to previous studies. The intermediate CO surge at 35%
hydrogen content stems from fundamental changes in combustion characteristics.
During this transition, the attenuation of radiative heat transfers due to porous media
darkening and compromised thermal exchange performance promotes incomplete
oxidation. These effects are compounded by hydrodynamic instability manifested
through flame front elongation and irregular propagation patterns, where fuel supply
rates surpass the flame propagation velocity [24]. This imbalance creates localized
regions with inadequate residence duration and unfavorable thermal conditions, ulti-
mately resulting in increased carbon monoxide formation.

& -

C) emibsdom | ipm
Ny emissiom | ppan

Mydrogen fraction (%) Hydrogen fraction (%%}

(a) (b}

Figure 6.
Variation of pollutant emissions at different HENG. (a) CO (b) NOx.
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The initial NOx emission increase stems from enhanced thermal efficiency and
elevated combustion temperatures, which accelerate thermal NOx formation from
atmospheric N, and O, [19]. The higher flame temperature of HENG simultaneously
reduces prompt NO while increasing thermal NO, with the net effect being dominated
by hydrogen promotion of thermal NO formation. The subsequent NOx reduction
beyond 35% hydrogen blending occurs as heat transfer shifts from combined flame-
radiation to pure flame mode, with flames lifting from the darkened porous media
surface, weakening gas preheating and lowering flame temperatures. The final NOx
increase at higher hydrogen ratios results from intensified chemical reactions and
flame propagation speeds dominating the system. Comparative analysis in Figure 6
indicates that AL,O;@60PPI and SiC@60PPI exhibit the lowest CO emissions, with
AL O;@60PPI demonstrating superior NOx reduction. Experimental results demon-
strate an inverse relationship between pore density and pollutant emissions for both
material types. At equivalent pore densities, Al,O3 and SiC show comparable CO
emissions, but SiC produces significantly higher NOx levels.

4. Mechanisms of flame instability in porous media combustion of HENG
4.1 Burner model development

A numerical investigation of partially premixed diffusion combustion for HENG
within porous media was conducted using Ansys® computational modeling [25]. The
simulation geometry was constructed based on precise dimensional measurements of
the physical porous media burner depicted in Figure 7(a), while the corresponding
numerical representation is illustrated in Figure 7(b). As demonstrated in Figure 7
(c), the burner assembly consists principally of three structural elements: a venturi
mixing section, main burner housing, and combustion chamber. Initial fuel-air
premixing was accomplished within the venturi section, after which the prepared
mixture was conveyed through the burner housing toward the combustion chamber.
Subsequent to traversing the porous media section, the gaseous mixture progressed
into the reaction zone, visually distinguished by blue coloration in Figure 7(b). Sys-
tem stability was maintained through the introduction of secondary air streams via
strategically positioned inlet ports shown in Figure 7(d), thereby optimizing mixture
homogeneity throughout the combustion process.

Numerical simulations were conducted for a HENG porous media burner in this
study. Existing research findings [26] suggest that the simulation domain should
generally extend to approximately six to eight burner head diameters. For the domes-
tic porous media burner structure shown in Figure 7, the computational domain was
determined to be 6.5 times the burner head diameter, with the geometry illustrated in
Figure 8 as a cylinder measuring 1120 mm in outer diameter and 700 mm in height.
The detailed structural dimensions of all burner components are provided in Table 4.

4.2 Numerical simulation and boundary definitions
4.2.1 Selection of numerical models

All flow processes are governed by the mass conservation equation, which is
expressed as Eq. (2):

Ve (pu)=0 (2)

126



Combustion Characteristics and Flame Stability of Hydrogen-Enriched Natural Gas...
DOI: http://dx.doi.org/10.5772/intechopen.1012523

Inner Name e — -

< -
mwr\ ™
) [ — \:l Second

| air inlet

Secondary burner

head body
i Second
air inlet
Main burner Outer
head body Primary air o000 ring inlet

() inlet ring inlet (d)

Figure 7.
Porous media gas burner configuration: (a) Physical prototype, (b) Numerical model, (c) Structural components,
(d) Main burner head assembly.

p—Fluid density, u—Fluid velocity vector.
The energy equation adheres to the law of energy conservation, as expressed in Eq. (3):

0(epUh) N 0(epVh)

ox oy
0 oT\ o oT N
= & (ktﬂva> + @ <keﬁ5> + € ; haw,W;
9 |\ 9(pgY;) AR d(pgY;)
% l; YihiDim — % ] ~ ; YihiDip, & ] (3)

kg—Effective thermal conductivity, T—Mixture temperature, c—Mole enthalpy of
the i-th component, w;,—Mole production rate of the i-th component, Y;—Mass frac-
tion of the i-th component, D;,,—Mass diffusion coefficient of the gas.

Thermal radiation transfer through the combustion chamber cannot be neglected
in the burner. The discrete ordinates method was adopted for radiation modeling
owing to its demonstrated capability to handle various computational conditions, with
the corresponding governing relation formulated as Eq. (4):

47

@+(a+q)l(7,?) — an? #+%L 1(7,?)45(?,?’)49' (4)
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Figure 8.
Burner geometry. (a) Computational domain (b) Structural dimensions.

Nomenclature Symbols Radius Hydraulic diameter
(mm) (mm)

Burner radius R1 86 /

Outer radius of fuel inlet in burner external R2 77 96

pipeline

Inner radius of fuel inlet in burner external R3 29

pipeline

Outer radius of secondary air inlet below R4 27.5 35.2

Inner radius of secondary air inlet below R5 9.9

Fuel inlet radius in burner internal pipeline R6 7 14

Secondary air inlet / /

Outer / 560 1120
Table 4.

Structural categories and components of the burner.

7—Position vector, s —Direction vector, ?/—Scattering direction vector, s—Path
length, a—Absorption coefficient, n—Refractive index, o,—Scattering coefficient,
o6—Stefan-Boltzmann constant (5.76 x 10~° W/(m?K*)), Tg—Local temperature, [—
Radiation intensity, ¢—Phase function, &'—Solid angle.

4.2.2 Boundary conditions

The stabilized combustion characteristics of the gas burner were numerically
investigated using steady-state computational analysis. Turbulence effects were char-
acterized through implementation of the Standard k-epsilon approach, complemented
by the Eddy-Dissipation Concept for combustion modeling and the Discrete Ordinates
method for radiative heat transfer computations. Pressure-velocity coupling was
resolved using the SIMPLE scheme, with second-order accurate upwind formulations
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Boundary name Type Numerical size Component setting/Mole Temperature/K

Fuel inlet in burner ~ Velocity inlet 0.4675 (m/s) CHy: 0.1724 300
internal pipeline 0, 0.1792

Fuel inlet in burner ~ Velocity inlet 0.06261 (m/s) CH,4: 0.1724 300
external pipeline 0, 01792

Secondary air inlet ~ Pressure inlet 0 Pa 0,:0.2181 300
below

Secondary air inlet ~ Pressure inlet 0 Pa 0,:0.2181 300
Outlet Pressure outlet 0 Pa / 300

Table 5.

Boundary conditions.

employed for discretizing the momentum and energy conservation eqs. A thermal
power output of 3.8 kW was specified for the burner system, with the computational
domain initialized at 1700 K to ensure proper combustion initiation. The complete set
of boundary specifications is documented in Table 5.

4.3 Grid independence test and computational model verification

4.3.1 Grid independence test

The three-dimensional model was discretized using hybrid structured-
unstructured grids. Local grid refinement was implemented in the porous media zone
and burner region, representing the core combustion areas as illustrated in Figure 9
(a). The upper surface of the computational domain, serving as the flue gas outlet,
and the peripheral secondary air inlets, located distant from the combustion core,
were coarsely meshed while maintaining grid skewness below 0.8. Pure methane was
utilized as the fuel with flame temperature along the Y-axis ranging from 0 to 31 mm
above the inner flame cap serving as the evaluation criterion. Figure 9(b)
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s '™ —— 1162351
E wb — 251247
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Figure 9.
Mesh generation and independence verification. (a) Localized mesh refinement (b) Grid independence.
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demonstrates that at 1.162 million grid elements, the overall grid skewness of 0.78 was
achieved with temperature variation constrained within 1%, thereby satisfying com-
putational accuracy requirements. Based on these results, the 1.162-million-element
mesh was selected for subsequent numerical analysis.

