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Abstract 
This study evaluated computational thermo-fluid dynamics modeling as a quantitative platform for process 
optimization in hydrogen-integrated industrial heat systems. A validated three-dimensional reacting CFD 
model was executed as a controlled numerical experiment across 60 design-of-experiments cases that spanned 
hydrogen volumetric shares from 0% to 100% (mean 52.3%, SD 30.1), oxidizer staging ratios from 0.50 to 
0.90 (mean 0.70), swirl/mixing levels from 0.20 to 0.90 (mean 0.56), jet momentum ratios from 0.60 to 1.80 
(mean 1.12), and recirculation rates from 0% to 25% (mean 11.8%). Extracted responses showed practical but 
non-uniform hydrogen effects: useful heat-transfer efficiency ranged from 71.2% to 86.5% (mean 79.8%, SD 
4.1), load temperature spread increased markedly from 18.4°C to 72.9°C (mean 41.6°C, SD 13.8), peak wall 
temperature varied between 1125°C and 1328°C (mean 1224°C), chamber pressure drop rose from 185 to 412 
Pa (mean 298 Pa), and NOx emission index spanned 0.38 to 1.54 g/MJ (mean 0.92 g/MJ). Correlation 
screening indicated strong positive associations between hydrogen share and NOx (r = 0.61), peak wall 
temperature (r = 0.52), and temperature spread (r = 0.47), while the link to efficiency was weak (r = 0.18). 
Reliability checks showed repeatability differences below 3% for all indicators and medium–fine mesh 
differences below 3.1%, confirming numerical stability. Multivariate regressions revealed that hydrogen share 
significantly increased NOx, wall hot spots, non-uniformity, and pressure drop, whereas oxidizer staging and 
swirl significantly mitigated these penalties; the hydrogen–staging interaction produced the largest NOx 
suppression. Feasible operating windows were therefore characterized by moderate-to-high hydrogen shares 
combined with elevated staging and swirl, preserving efficiency while meeting emissions, stability, pressure-
loss, and material-temperature constraints. 
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INTRODUCTION 
Computational thermo-fluid dynamics modeling is the systematic numerical representation of 
interacting heat-transfer and fluid-flow phenomena in engineered systems, typically expressed 
through the conservation laws of mass, momentum, energy, and chemical species (Deutschmann, 
2015). In industrial contexts, this modeling family includes steady and transient simulations of 
convection, conduction, radiation, buoyancy, turbulence, compressibility, multiphase transport, and 
reactive flow, all solved on discretized domains that mimic real equipment geometries. The term 
“process optimization” denotes a quantitative effort to adjust design variables and operating conditions 
so that predefined performance objectives are maximized or minimized under explicit constraints. In 
industrial heat systems, those objectives often include thermal efficiency, heat-flux uniformity, product 
quality stability, throughput, fuel utilization, and emissions control, while constraints include burner 
stability limits, safety thresholds, refractory durability, allowable pressure drops, and production 
schedules. Hydrogen-integrated industrial heat systems are high- or medium-temperature process-
heat assets that introduce hydrogen as a fuel, co-fuel, or heat carrier within established thermal 
architectures such as furnaces, kilns, boilers, reformers, heaters, and heat-recovery networks (Adair & 
Jaeger, 2019). International significance follows from the scale and hardness of industrial heat demand. 
Heavy industries represent a substantial fraction of global final energy use, and their process heat is 
frequently required at temperatures that challenge direct electrification. Across multiple world regions, 
decarbonization roadmaps identify hydrogen as a promising option for medium-to-high temperature 
heat because hydrogen combustion produces no carbon dioxide at the point of use and can be deployed 
through retrofits rather than full asset replacement. Parallel interest comes from energy security 
concerns, diversification of fuel portfolios, and the need to maintain competitive production costs 
under tightening environmental standards. Yet hydrogen changes the internal thermo-fluid behavior 
of heat systems in ways that are not captured by simple energy-balance calculations. The introduction 
of hydrogen influences flame structure, thermal radiation, convective mixing, density-driven 
circulation, and pollutant pathways. These influences are strongly coupled, spatially heterogeneous, 
and equipment-specific, which explains why computational thermo-fluid modeling has become central 
to the quantitative assessment and optimization of hydrogen-integrated heat processes (Casella, 2017). 