4.3.2 Model verification

The numerical model predictive capability and parameter configuration appropri-
ateness were evaluated through comparative analysis between simulated and experi-
mental data. Temperature profiles and oxygen concentration distributions were
measured along two vertically oriented monitoring lines positioned at Z-coordinates
of 51 mm and 71 mm, spanning horizontally from —86 mm to 86 mm, as shown in
Figure 10. Comparative assessments were performed for both pure methane combus-
tion and methane-hydrogen mixtures containing 30% hydrogen by volume. The
comparative results are visually represented in Figures 11 and 12.

The numerical simulations exhibit strong correlation with experimental observa-
tions for pure methane combustion, as evidenced by the comparative data in Fig-
ure 11. Temperature profiles and oxygen concentration distributions demonstrate a
maximum deviation of 4.1% and mean discrepancy of 1.5% between computational
and experimental results. This close correspondence confirms the model ability to
reliably predict combustion behavior in porous media burners operating with pure
methane. Minor variations between numerical and experimental outcomes primarily
stem from differing boundary conditions. The experimental configuration fully open
environment facilitated substantial convective heat transfer to surrounding air, while
the computational domain relatively confined geometry minimized thermal

Z=131mm #—

Z=11Imme—

Z=91mm &

Figure 10.
Schematic diagram of temperature measurement.
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Figure 11.

Validation of numerical model against experimental measurements for pure methane combustion.
(a) Temperature (b) Mole fraction of O,.
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Figure 12.

Validation of numerical model against experimental measurements for 30% hydrogen enriched combustion.
(a) Temperature (b) Mole fraction of O,.

dissipation. These contrasting thermal boundary conditions account for the observed
temperature differences at the five measurement locations. The demonstrated predic-
tive accuracy, combined with the physically justifiable nature of observed discrepan-
cies, establishes the numerical model validity for characterizing flame stabilization
and combustion performance in the investigated porous media burner system. The
model’s capability to capture essential combustion features while maintaining compu-
tational efficiency renders it suitable for further parametric investigations of
methane-hydrogen blended fuel combustion.

4.4 OH radical sensitivity

Methane-hydrogen blended combustion was investigated using a zero-dimensional
homogeneous reactor model in Chemkin, based on natural gas-hydrogen combustion
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Reactions sensitivity analysis for OH radicals at different HENG.
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Figure 14.

Temperature distribution under pure methane. (a) Overall schematic diagram (b) Magnified regional
visualization.

mechanisms. The GRI-Mech 3.0 mechanism was simplified by identifying key species
(CH4, Hy, 04, H, O, OH, NO, NO,, CO, CO,, and H,0) and incorporating laminar
flame speed data, resulting in a reduced mechanism comprising 19 species and 67
elementary reactions. The validity of this simplified mechanism has been confirmed
by Chen et al. [27]. The OH radical represents a crucial reactive species in combustion
chemistry, with its generation, depletion, and spatial concentration profile exerting
significant influence on HENG combustion dynamics. Increased hydrogen blending
ratios have been shown to significantly enhance flame propagation speeds, which are
strongly correlated with elevated OH radical concentrations. Moreover, the spatial
distribution of OH radicals substantially determines flame stability. Hydrogen addi-
tion leads to more concentrated OH radical distributions and narrower flame fronts,
thereby improving flame stability. However, excessive concentrations of OH radicals
may cause combustion instability and even trigger detonation. Consequently, under-
standing OH radical distribution is crucial for investigating flame instability in high-
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Figure 15.
Temperature distribution contours of Al,O;@60PPI porous media burner at different HENG.

hydrogen-blend combustion systems. Figure 13 presents the variation in

OH sensitivity coefficients with different hydrogen blending ratios. Positive sensitiv-
ity coefficients indicate that a reaction promotes OH radical formation, while negative
values denote inhibitory effects on OH radical production.

Figure 13 demonstrates varying sensitivity patterns in OH radical production as
hydrogen content rises in the fuel mixture. The positive influence of elementary
reactions R14, R25, and R32 progressively weakens, whereas reaction R27 exhibits
significantly strengthened promoting characteristics. Reaction R3 exhibits an initial
increase followed by subsequent decrease in its promoting effect. The suppression of
OH radical generation by reactions R26, R33, R43, and R64 is progressively attenuated
as the hydrogen concentration in the fuel mixture increases. The combustion products
H and OH from reaction R14 significantly accelerate reaction rates. As demonstrated
by Dagaut et al. [28], R14 plays a dominant role in methane-hydrogen combustion,
consuming the largest quantity of H radicals while generating the most OH radicals.
Conversely, R27 predominantly consumes OH radicals while producing H radicals.
Increased hydrogen concentration promotes the forward reaction, leading to substan-
tial OH consumption and concomitant H radical generation. Below 40% hydrogen
blending, reactions R14 and R25 dominate, both consuming H radicals. Beyond this
threshold, R25’s influence diminishes while R27 becomes increasingly significant. The
observed reaction kinetics evolution leads to R14 and R27 becoming the dominant
elementary processes, where R14 participates in H radical depletion while R27 con-
tributes to their formation. This alteration in the comparative significance of R14, R25
and R27 at threshold hydrogen blending ratios could potentially trigger combustion
regime changes in porous media burners.

4.5 Mechanistic analysis of flame instability in porous media burner

He et al. [29] established that flame structure characteristics can be effectively
represented by temperature distribution contours in numerical simulations. Figure 14
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Figure 16.
Temperature contours and local magnification.
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Figure 17.
OH radical concentration distribution contours at different HENG.

illustrates the thermal profile established during steady-state operation of a porous
burner fueled exclusively by methane, with Figure 14(a) depicting the complete
temperature field and Figure 14(b) providing an enlarged visualization of the reac-
tion zone. The central flame region is clearly observed to reach the maximum tem-
perature of 1975 K in Figure 14(b), with temperatures progressively decreasing
toward the periphery to 850 K in the outermost region. This thermal pattern results
from distinct combustion mechanisms. The central flame zone achieves complete
methane-oxygen diffusion combustion with continuous atmospheric oxygen mixing,
enabling substantial heat release. In contrast, peripheral flame regions exhibit com-
bustion interacting with ambient air, in which convective heat transfer to the flowing
air leads to gradual thermal dissipation and thus a lower temperature.

The thermal profiles along the central axial plane (Y = 0) of the ALO;@60PPI
porous burner are displayed in Figure 15 for different HENG compositions. A trend of
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Hydrogen content effects on critical reaction kinetics of R14, R25, and R27. (a) H, = 20% (b) H, = 30%
(¢c) H, = 40% (d) H, = 50%.

initial shortening followed by elongation of flame length is observed with increasing
hydrogen addition, in agreement with experimental combustion observations.

To elucidate the fundamental mechanisms responsible for flame behavior modifi-
cations in the porous combustion system, a detailed examination of thermal distribu-
tion patterns was conducted at 40% hydrogen enrichment. Figure 16 presents an
enhanced visualization of the temperature field, revealing that the maximum flame
temperature region has propagated past the porous matrix lower right boundary and
infiltrated the internal burner chamber, providing clear evidence of flashback phe-
nomena.

The causes of flashback in high HENG burners were investigated through analysis
of elementary OH concentration distribution contours across different HENG com-
positions. Figure 17 clearly demonstrates that under pure methane conditions, rela-
tively large flame heights were observed with high OH concentrations predominantly
localized in Zones 5 and 6, while other zones maintained lower concentrations.
Despite non-uniform OH distribution, no flashback phenomena were detected. With
progressive hydrogen enrichment, gradual flame height reduction was accompanied
by decreasing peak OH concentrations in Zone 6 and marginally increasing concen-
trations in Zone 4. A distinct transition occurred at 40% hydrogen blending, charac-
terized by sharply elevated OH concentrations in Zones 4 and 6 reaching maximum
values, accompanied by substantially amplified interzonal concentration differentials.
This phenomenon indicates that the OH radical concentration distribution has become
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significantly heterogeneous between the inner and outer flame zones at this stage.
Further hydrogen enrichment beyond 40% resulted in declining peak
OH concentrations in Zones 4 and 6 correlating with increasing flame height. At 70%
hydrogen blending, penetration of high-temperature flame from Zone 4 into the
burner inner cavity was observed, where intensive combustion reactions depleted
available oxygen and triggered dramatic OH concentration increases near the inner
chamber’s jet orifices [30].

The examination of Figure 13 indicates that elementary reactions R14
(H + 0,=0 + H,), R27(0OH + H,=H + H,0), and R25(H + CH3(+M) =CH,4(+M))
significantly influence high-energy gas combustion dynamics. To elucidate the abrupt
variation in OH radical concentration, the kinetic behavior of these key reactions was
systematically evaluated across varying hydrogen enrichment levels. As evidenced by
Figure 18, the kinetic rates of R14 and R27 display a consistent enhancement with
increasing hydrogen content, whereas R25 exhibits a gradual reduction in reaction
activity. Under elevated hydrogen concentrations, R14 demonstrates accelerated
kinetics within the burner chamber, particularly near the porous matrix lower bound-
ary. Concurrently, R25 within the porous medium undergoes a transition from negli-
gible activity to negative rate values, signifying inhibition of the forward pathway and
activation of the reverse process. Parallel observations reveal that R27 reaction inten-
sity in the porous region increases from an initially undetectable level. During stable
combustion at 30% hydrogen content, measurable R25 activity is confined to the
porous media lower surface vicinity, while R14 and R27 remain kinetically inactive in
this zone. At 40% hydrogen enrichment, peak reaction rates within the porous
medium are quantified as: R14 (0.27), R27 (0.30), and R25 (—0.03). This condition
corresponds to R25 forward reaction suppression coupled with reverse reaction pro-
motion, yielding significant hydrogen radical production. The consequent elevation in
H radical concentration preferentially drives R14 forward kinetics, resulting in sub-
stantial OH radical generation, in consistent with the findings of Wang et al. [31].

The dramatic OH concentration increase at 40% hydrogen blending is conse-
quently explained by synergistic interactions among R14, R25, and R27 within the
porous medium: while R14 and R27 predominantly proceed in the forward direction,
R25 preferentially undergoes reverse transformation. The collective enhancement of
R14/R27 forward rates and R25 reverse rate directly accounts for the observed
OH sudden surge.

5. Conclusions

A novel porous media gas burner was developed in this work for stable operation
with HENG at elevated blending ratios. Through combined experimental investiga-
tion and numerical simulation, the influence of porous media materials and structural
parameters on combustion characteristics was investigated under different HENG.
The transformation mechanism of combustion modes under high hydrogen propor-
tions was theoretically analyzed. Furthermore, Fundamental mechanisms underlying
flashback occurrences in gas burner were elucidated, establishing essential theoretical
frameworks and technical foundations for deploying high-ratio HENG in domestic gas
appliances. The following conclusions were drawn:

13&ith increasing hydrogen blending ratios, a transition in combustion modes is
observed in porous media burners, which directly affects the thermal efficiency
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and CO/NOx emissions of HENG. Both thermal efficiency and NOx emissions
increase with higher hydrogen content before and after the combustion mode
transition, while CO emissions progressively decrease. When the critical
hydrogen blending ratio is reached, the combustion mode transition triggers a
rapid increase in CO emissions accompanied by decreasing trends in both
thermal efficiency and NOx emissions. The critical hydrogen ratio for this
transition is strongly dependent on the material and structural parameters of the
porous media. Comparative analysis reveals that SiC exhibits inferior overall
performance to Al,O3, with higher pore densities enabling larger critical
hydrogen ratios. The maximum allowable hydrogen blending ratio for

AL O;@60PPI is determined to be 35%.

.Progressive infiltration of reactions R25(H + CH3(+M)=CH,4(+M)), R27

(OH + Hpy=H + H,0) and R14(H + O,=0 + H,) into the porous structure was
observed at 40% hydrogen blending. The forward reaction rates of R14 and R27
were enhanced, while R25 predominantly promoted the reverse reaction. This
synergistic effect characterized by increased forward rates (R14/R27) and
accelerated reverse rate (R25) induced an abrupt surge in OH radical generation,
ultimately leading to flame instability and flashback phenomena.
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Chapter 8

Supercritical CO,-Processed
Polymeric Foams for Process
Intensification Structure,
Functionality, and Advanced
Applications

Ignacio Garcia-Casas, Antonio Montes, Ludisbel Leén-Marcos,
Clara Pereyra and Diego Valor

Abstract

Polymeric materials foamed using supercritical carbon dioxide (scCO,) offer a
sustainable and versatile basis for developing advanced porous structures with highly
adjustable morphology, density, and functionality. This chapter provides a compre-
hensive overview of the physical principles and processing strategies involved in
generating foams with hierarchical porosities, emphasizing their potential for process
intensification. The correlations between structure and functionality are presented
and illustrated using case studies in which porosity values of over 90%, open-cell con-
tents of up to 96%, and functional loads of over 18% are achieved in scCO,-assisted
impregnation processes. The advantages of this technology for the in-situ formation
of catalysts are analyzed, demonstrating increases in hydrogen production of up to
~60% compared to traditional packed beds. Integrating functional impregnation and
foaming in a single step, together with using a clean, recyclable physical agent such
as scCO,, makes these foams ideal for advanced applications in compact reactors,
controlled release systems and biomedical platforms. The combination of sustainabil-
ity, multiscale morphological control and multifunctional properties establishes these
foams as essential components in the development of more efficient, intensified, and
environmentally responsible emerging technologies.

Keywords: polymeric foams, porosity, intensification, scCO, foaming, impregnation

1. Introduction
Modern chemical engineering is facing an increasing number of challenges that

demand a fundamental re-evaluation of the way processes are designed and operated.
The need to optimize efficiency, reduce the environmental footprint, and accelerate
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product development has led to the development of process intensification (PI).
Within this framework, advanced materials—particularly polymeric foams—and
innovative processing technologies, such as the use of scCO,, have emerged as key
drivers of industrial transformation. This chapter will explore how the combination
of the unique structural properties of polymeric foams and the environmentally
friendly processing capabilities of supercritical carbon dioxide contribute to PI
objectives, with a particular focus on functionalizing these materials for advanced
applications.

1.1 Process intensification in modern chemical engineering: Concepts and
objectives

Process intensification has established itself as a revolutionary design approach in
chemical engineering. Its primary purpose is to significantly reduce the size of process
equipment and plants while substantially improving the overall efficiency and sus-
tainability of operations. This paradigm goes beyond the incremental optimization of
existing processes, seeking a fundamental restructuring that maximizes the effective-
ness of intra- and intermolecular events. A central tenet of PI is ensuring that each
molecule undergoes uniform processing by optimizing driving forces and resistances
at all scales and maximizing the specific surface areas where these interactions occur.
Unlike traditional engineering design, which often approaches process stages sequen-
tially and in isolation, PI promotes an integrative approach, combining chemical and
physical phenomena to achieve operational synergies. The concept was formalized by
Stankiewicz and Moulijin in 2000, who described it as a ‘toolbox” encompassing novel
equipment and innovative methods to achieve these goals [1].

The reasons for adopting PI are multifaceted and respond to market pressures and
growing demands for sustainability. In the biopharmaceutical sector, for instance, PI
is vital for accelerating drug development, enhancing efficiency and productivity in
line with strict Good Manufacturing Practice (GMP) standards, and improving oper-
ational flexibility to accommodate diverse therapies. Specific PI objectives include
boosting productivity, reducing the cost of goods, expediting development and
commercialization, and achieving greater agility in manufacturing operations. From
a sustainability perspective, PI enables radical reductions in energy consumption and
waste generation, resulting in technologies that are more economical, efficient, and
environmentally friendly. Speed to market has become particularly important for a
product’s competitive position and price, highlighting the strategic importance of
PI in responding to market dynamics. Sustainability is not just an ethical objective,
but a necessity imposed by increasingly stringent regulations and growing corporate
awareness of environmental image [2].

Process intensification is therefore a driver of industrial transformation that goes
beyond mere technical optimization. By adopting PI, companies are not only seeking
to improve their existing processes; they are also redefining the way they conceive
and execute their chemical engineering projects. This shift is moving them toward
more agile, adaptable, and responsible production. This paradigm shift is evident
in the increasing popularity of continuous processes, also known as flow chemistry,
as opposed to traditional batch processes. Continuous systems offer advantages in
terms of scalability, safety, and efficiency. Examples of this evolution include perfu-
sion bioreactors and single-use systems in biomanufacturing, which enable a higher
throughput of individual therapies and provide unparalleled flexibility in adapting to
different production methods within the same facility [3].
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Another significant advance is reactive distillation, a technology that combines
chemical reactions and separations in a single process, resulting in substantial energy
savings and reduced CO, emissions. Membrane engineering and the use of immobile
mixers are additional examples of PI methods and equipment that improve separa-
tion efficiency and mixing, respectively. This demonstrates how PI innovation often
occurs at the intersection of design and process engineering [1]. The true power of PI
lies in the co-evolution and integration of equipment and methods. Having innovative
equipment is not enough if it is not accompanied by an optimized method of opera-
tion, and vice versa. This interdependence highlights the importance of a holistic
approach to research and development, where equipment design and process optimi-
zation are developed together to maximize the benefits of PI.