Multiple experimental and numerical studies across diverse industrial sectors collectively show that 
reliable predictive modeling is essential for scaling hydrogen use from pilot trials to internationally 
relevant production operations, because it provides controlled access to the flow and temperature fields 
that drive performance outcomes. 
Hydrogen’s physical, transport, and combustion characteristics define the distinctive thermo-fluid 
problem posed by hydrogen-integrated industrial heat systems. Relative to typical hydrocarbon fuels, 
hydrogen exhibits very low molecular weight, high diffusivity, a broad flammability range, low 
ignition energy, and high laminar flame speed (Chen et al., 2017). These properties increase the 
sensitivity of combustion to mixing patterns and local strain rates, producing flame behaviors that shift 
with burner momentum, swirl, staging, and oxygen availability. In practical furnaces, hydrogen 
enrichment changes jet penetration, entrainment, and recirculation zones, which in turn reshapes 
where heat is released and how it reaches the load. Hydrogen flames also alter the balance between 
radiative and convective heat transfer. Without soot formation, hydrogen flames in air are generally 
less luminous, so direct flame radiation to walls and products can decrease, while convective transfer 
and wall re-radiation can become relatively more important. In oxy-fuel or oxygen-enriched firing, the 
radiating species field changes substantially because the combustion products are dominated by water 
vapor with minimal carbon dioxide, shifting spectral emission characteristics and thus total radiative 
heat flux. These effects influence temperature uniformity, refractory wear patterns, and load heating 
rates (Papasidero et al., 2017). Another well-documented aspect is pollutant formation: hydrogen 
combustion can elevate thermal nitrogen oxides when peak temperatures and oxygen availability align 
in localized zones, so burner and staging adjustments are needed to maintain emissions compliance. 
At the same time, hydrogen’s high volumetric flow demand for equal thermal input affects pressure 
losses and fan or blower requirements, shaping furnace aerodynamics at scale. Findings from many 
sector-specific trials show that small changes in hydrogen ratio can produce non-linear changes in 
stability, heat-flux distribution, and emissions. Because these outcomes arise from coupled thermo-



Journal of Sustainable Development and Policy, September 2024, 87-133 

89 
 

fluid processes rather than from fuel chemistry alone, numerical modeling that resolves flow, heat 
transfer, and reaction together is required to interpret hydrogen’s role. Computational thermo-fluid 
dynamics therefore serves as a bridge between hydrogen property fundamentals and performance-
critical industrial behavior, enabling quantitative comparison across burner types, furnace geometries, 
and operating regimes found in different countries and industrial traditions (Rzehak, 2016). 
 

Figure 1: Hydrogen-Integrated Thermo-Fluid Process Optimization 

The mathematical and numerical structure of computational thermo-fluid dynamics modeling 
provides the basis for prediction and optimization. At its core, industrial reacting-flow CFD solves 
discretized forms of the Navier–Stokes equations coupled to energy conservation and species transport. 
The energy equation includes enthalpy convection, conductive diffusion, volumetric heat release from 
reactions, and radiative source terms (Arfan et al., 2021; Introini et al., 2018). Species equations include 
multi-component diffusion and chemical source terms that represent hydrogen oxidation pathways. 
Turbulence closure is a central modeling decision because industrial heat systems are dominated by 
high-Reynolds-number flows with swirl, buoyancy, and heavy recirculation. Design-level simulations 
often use Reynolds-averaged turbulence models to approximate mean flow and turbulent transport, 
while more detailed studies use scale-resolving approaches to capture coherent structures that 
influence flame wrinkling and heat transfer (Jahid, 2021; Akbar & Farzana, 2021). Combustion sub-
models determine how turbulence and chemistry interact. Industrial hydrogen studies have applied 
mixing-limited approaches, finite-rate chemistry with turbulence interaction, flamelet-based 
manifolds, transported probability density frameworks, and thickened or adaptive flame models, each 
chosen according to regime, computational cost, and required fidelity. Radiation modeling is equally 
indispensable in high-temperature equipment (Guelpa et al., 2016; Reza et al., 2021; Saikat, 2021). 