1.2 The role of porous materials and polymeric foams in process intensification

Polymeric foams are materials composed of a mixture of polymers and gases,
giving them a distinctive, porous, cellular structure. These materials are also known
as cellular, blown, or expanded polymers. Their characteristic properties include low
density, high strength-to-weight ratio, excellent thermal insulation, and remarkable
energy absorption capacity. The most common polymers used in foam production are
polystyrene, polyurethane, natural rubber, and polyvinyl chloride (PVC). Polymeric
foams can be classified according to various criteria, such as hardness (elastic, flexible
or rigid), density (high, medium or low foaming), and cell structure (open or closed).
The distinction between open-cell and closed-cell foams is functionally critical: open-
cell foams allow fluids to pass through their interconnected structure, while closed-
cell foams prevent water absorption, making them ideal for buoyancy or insulation
applications [4].

The porous structure of polymeric foams makes them intrinsic enablers of process
intensification. The vast internal surface area they provide is crucial for enhancing
mass and heat transfer in chemical processes, which aligns directly with one of the
fundamental principles of PI: maximizing specific surface areas. Engineering these
porous structures involves more than just creating a lightweight material; it also
involves sculpting their microstructure (cell size, interconnectivity and porosity) to
optimize transport phenomena. The ability to control these morphological character-
istics is central to PI foam research and development, transforming morphology into a
critical design variable for process efficiency.

One area of particular interest is the potential of hybrid polymeric foams for
multiscale functionality. Hybrid metal foams, for example, consisting of a thin metal
film on a porous polymer substrate, have been shown to improve mechanical and
electrical properties while maintaining the flexibility of the polymer matrix [5]. This
synergy mitigates the weaknesses of the individual materials (e.g., metals are stiff, but
polymers are flexible).

Among their numerous applications, open-cell polymeric foams have shown
promise as supports in catalytic systems due to their high specific surface area and
excellent mass transfer properties. A detailed discussion of these catalytic applica-
tions is provided in Section 4.1.

1.3 scCO, as a green processing tool for polymers

Supercritical carbon dioxide is a unique state of matter in which the liquid and gas
phases become indistinguishable due to the pressure and temperature being above
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their critical values (Tc = 31.1°C and Pc = 7.38 MPa). In this state, scCO, exhibits inter-
mediate properties between a gas and a liquid, possessing a density similar to a liquid
but with diffusivity and viscosity comparable to a gas. One of its most notable char-
acteristics is its ability to ‘tune’ its solvent power and transport properties by making
precise adjustments to the temperature and pressure. In addition to these adjustable
physical properties, supercritical carbon dioxide has intrinsic advantages that make it
an ideal solvent: it is inert, nontoxic, non-flammable, inexpensive, widely available,
fully recyclable, and leaves no residue in the final product [6].

By replacing petroleum-derived solvents such as hexane, ethanol, and acetone,
scCO, drastically reduces health and environmental risks by eliminating the produc-
tion of effluents and pollutants. This feature aligns it directly with the principles of
green chemistry and sustainable manufacturing practices [6]. In the polymer foaming
process, scCO;, is injected directly into the molten polymer, eliminating the need for
chemical blowing agents, which are often toxic and harmful to the environment [7].
This improves the safety of the process and contributes to a cleaner end product.

One of the most significant advantages of scCO; is its ability to provide improved
control over foam properties. It enables the precise adjustment of foaming param-
eters, resulting in foams with a smaller pore size, higher pore density, and superior
performance in a variety of applications [7]. In addition, scCO, acts as an effective
plasticizer for polymers, reducing their viscosity and glass transition temperature
(Tg). This facilitates polymer processing and improves the diffusion of additives
within the matrix [8]. The versatility of supercritical carbon dioxide extends to a wide
range of industries, including food, pharmaceuticals, perfumery, automotive, foot-
wear, medical devices, and composite materials.

The ability to adjust the properties of scCO, in real time by controlling pressure and
temperature is a fundamental feature that enables high-precision materials engineer-
ing. In the context of foaming, for example, this ‘tunability’ enables the precise control
of properties such as pore size and density [9]. In impregnation, it directly affects the
solubility of the active ingredient and its ability to diffuse into the polymer. It can even
modify the crystallinity and thermal properties of the polymer [10]. This tunability
establishes scCO, as a precision engineering tool at the molecular and micrometer levels.
It is essential for fabricating polymeric foams with highly customized morphologies and
functionalities, which is critical for advanced applications requiring very specific proper-
ties, such as tissue engineering scaffolds with controlled porosity and connectivity [11] or
drug delivery systems with precise release profiles [12].

2. Fundamentals of polymeric foam formation with scCO,
2.1 Phase behavior and solubility

CO; acts as a physical blowing agent, and its interaction with the polymer dictates
the entire cell formation and structure. At this point, it is necessary to understand and
control the foaming process. Moreover, in the case of scCO,, it can rapidly penetrate
and diffuse into the polymer matrix, facilitating quick saturation times and providing
enough gas for foam expansion. In addition, scCO, properties as density, viscosity,
and thus solvent power, can be modulated by varying temperature and pressure,
allowing for fine-tuning of the foaming process and resulting foam morphology.

The solubility of CO, in polymers generally increases with increasing pressure at
a constant temperature, up to a certain point [13]. Higher pressure means more CO,
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molecules are forced into the polymer, leading to a higher concentration of dissolved
gas. However, the relationship between temperature and solubility is more complex.
Generally, at constant pressure, an increase in temperature can initially increase
solubility due to increased polymer free volume. However, at higher temperatures, the
decreased density of scCO, and reduced interaction strength can lead to a decrease in
solubility [14]. The optimal foaming temperature window is often a balance between
sufficient solubility for gas loading and appropriate polymer viscosity for cell growth
and stability.

Another point to consider is the chemical nature of the polymer which signifi-
cantly influences CO, solubility. Polymers with polar groups often exhibit stronger
interactions with CO,, leading to higher solubility compared to nonpolar polymers
[10]. For instance, CO, generally has high solubility and diffusivity in polymers,
especially those with polar groups, providing more gas for cell growth.

The solubility of CO; into the polymer is directly related with the plasticization
effect. In this sense dissolved CO, acts as a plasticizer for the polymer, reducing its
glass transition temperature and viscosity. This plasticization is essential for allowing
the polymer to deform and expand during cell growth. The extent of Tg depression is
directly related to the amount of dissolved CO, [15].

Understanding the phase equilibrium of the polymer-CO, system is crucial for
predicting and controlling the foaming process. Phase diagrams (e.g., pressure-
composition diagrams) can illustrate the conditions under which CO; is dissolved in
the polymer, the onset of phase separation (nucleation), and the conditions for foam
stability. One method to elaborate a phase equilibrium diagram is using a view cell
equipment. The polymer-CO, mixture is directly observed in a high-pressure cell
equipped with sapphire windows. Pressure and/or temperature are adjusted until
turbidity (the “cloud point”) is observed, indicating phase separation (either the
formation of CO, bubbles within the polymer or the precipitation of the polymer).

2.2 Nucleation, cell growth, and stabilization

Nucleation is the birth of gas bubbles within the polymer matrix. It is the initial,
crucial step that dictates the number of cells (cell density) in the final foam. The
prerequisite for nucleation is supersaturation. This occurs when the dissolved CO, in
the polymer is suddenly pushed out of its equilibrium state. In scCO, foaming, this
is typically achieved by a rapid pressure drop (decompression) or, less commonly, a
rapid temperature increase. The sudden reduction in solubility means the polymer
now holds more CO, than it can at the new conditions [16].

For a new bubble to form, it must overcome an energy barrier. This barrier arises
from the work required to create a new gas-polymer interface (surface tension) and the
work needed to expand the polymer to accommodate the bubble. According to classical
nucleation theory, a bubble becomes stable and grows when it reaches a “critical radius.”
Bubbles smaller than this critical size tend to collapse, while those larger will grow.

On the other hand, nucleation can be homogeneous or heterogeneous.
Homogeneous nucleation occurs spontaneously within the bulk of the polymer-CO,
solution. It requires a very high degree of supersaturation and is less common in
practical foaming processes. However, heterogeneous nucleation is the dominant
mechanism in most scCO, foaming processes. It occurs at pre-existing imperfec-
tions (e.g., impurities, internal voids, or intentionally added nucleating agents like
nanoparticles) within the polymer. These sites lower the energy barrier for bubble
formation, making it easier for nuclei to form. Rough surfaces also provide such sites.

145



Advanced Foams for Process Intensification

Anyway, nucleation can be influenced by factors such as depressurization rate. A
faster depressurization rate leads to a higher degree of supersaturation, resulting ina
higher nucleation rate and thus more, smaller cells [17]. The initial concentration of
CO, (generally the higher initial concentration of CO, the higher the nucleation) in the
polymer and its plasticization level, both of which also influence the energy barrier for
nucleation and this fact can be tuned by saturation pressure and temperature [18].

Moreover, polymer properties, such as viscosity, glass transition temperature, and
interfacial tension with CO,, must be taken into account [19]. For instance, lowers
glass transition and viscosity, facilitating nucleation. Once nuclei are formed, they
begin to grow by absorbing more CO, from the surrounding supersaturated polymer
matrix. Cell growth is primarily driven by the diffusion of dissolved CO, from the
polymer into the existing bubbles. The concentration gradient between the supersatu-
rated polymer and the growing bubble drives this mass transfer.

As CO, continues to diffuse out of the polymer into the bubbles, the polymer
matrix around the bubbles loses its plasticizing agent, leading to an increase in its
viscosity. This viscosity increase eventually slows down and stops cell growth. Higher
temperatures generally increase the diffusivity of CO, in the polymer and lower the
polymer’s viscosity, leading to faster and larger cell growth. However, excessively high
temperatures can lead to cell coalescence.

In this step, the melt strength and viscosity of the polymer-gas mixture are critical
[20]. A polymer with sufficient melt strength can resist the internal pressure of the
growing bubbles without rupturing, allowing for uniform growth. In this sense, too
low a viscosity can also lead to cell coalescence.

Once bubbles are formed, stabilization is needed, as the process of freezing the
cellular structure to prevent cell collapse, shrinkage, or further unwanted growth and
coalescence after the desired foam morphology is achieved. The most common and
effective stabilization method is rapid cooling of the foamed polymer below its glass
transition temperature for amorphous polymers, or below its crystallization tempera-
ture for semi-crystalline polymers. This causes the polymer to solidify, locking the
cell structure in place. As the polymer cools, its viscosity rapidly increases, hindering
further CO, diffusion, restricting cell growth, and preventing cell coalescence or
collapse. As a faster cooling rate generally leads to better preservation of the fine cell
structure formed during nucleation and growth, a polymer with a suitable Tg and
ability to solidify quickly is ideal. Thicker cell walls provide more structural integrity
and resistance to collapse.

In essence, successful scCO, foaming requires a precise control over the inter-
play between the thermodynamics of CO;, solubility and the kinetics of nucleation,
cell growth, and solidification to achieve a desired foam morphology with optimal
properties.

2.3 Strategies for controlling cell interconnectivity and open-cell content to
generate porosity

Controlling cell interconnectivity and the proportion of open cells is crucial for
specific applications such as tissue engineering, filtration, and insulation, where mass
transport properties are quite important [21]. Achieving precise control often requires
advanced techniques beyond standard foaming parameters. Traditional single-step
foaming processes offer limited control over the intricate details of cellular architec-
ture, particularly interconnectivity. Advanced foaming techniques represent a higher
level of control, enabling the creation of complex, hierarchical cellular structures.
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2.3.1 Multistage depressurization

This technique allows for the creation of a wider range of pore sizes and can yield
bimodal or even trimodal cellular structures. The process typically involves a slower initial
depressurization step, which facilitates the formation of larger pores. This is then followed
by arapid second depressurization step, which triggers the nucleation of new, smaller
pores and promotes the additional growth of existing ones [22]. For example, in poly (e-
caprolactone) (PCL) scaffolds, this method has successfully produced large pores (over
100 pm) from the slow step and smaller pores (below 40 pm) from the fast step [11]. This
approach moves beyond optimizing individual parameters to designing sequences of
operations, offering refined control over pore size distribution.

2.3.2 Gas counter-pressure molding (GCP)

GCP is an injection molding technique where the mold cavity is prefilled with
a high-pressure inert gas before the polymer-SCF melt is injected. This pressure
is maintained throughout the filling stage. The counter-pressure delays bubble
nucleation during the filling stage, which not only improves the surface quality of
the molded part but also helps achieve more uniform foaming throughout the mate-
rial [23]. Furthermore, GCP can be leveraged to increase foam density and promote
bubble coalescence between layers, which is beneficial for enhancing gas permeability
in applications like filtration.

2.3.3 Temperature-induced foaming

This foaming approach begins by saturating the polymer with a supercritical fluid
at lower temperatures and pressures. Foaming is then induced by quickly transferring
the saturated polymer to a hot medium (e.g., hot water or oil). The sudden tempera-
ture increase significantly reduces the blowing agent’s solubility (above the polymer’s
depressed glass transition), prompting rapid cell nucleation and growth [24].

These multistage processes represent a significant advancement in achieving hier-
archical control over foam structures. They enable the creation of complex architec-
tures that would be difficult or impossible to achieve with single-step methods. This
implies that advanced manufacturing paradigms are necessary for producing highly
customized foam architectures with tailored interconnectivity.

2.3.4 Post-foaming treatments

While in-process parameters establish the initial foam structure, post-foaming
treatments offer a “second chance” to refine or drastically alter the cellular morphol-
ogy, particularly the interconnectivity. These methods are crucial for applications
demanding high levels of pore interconnectivity.

2.3.5 Ultrasonication

This technique involves applying external ultrasonic vibrations to the foamed
polymer, significantly improving cell interconnection and permeability. It offers a sol-
vent-free method for creating open-cell structures, overcoming the typically closed-
cell morphology obtained with CO, batch foaming [25]. The mechanism involves
the application of instantaneous energy through acoustic vibration, micro-jets, and
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ultrasonic cavitation, which generates localized high temperatures and pressures that
break cell walls, thereby increasing permeability. If applied at the beginning of cell
nucleation, ultrasonication can enhance nucleation and lead to higher cell density. If
applied after cell nucleation and growth, it results in cell wall rupture, yielding a more
open and interconnected cellular structure.

2.3.6 Polymer leaching

This method involves mixing a water-soluble sacrificial polymer (like
poly(ethylene oxide) (PEO) or poly(vinyl alcohol) (PVA)) or particulate porogens
(such as sodium bicarbonate (NaHCQO3), silica, or sodium chloride (NaCl)) with the
main polymer. After foaming, the sacrificial material is washed away with water,
leaving behind a highly porous and interconnected structure. For example, adding
microparticulate silica has been shown to increase the interconnectivity in polylac-
tide scaffolds [26]. In another instance, PCL/cellulose nanofiber composites, where
NaHCO; acted as a porogen, achieved an impressive 82% open-cell content.

2.3.7 Annealing

In batch foaming, an isothermal thermal treatment, or annealing, is often used.
This step ensures the blowing agent fully saturates the polymer and helps perfect its
crystal structure. During annealing, small, imperfect crystals can mature into more
stable, tightly packed, and flawless crystalline forms. This ultimately affects the
foam’s overall shape and stability.

2.3.8 Stretching/deformation

Applying mechanical stretching or deforming a foamed polymer can trigger strain-
induced crystallization, especially in materials like polylactic acid (PLA). This process
speeds up crystallization, leading to more chain orientation and crystallinity. These
changes can, in turn, significantly affect the foam’s mechanical properties and potentially
its interconnectivity. Specifically, as cells grow, their walls experience biaxial stretching,
while the struts (the thicker parts between cells) undergo uniaxial stretching.

These post-foaming treatments offer a second opportunity to modify the cellular
structure, especially interconnectivity. This is particularly valuable for applications
such as in biomedical scaffolds or filtration membranes. These methods enable
modifications that might be difficult or impossible to achieve solely through primary
foaming parameters, effectively decoupling some aspects of cell formation from cell
interconnectivity.

2.3.9 Polymer blending and chemical modification for interconnectivity

Beyond process and post-foaming treatments, the inherent design of the polymer
material itself, through polymer blending and chemical modification, offers proactive
strategies for controlling cell interconnectivity.