Participating-media radiation is modeled through angular discretization or diffusion-type 
approximations, combined with spectral band methods that capture water-vapor dominated emission 
(Shaikh & Aditya, 2021; Kanti & Shaikat, 2021). Conjugate heat transfer links gas-side fields to solid 
refractories, metallic walls, or moving loads, ensuring that wall temperatures and heat losses are 
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predicted consistently. Industrial geometries require robust meshing strategies that balance resolution 
near burners and heat-transfer surfaces with manageable cell counts across large enclosures (Zobayer, 
2021a, 2021b). Transient integration is important where burner cycling, load movement, regenerative 
switching, or hydrogen ratio modulation alter boundary conditions over time. Verification and 
validation practices, widely documented in the modeling literature, connect numerical predictions to 
plant measurements such as flue-gas temperatures, wall thermocouples, heat-flux probes, exhaust 
composition, and pressure drops (Ariful & Ara, 2022; Arman & Kamrul, 2022). These practices help 
quantify discretization error, model-form uncertainty, and parameter sensitivity. In hydrogen-
integrated heat systems, such rigor is magnified because hydrogen can steepen gradients near injectors 
and intensify turbulence-chemistry coupling (Liu et al., 2016; Mesbaul & Farabe, 2022). For 
optimization, this predictive foundation allows the conversion of simulated field quantities into 
measurable performance indicators, providing the quantitative substrate on which improved operating 
policies and design modifications can be evaluated systematically (Nahid, 2022; Hossain & Milon, 
2022). 
Hydrogen integration has been investigated across multiple heat-intensive industrial sectors, each 
adding distinctive thermo-fluid constraints that computational modeling can resolve (Abdur & Haider, 
2022; Mushfequr & Praveen, 2022). In steel reheating furnaces, hydrogen substitution affects flame 
impingement, recirculation, and billet heating uniformity, with consequences for metallurgical quality, 
scale formation, and fuel economy (Ayr et al., 2015; Mortuza & Rauf, 2022; Rakibul & Samia, 2022). 
Steel trials and simulations report that hydrogen alters near-burner temperature peaks and wall heat 
flux patterns, requiring burner staging and momentum tuning to retain uniform product temperatures 
(Rony & Ashraful, 2022; Saikat, 2022). In cement production, hydrogen blending in kiln and calciner 
burners changes the gas-solid heat transfer field that governs calcination and clinker formation. The 
long, rotating kiln geometry produces axial temperature gradients and complex recirculation zones, so 
thermo-fluid modeling is used to evaluate how hydrogen modifies residence times, radiative exchange, 
and local oxygen levels important for stable operation (Abdul, 2023; Abdulla & Zaman, 2023). Glass 
melting furnaces rely heavily on radiative transfer for melt heating; hydrogen’s altered radiance 
changes crown heat flux, melt-surface temperature distributions, and convective circulation above the 
melt, so multi-radiation CFD is needed to avoid cold regions or excessive refractory loading (Arfan et 
al., 2023; Di Martino et al., 2019). Petrochemical cracking furnaces and reformer fireboxes involve dense 
tube banks where radiative and convective transfer to coils must be controlled to prevent tube 
overheating and coking. Hydrogen firing influences flame shape and gas emissivity, shifting coil heat 
rates and tube metal temperature profiles, which modeling can map at high spatial resolution (Amin 
& Mesbaul, 2023; Foysal & Aditya, 2023). In boiler-based sectors such as pulp and paper or food 
processing, hydrogen blending interacts with low-NOx burner designs and flue-gas recirculation loops, 
affecting flame stability, heat-exchanger approach temperatures, and stack emissions (Hamidur, 2023; 
Rashid et al., 2023). Across these sectors, studies comparing different hydrogen ratios indicate that 
equipment-specific flow structures mediate the net thermal effect, meaning outcomes cannot be 
generalized from fuel properties alone. International industrial diversity further reinforces this point 
(Musfiqur & Kamrul, 2023; Muzahidul & Mohaiminul, 2023): furnace sizes, air or oxygen supply 
practices, refractory materials, and emission standards differ across regions, so predictive modeling is 
essential for transferring hydrogen insights between installations (Bugatti & Semeraro, 2018; Amin & 
Sai Praveen, 2023; Hasan & Ashraful, 2023). By recreating full-scale enclosure aerodynamics and heat-
transfer pathways, computational thermo-fluid dynamics supports sector-specific optimization 
hypotheses in a way that experimental campaigns alone cannot, establishing a shared quantitative 
language for hydrogen integration in globally distributed process-heat applications. 