2.3.10 Blending immiscible polymers

This method involves blending two or more polymers that do not easily
mix, creating a heterogeneous melt structure. The boundaries between these
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unmixable phases act as nucleation sites for gas bubbles. As these bubbles grow
and collide at these interfaces, they thin and eventually rupture the cell walls,
leading to open-cell structures. For example, when creating foams from PLA and
poly(butylene succinate) (PBS), researchers have achieved a very high open-cell
content (up to 97.7%), with PBS effectively acting as a cell opener [27]. Thisis a
clever technique that uses phase separation to precisely control the foam’s final
shape and structure.

2.3.11 Chemical modifications

Setting a polymer’s molecular architecture is a direct way to control its rheologi-
cal properties and, by extension, a foam’s interconnectivity. Techniques like chain
extension, branching, and crosslinking are used to boost the polymer’s melt strength.
A stronger melt is vital; it prevents cells from collapsing or rupturing, keeping the cell
walls intact. These modifications typically ramp up the polymer’s molecular weight
and viscosity, which helps reduce the loss of blowing agent gas during expansion.
Plus, these chemical changes can form crystalline regions, acting as extra spots for
bubbles to form, leading to a finer foam structure.

2.3.12 Advanced plasticizers

Certain specialized plasticizers [28] can be incorporated to enhance pore intercon-
nectivity. For example, eugenol has been shown to improve pore interconnectivity
in PCL foams, while also offering bioactive properties. When it comes to designing
materials for specific foam structures, a smart strategy involves both blending differ-
ent materials and modifying them chemically.

One clever way to manage how cells connect within a foam is by using immiscible
blends. These blends, where the materials do not mix, naturally separate into distinct
phases. This phase separation can be precisely controlled to intentionally rupture cell
walls, creating the desired foam structure.

Anotbher critical aspect is directly improving the melt strength of the material.

A stronger melt means the cell walls can maintain their integrity better during the
foaming process, which is essential for controlling the final foam structure.

3. Functionalization via supercritical impregnation

Material functionalization is a key aspect of advanced materials engineering,
enabling existing structures to take on new properties for specific applications. In
this field, supercritical impregnation (SSI) is a cutting-edge technique for imparting
specific functionalities to polymeric foams. This section will provide a detailed dis-
cussion of the principles and mechanisms governing SSI, the critical factors influenc-
ing its effectiveness and a comprehensive review of its most recent and promising
applications in various technological fields.

3.1 Principles and mechanisms of impregnation with scCO, in polymers

Supercritical solvent impregnation (SSI) is a modern technique that uses the
unique transport properties of supercritical fluids to fabricate materials with
advanced functionalities. The most commonly employed supercritical fluid is scCO,,
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which exhibits an ideal combination of low viscosity, high diffusion coefficients,
liquid-like densities, and virtually zero surface tension. These characteristics are criti-
cal to the success of the process [29].

The SSI mechanism proceeds in several interconnected stages. First, the scCO,
acts as an effective solvent for the desired active ingredient, whether a drug, dye,
bioactive compound, or nanoparticle. Thanks to its high diffusivity and zero surface
tension, the scCO, solution and the active ingredient penetrate deep into the polymer
matrix, even into the most intricate pores and microstructures of the material [29].
This deep, homogeneous penetration capability is a distinct advantage of SSI over
conventional impregnation techniques, which often only reach the surface of the
material or result in non-uniform distribution of the active agent.

Once the active ingredient has been dissolved and distributed evenly throughout
the polymeric material, the system proceeds to the depressurization stage. During
this critical phase, the CO, rapidly transitions from a supercritical state to a gaseous
state and leaves the system. As a result of this controlled depressurization, the active
principle precipitates and is uniformly deposited in the polymeric matrix. The final
product is a dry, impregnated material free of organic solvent residues, simplifying
further processing and purification steps. SSI can be implemented in batch mode for
preliminary and laboratory-scale studies, and in semi-continuous mode for greater
efficiency and scalability [29].

The effectiveness of impregnation is intrinsically linked to the complex interactions
established between scCO,, the polymer, and the active compound [30]. The scCO, acts as
a solvent for the active compound and interacts directly with the polymer matrix. When
absorbed by the polymer, the scCO, acts as a plasticizer, increasing the polymer’s frac-
tional free volume and reducing its intermolecular interaction energy [14]. This decreases
the polymer’s Tg and viscosity, thus facilitating the active compound’s diffusion through
the matrix [8]. The high diffusivity of the scCO, allows the active compound to penetrate
faster and deeper into the polymer volume, ensuring a homogeneous distribution that is
difficult to achieve with conventional methods.

Depressurization is not merely the removal of the solvent; it is a critical event that
induces the precipitation of the solute and the ‘fixation’ of the new foam morphology.
This interaction involves a complex balance of solute solubility in scCO,, polymer
plasticization and depressurization kinetics. The success of SSI hinges on the precise
manipulation of these interface dynamics. Controlling pressure and temperature
affects not only solubility, but also the degree of plasticization and the rate of solute
diffusion. This makes SSI a ‘real-time materials engineering’ technique, where the
fluid-polymer interaction is controlled to produce specific properties. The impregna-
tion technique can be applied in a single step while the polymer is being plasticized
and the compound to be impregnated is introduced into the mold, causing subsequent
expansion when the pressure is released. Figure 1 shows a diagram of the single-step
process, which has been researched in several scientific publications [31].

Despite its many advantages, scCO, has one fundamental limitation: its poor solu-
bilization capacity for polar and ionic species. This restricts the range of compounds
that can be efficiently impregnated. However, this limitation has driven innovation in
the field. To overcome it, research has explored the use of “binding agents” or “co-
solvents” such as ethanol, water, or acetone [32]. These co-solvents can enhance the
solubility of CO, in the polymer and increase the interaction between CO, and poly-
mer chains, allowing impregnation of more polar compounds and modification of the
porous structure. This inherent limitation of scCO, is not a dead end, but a catalyst for
innovation, significantly broadening the spectrum of materials and composites that
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Figure 1.
Scheme of polymer foam formation and impregnation from CO, in a single-step.

can be functionalized, albeit at the cost of increased process complexity. Optimizing
the SSI process requires a thorough understanding of the key factors that influence its
development. Table 1 summarizes these factors and their impact on the impregnation
of polymeric foams with scCO,.

3.2 Advanced applications and recent case studies

The ability to functionalize polymeric foams through impregnation with scCO,
has opened up a wide range of advanced applications, demonstrating the versatility
of this technology across various sectors. The impact of this technique is illustrated by
recent case studies presented below.

3.2.1 Catalytic functionalization and nanoparticles

Polymeric foams are ideal supports for catalysts and nanoparticles thanks to
their high surface area and controllable porous structure. Using scCO, enables the

Key factor Summary of influence

Pressure Controls scCO, density and solvent power; higher pressure increases CO,
solubility and affects foam structure.

Temperature Affects solute solubility and polymer-scCO, diffusion; also influences
polymer crystallinity and thermal properties.

Impregnation time Determines how much and how well the active compound is loaded and

distributed; overly long times may reduce effectiveness.

Depressurization rate

Key for proper solute precipitation; too fast can cause uneven distribution or
unwanted foaming.

Nature of the active compound

Solubility in scCO, depends on polarity and molecular structure; nonpolar
or specific structures dissolve better.

Nature of the polymer

Polymer-scCO, affinity and crystallinity affect CO, absorption and solute
diffusion; polymer plasticization is crucial.

Use of Co-solvents/binding
agents

Helps dissolve polar compounds and enhance interactions, but can
complicate the process.

Compound-polymer affinity

Strong interactions are essential for retaining and evenly distributing the
active compound in the matrix.

Table 1.

Key factors influencing scCO, impregnation in polymers [6].
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production of nanocellular foams with a diameter of less than 100 nm, which sig-
nificantly improves catalytic activity by increasing the surface area. Foams stabilized
with nanoparticles (e.g., nanosilica) have been developed for enhanced oil recovery
(EOR), achieving stable structures containing 100-150 nm particles. Inorganic TiO,
has also been incorporated into PCL foams using scCO,-assisted foaming to obtain
composite materials with density values in the 0.2-0.5g/cm? range, pore size between
360 and 720 nm and narrow pore size distribution [33]. Furthermore, coating metal
catalysts (Ag, Au, Pt, Pd, Zn and Cu) with polymers has been shown to improve
activity, stability, and selectivity. For instance, biopolymers such as chitosan have
been employed to coat catalytic metal-organic frameworks (MOFs) [34]. Finally,

the scCO, technique has been shown to enable the tuning of pore size and density in
PMMA foams, making it useful for designing customized catalytic supports.