Industrial heat systems operate as networks rather than isolated devices, and computational thermo-
fluid modeling increasingly includes auxiliary components that shape overall performance under 
hydrogen integration (Mushfequr & Ashraful, 2023; Roy & Kamrul, 2023). Many plants combine 
radiant chambers, convection passes, recuperators, regenerators, and waste-heat boilers into tightly 
coupled heat-recovery ecosystems (Kabeel et al., 2019). Hydrogen alters flue-gas composition and 
thermophysical properties, influencing density, viscosity, specific heat, and radiative behavior, which 
collectively change convective heat-transfer coefficients and temperature driving forces in downstream 
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exchangers (Saba et al., 2023; Saba & Kanti, 2023). Modeling studies of waste-heat recovery devices 
show that flow maldistribution, bypassing, and fouling can reduce recovery efficiency, and these effects 
are sensitive to fuel-dependent exhaust characteristics. When hydrogen shares increase, volumetric 
exhaust flows and moisture content often rise, requiring reevaluation of exchanger pressure drops and 
heat-transfer surfaces (Shaikh & Farabe, 2023; Haider & Hozyfa, 2023). Thermal energy storage adds 
another coupling layer, including packed beds, molten salts, or phase-change materials that buffer 
intermittent hydrogen supply or enable load shifting (Zheng et al., 2016; Zobayer, 2023). CFD-based 
investigations of thermal storage demonstrate that transient convection patterns, stratification, and 
melt-front movement largely determine effective storage capacity and charge-discharge efficiency 
(Abdul & Shoeb, 2024). In hydrogen-integrated plants, storage behavior intersects with burner 
scheduling, oxygen staging, and heat-recovery train setpoints, which motivates integrated simulations 
(Hozyfa & Shahrin, 2024; Jabed Hasan & Shah, 2024). Hybrid modeling frameworks link device-scale 
CFD zones to plant-scale models of fuel preparation, compression, storage, and distribution manifolds, 
allowing process heat simulations to reflect real supply constraints and dynamic operating envelopes 
(Hasan & Zayadul, 2024; Muzahidul & Aditya, 2024). Digital twin applications for high-temperature 
units embed thermo-fluid solvers within live process representations, enabling recalculated 
temperature and flow fields as boundary conditions change during hydrogen blending tests. Such 
coupling is central for optimization because improvements at burner or furnace level may interact with 
recovery loop performance or storage dispatch decisions (Hasan & Rakibul, 2024; Mominul, 2024). 
Multiple studies show that a full-system view can reveal tradeoffs between peak-zone control in radiant 
spaces and overall heat-recovery efficiency, especially under varying hydrogen input (Mominul & 
Zaki, 2024; Roy & Sai Praveen, 2024). Computational thermo-fluid dynamics offers the only scalable 
way to represent these cross-component interactions at the required spatial and temporal fidelity, 
providing unified quantitative evidence for optimizing hydrogen-integrated heat systems as coherent 
industrial networks (Qu et al., 2019; Rahman et al., 2024; Rony & Hozyfa, 2024). 
 

Figure 2: Hydrogen Thermo-Fluid Optimization Framework 

Optimization methods built on computational thermo-fluid dynamics convert simulated field data into 
structured decision support for design and operation (Saba & Hasan, 2024; Shaikat & Zaman, 2024). A 
common quantitative approach is to define objective functions such as total useful heat to the load, 
mean and variance of load temperature, fuel-to-heat efficiency, maximum wall temperature, and 
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emission indices for nitrogen oxides, carbon monoxide, or unburned hydrogen (Chang & Dinh, 2019). 
Decision variables include hydrogen fraction, burner equivalence ratio, air staging splits, swirl 
intensity, jet momentum ratios, injector locations, recirculation rates, and furnace pressure setpoints. 