Growing concerns about public health and food safety have led to the development
of polymeric foams with antimicrobial properties. Impregnation with supercritical
carbon dioxide is an ideal, nontoxic technique for biomedical applications, as it avoids
the harmful residues left by conventional, solvent-based methods.

3.2.2 Antimicrobial functionalization

Recently, research has focused on impregnating polymers with natural bioactive
compounds and plant extracts to impart antimicrobial activity. For instance, polypro-
pylene nonwoven fibers impregnated with thymol have demonstrated high efficacy
against common bacteria and fungi, such as Escherichia coli, Staphylococcus aureus, and
Candida albicans, with loading reaching up to 19.6%. Similarly, 15% carvacrol was
incorporated into cotton gauze, yielding comparable antibacterial results [29].

In tissue engineering, PCL and PCL-HA scaffolds impregnated with carvacrol
were fabricated, reaching a loading of up to 10.57% in PCL-HA and demonstrating
the potential of this approach for functionalized biomaterials [35]. Additionally,
clove extract impregnated into polycarbonate (PC) achieved a loading of up to 18.5%,
suggesting its potential use in antimicrobial food packaging thanks to the presence of
eugenol [36]. These cases confirm that solid impregnation with scCO,, also known
as supercritical fluid impregnation (SFI), allows the development of safe, functional
and antimicrobial materials that can be adapted for various applications.

3.2.3 Drug and bioactive compound delivery systems

The development of controlled drug release systems has been transformed by
scCO, impregnation, which allows polymeric nanocarriers to be formulated with
precise control of particle size, morphology, and drug loading. Furthermore, it elimi-
nates the need for the purification steps that are common in traditional techniques
[37]. For instance, impregnating aspirin in poly(lactic acid) (PLA) and linear low-
density polyethylene (LLDPE) yielded higher loadings and a more prolonged release
than traditional methods. PLLA released 60% of the drug within 74 days, which is
ideal for long-term treatment. Similarly, the release of thymol from TPS and TPS-PCL
mixtures can be modulated by varying the temperature, time, and PCL content [38].
Sustained release for up to 5 days has also been achieved under specific pressure, tem-
perature and depressurization conditions [39]. Furthermore, micronation techniques
using scCO, improve oral solubility and bioavailability, thereby reducing dosage and
side effects. This also facilitates the development of pulmonary delivery systems [12].
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Another example is the impregnation of PHB-HV with mango leaf extract to create
materials with antioxidant and antimicrobial properties, which are modulated by
operating conditions.

3.2.4 Fabric engineering scaffolds

Porous polymeric scaffolds are essential in tissue engineering, as they offer a three-
dimensional structure that allows cell adhesion, proliferation and regeneration. The
use of scCO; has established itself as a “green” alternative by avoiding organic solvents
and high temperatures that could damage cells or sensitive molecules [32]. PCL scaf-
folds have been obtained by scCO,-assisted foaming, achieving pores of 70-180 pm,
90% porosity and 96% interconnectivity, ideal for regenerative applications [11].
PDLLA and PLGA scaffolds, capable of releasing growth factors in a controlled man-
ner, have also been fabricated, showing the versatility of the method.

An outstanding advance is the combination of 3D printing with supercritical
foaming, which allows obtaining anisotropic structures with enhanced intercon-
nected porosity, overcoming the limitations of conventional 3D printing. More
homogeneous structures have also been achieved in crystalline polymers such as PCL,
using scCO,-ethanol blends [40].

3.3 Advantages and challenges of functionalization of polymeric foams with
scCO,

The functionalization of polymeric foams with scCO, is a highly efficient process
intensification strategy, as it often allows foaming and functional loading to occur in
a single step. This reduces the need for intermediate steps, as well as energy consump-
tion and waste generation. The main advantages of this method are its sustainability
and solvent-free nature, as it uses recycled CO, as the process medium, thereby
decreasing the environmental footprint. The mild operating conditions (low tempera-
ture and inert atmosphere) enable the incorporation of thermo- or photo-sensitive
compounds without causing degradation. Furthermore, the ability to adjust pressure
and temperature provides precise control over pore morphology, density, and distri-
bution, as well as the loading and release of functional agents. This unified approach
clearly demonstrates intensification, as it reduces the number of steps, improves mass
transport efficiency, and increases overall process efficiency. The result is purer, more
active products with custom-designed structures from a single integrated operation.

However, there are challenges that hinder its industrial adoption. The high cost of
pressurized equipment makes it difficult to scale up. Additionally, the low solubility
of polar compounds in scCO;, limits its scope without the use of co-solvents, which
partly compromises the ‘green chemistry’ of the process. Morphological control
scaling and achieving homogenous functional loading remain technical challenges,
as does the end-of-life management of treated foams. Furthermore, the interaction
of CO, with certain polymers can induce undesirable phenomena, such as second-
ary foaming or structural alterations, necessitating precise control of the operating
conditions [41].

In conclusion, the functionalization of foams with scCO, embraces the spirit of
process intensification, offering higher efficiency, a lower environmental impact, and
multifunctional capabilities. Overcoming technical and economic barriers will be key
to consolidating its large-scale industrial adoption.
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Figure 2.
Comparison of velative hydrogen production rate between packed bed and scCO,-processed foam catalyst under
identical conditions: dehydrogenation of H,s DBT at a temperature between 280 and 320°C at atmospheric pressure [46].

4. Applications in-process intensification

4.1 Polymeric foams as catalytic supports: Performance and process
intensification potential

In the field of catalysis, open-cell foams are exceptional candidates for support-
ing structured catalysts in gas-solid catalytic processes. Their design enables them to
achieve high reaction rates controlled by gas-solid diffusional mass transfer. These
foams offer superior heat and mass transfer properties combined with low pressure
drops, outperforming traditional packed beds in terms of high porosity volume [42].
Specific examples include palladium-alumina-coated metal foams for catalytic CO
oxidation and metal supports in the form of honeycomb monoliths and open-cell
foams as strong candidates for intensifying nonadiabatic catalytic processes [43]. In
addition to catalysis, the controllable porosity and tunable surface functionality of
porous polymers make them ideal for use in applications that require enhanced mass
transfer, such as air purification and water treatment [44].

Recent studies have demonstrated that Pd/HDPE foams formed using scCO,
exhibit open-cell structures (20-60 pm), significantly outperforming pellet-based
supports in hydrogenation reactions [45]. Musavuli et al. (2025) discovered that
Pt/Al,0; catalysts supported on metal foams yielded 59% more hydrogen in LOHC
hydrogenation processes than conventional packed beds (Figure 2) [46].

Jiang et al. demonstrated that scCO,-assisted synthesis of metal nanoparticles
enables precise control of morphology and loading, which is essential for upgrading
biomass-derived molecules [47]. Furthermore, the oxidation of Cu nanoparticles in
scCO,, followed by electroreduction, generated amorphous CuO structures with over
65% Faradaic efficiency for C,* products [48]. Together, these findings suggest the
strong potential for integrating functionalized foams into compact reactor modules.

4.2 Advance media for mass and heat transfer

The physical properties of scCO,—liquid-like density, gas-like diffusivity, and low
viscosity—(Figure 3) enhance its role as a mass and heat transfer agent. Significant
improvements in-process efficiency are the result of combining these properties with
porous foams.
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As illustrated in Figure 3, supercritical CO, has a density similar to that of a liquid
and a diffusivity and viscosity similar to those of a gas. This combination offers
unique advantages for mass and heat transfer. It is important to note that the density
of typical process gases at ambient pressure and temperature is several orders of mag:-
nitude lower than that of supercritical CO, and liquids, often being less than 1 kg/m”.

Versteeg et al. developed a model to analyze the correlations between the
Sherwood and Reynolds numbers in scCO, flows [49]. These correlations are of
fundamental importance for the design of heat exchangers and foam reactors.
Furthermore, Nguyen et al. employed direct numerical simulations to unveil orienta-
tion-dependent heat transport behavior close to the critical point [50].

Experimental studies involving porous silicon carbide (SiC) tubes exposed to
scCO, have confirmed superior convective heat transfer, thus indicating that foam-
integrated scCO, [51]. Furthermore, Coupled-Matrix-Foam simulations enable the
prediction of multiphase behavior in real-time reactor operation [52].

4.3 Lightweight and thermally insulative materials

ScCO,-foamed polymers, including polylactic acid (PLA) and polycaprolactone
(PCL), have been demonstrated to yield ultralight structures with low thermal con-
ductivity, a property that is paramount for the insulation of reactors. The utilization
of these materials as diffusion barriers or passive structural components is a subject
that is being investigated with increasing frequency. Zhou et al. reviewed hybrid
processing strategies (e.g., freeze-drying combined with supercritical carbon dioxide
foaming) to generate uniform microcellular foams [53]. Furthermore, TPU-based
foams processed using scCO, offer flexibility and durability, rendering them ideal for
adaptive insulation in dynamic environments [54].

4.4 Integration into foam reactors and diffusion layers
Functional foams created with scCO, are increasingly incorporated into integrated

reactor modules, where reaction, separation, and heat exchange co-occur. scCO,
enables in-situ nanoparticle synthesis and impregnation, reducing steps and waste.
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Relative comparison of gas, liquid, and scCO, properties. Source: Own elaboration based on data from Ref.
Brunner [35].
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Sauceau et al. showed the new challenges, as a one-step scCO, extrusion method for
catalytic foams, eliminating the need for post-processing [7]. Jiang et al. and Nguyen
et al. both highlight how these foams are used in biomass valorization, gas reforming, and
antimicrobial layer formation [47, 50]. The potential to use these foams in electrochemical
systems—where scCO,-processed Cu-based catalysts show enhanced C, product selectiv-
ity—demonstrates their versatility and alignment with green chemistry goals [48].

5. Environmental, energy and recycling benefits and scale-up challenges
5.1 Environmental sustainability and energy efficiency

The utilization of scCO, obviates the requirement for toxic chemical blowing
agents. In contrast to chemical foaming agents, which release harmful by-products
such as azodicarbonamide decomposing to CN compounds, scCO, is nontoxic, inert,
and abundant, aligning with the principles of green chemistry [9].

The utilization of scCO, foaming as a substitute for synthetic blowing agents, in
conjunction with a reduction in solvent usage, results in a substantial decrease in CO,
and VOC emissions. Evaluations suggest that it mitigates the impact of greenhouse
gases more effectively than conventional polymer foam production.

Integration of scCO, foaming with extrusion, microwave-assisted heating, or
ultrasound-assisted batch foaming has been demonstrated to reduce energy demand
(Figure 4) by up to 45% in comparison with traditional methods [52]. The applica-
tion of ultrasound in conjunction with scCO, foaming has been demonstrated to
enhance the porosity of the resultant material, whilst concomitantly reducing both
the temperature and duration of the process.

Since scCO; does not introduce residual solvents and uses physical desorption,
polymer foams can be reprocessed more easily. Initial studies demonstrate the feasi-
bility of recovering and re-foaming PCL, PLA, and PMMA in closed-loop systems,
thereby supporting circular economy models [55].

5.2 Technical and scale-up challenges

The consistent production of cellular morphology in continuous processes remains
challenging, particularly for polymers such as polypropylene, which possess low melt
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Figure 4.
Relative energy consumption in foaming processes using traditional vs. scCO,-assisted methods [9, 52].

156



Supercritical CO,-Processed Polymeric Foams for Process Intensification Structure, Functionality...
DOI: http://dx.doi.org/10.5772/intechopen.1012450

Benefit/challenge Highlights
Environmental Solvent-free, reduced GHG emissions, supports circular economy
Energy efficiency Integrated heating/foaming methods reduce power demand up to ~45%
Morphological control Requires rheological modifiers and precise process variables
Capital expense High equipment costs limit adoption at mid-scale
Foam stability and durability Needs robust design against mechanical and environmental degradation
Recycling infrastructure Recycling pathways still underdeveloped
Limited agent diversity Predominantly CO,, few viable alternatives studied

Table 2.

Summary of key points.

strength. It is evident that techniques such as long-chain branching, chain extenders,
blending, or fillers are utilized in order to enhance rheology. However, it is imperative
to note that these techniques require meticulous fine-tuning [56].

The financial outlay required at the outset for scCO, foaming systems, includ-
ing those of the Mucell® brand, and for custom extrusion units, is considerable.
According to industry reports, capital costs are estimated to exceed those of tradi-
tional foam lines by approximately 30-40%, thereby reducing economic appeal at
moderate scales [9].

The stabilization of foam under real-world conditions is contingent upon precise
control of gas diffusion, polymer crystallinity, additives, and saturation/desaturation
kinetics. In the absence of optimization, the integrity of the foam may be compro-
mised, resulting in premature loss of its designated properties.

Despite the chemical superiority of scCO, foaming, the recycling of foamed poly-
mer waste is not yet subject to a standardized set of methodologies. In the absence of
effective reclamation technologies, the environmental benefits of these materials may
be compromised.

The predominant agents in use at present are scCO, and, to a lesser extent, scN,.
Exploration of alternative supercritical gases remains in its infancy and is confronted
with challenges pertaining to leakage, cost, and safety (Table 2).

6. Challenges and future perspectives
6.1 Future perspectives and hybrid composite foams

In the context of increasing demand for multifunctional, sustainable materials,
there has been a notable integration of scCO, foaming with advanced processing
techniques, leading to the production of hybrid foams. The combination of addi-
tive manufacturing (3D printing) and scCO, enables hierarchical architectures
with tunable properties suitable for thermal management, shock absorption, and
filtration.

Recent advancements in the field have focused on the utilization of nanocom-
posites comprising carbon nanotubes, graphene oxide, and lignin-derived particles,
resulting in enhanced electrical conductivity, mechanical robustness, and thermal
stability. These hybrid foams have also been demonstrated to be attractive for electro-
magnetic interference shielding and flexible electronics [56].
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Emerging area Key scCO, foam advantage

Hybrid nanocomposites Enhanced conductivity, strength, and thermal stability

3D printing integration Custom architectures, complex porous designs

EOR and CO, sequestration Foam stability, shear thinning, and conformance control

Smart sensors and soft actuators Flexible, resilient, and pressure-sensitive foams

Building insulation and packaging Lightweight, low thermal conductivity, and green processing

Biomedical scaffolds Porous, biocompatible, and antimicrobial surface functionalization
Table 3.

Summary of trends and applications.

The introduction of bio-based components (for example, PLA with lignin or cellu-
lose nanofibers) into scCO, foamed structures is an area of research that is focused on
reducing the environmental impact of the process, whilst maintaining or improving
performance characteristics. These directions align with the overarching objective of
the circular economy and are currently under active exploration.

6.2 Emerging applications in intensified systems

scCO,-processed foams are being explored in various cutting-edge applications,
especially in chemical engineering and energy systems:

* In enhanced oil recovery (EOR), scCO, foams exhibit shear-thinning behavior
and improved reservoir conformance, enhancing sweep efficiency and reducing
gas mobility. This supports CO, sequestration and recovery in fractured forma-
tions [57].

 In the domain of soft robotics and sensors, TPU-based scCO, foams with conduc-
tive fillers are utilized as pressure sensors and actuators, benefiting from their
compressibility, resilience, and functional surface area.

* Advanced insulation panels for sustainable buildings and high-efficiency pack-
aging leverage the low thermal conductivity and lightweight structure of scCO,
foams. These panels often combine aerogels or phase-change materials within a
foam matrix for energy regulation [10].

* Additionally, researchers are evaluating the use of foamed materials in biomedi-
cal applications such as drug delivery scaffolds and antimicrobial surfaces,
particularly for implantable systems where porosity and sterility are crucial
(Table 3) [58].

7. Conclusions

The use of scCO, as a foaming and impregnation agent represents an effective
and sustainable strategy for the design of porous polymeric materials with advanced
functionalities. Throughout this chapter, we have demonstrated how the precise tun-
ing of parameters such as pressure and temperature allows for the control of polymer
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morphology—pore size, density, and degree of interconnectivity—while facilitating
the incorporation of active compounds in a single processing step.

The cases analyzed include catalytic supports with improvements of up to 60%
in hydrogen production, scaffolds with interconnected porosities greater than 90%
and controlled release systems with profiles sustained for several days. These results
confirm the potential of scCO,-processed foams in applications aimed at process
intensification, especially in catalysis, biomedicine, and heat and mass transfer.

While the environmental and functional advantages of using scCO, are evi-
dent—solvent-free processes, energy reduction, and recyclability—challenges remain
related to scalability, compatibility with polar compounds, and end-of-life manage-
ment of materials. Overall, polymer foams obtained using scCO, are a versatile tool
for the development of compact, efficient, and environmentally friendly systems, in
line with the principles of the circular economy and emerging technologies in chemi-
cal engineering.
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