Many studies have used design-of-experiments and response surface methods to explore these 
variables efficiently, fitting surrogate models that approximate CFD outputs across a multidimensional 
design space. Kriging and other Gaussian-process surrogates are applied where response surfaces are 
complex or noisy, enabling rapid evaluation of candidate settings. Multi-objective optimization is 
frequently required because thermal efficiency and emissions constraints compete, and Pareto-front 
analyses allow identification of balanced operating regions. Evolutionary algorithms are used when 
objective landscapes are non-convex or discontinuous due to ignition thresholds or stability 
boundaries. Gradient-based methods, including adjoint sensitivity techniques, are employed where 
smooth dependencies permit efficient navigation toward optimal shapes or boundary conditions 
(Lamnatou et al., 2015). Machine learning has also been paired with CFD to reduce model order, 
accelerate thermal radiation prediction, or infer optimal control policies from large simulation datasets. 
Calibration strategies play a critical role: optimization outputs depend on reliable sub-models for 
turbulence-chemistry interaction, wall emissivity, and inlet distributions, so multiple studies prescribe 
iterative tuning against experimental or plant data followed by uncertainty propagation to ensure that 
optimized solutions remain robust within error bounds. In hydrogen-integrated heat systems, this 
optimization machinery is especially valuable because hydrogen affects stability and emissions in ways 
that can flip quickly with small parameter changes (Sudipto & Hasan, 2024; Kanti & Saba, 2024). 
Simulations reveal local hot spots, backflow risks, or oxygen-rich pockets that are difficult to observe 
directly but are decisive for constraint handling in optimization. By iterating CFD predictions with 
statistical or algorithmic search, industrial researchers have demonstrated systematic pathways to 
identify operating conditions that maintain stable hydrogen combustion, uniform heat delivery, and 
compliant emissions across a variety of equipment types and sector demands (Chen et al., 2019; Kanti 
& Praveen, 2024; Haider & Praveen, 2024). These methodological patterns establish the quantitative 
foundation for studying process optimization through computational thermo-fluid dynamics in 
hydrogen-integrated industrial heat systems (Zobayer & Kumar, 2024; Zulqarnain & Zayadul, 2024). 
The objective of the present quantitative study is to develop and apply a high-fidelity computational 
thermo-fluid dynamics modeling framework that can predict, compare, and optimize the thermal, 
aerodynamic, and combustion performance of hydrogen-integrated industrial heat systems under 
realistic operating constraints. At the core, the study aims to resolve the coupled transport of 
momentum, heat, and reacting species in representative industrial enclosures—such as furnaces, 
boilers, kilns, and reformer fireboxes—where hydrogen is introduced as a fuel or co-fuel, and to 
translate these resolved fields into measurable performance indicators for optimization. Specifically, 
the objectives include: (1) constructing validated multiphysics CFD models that incorporate turbulence, 
hydrogen combustion kinetics, participating-media radiation dominated by water-vapor products, and 
conjugate heat transfer with refractory and load materials, so that temperature distribution, heat-flux 
pathways, pressure losses, and stability margins can be predicted with quantified numerical 
consistency; (2) characterizing how hydrogen fraction, burner momentum ratios, swirl intensity, air or 
oxygen staging, and flue-gas recirculation alter flame anchoring, recirculation zones, and radiative–
convective heat transfer balance, thereby determining product or load heating uniformity and peak 
wall temperatures; (3) computing emissions-relevant outcomes such as thermal nitrogen oxide 
propensity and residual unburned species indices as emergent results of local thermo-fluid conditions, 
enabling constraint-aware evaluation of hydrogen integration strategies; (4) coupling CFD outputs to 
optimization routines by defining objective functions that represent industrial priorities—useful heat 
to the load, thermal efficiency, temperature uniformity quantified via spatial variance, and emission 
indices—while enforcing safety and equipment constraints such as allowable wall temperature limits, 
minimum stability thresholds, and maximum pressure drops; (5) generating surrogate models from 
CFD datasets to accelerate parametric exploration and facilitate multi-objective search for optimal 
operating windows across hydrogen blending levels; and (6) producing a comparative optimization 
map that identifies the combinations of hydrogen share and combustion-aerodynamic settings that 
yield best-performing tradeoffs between efficiency, uniform heating, and emissions compliance for the 
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modeled system class. Collectively, these objectives position computational thermo-fluid dynamics not 
merely as a descriptive tool but as a quantitative optimization engine that can guide hydrogen 
integration decisions through physics-resolved prediction and systematic search over controllable 
process variables. 
LITERATURE REVIEW 
The literature on computational thermo-fluid dynamics modeling for industrial heat systems has 
expanded rapidly as industries evaluate hydrogen integration for high-temperature process heat (Zhao 
et al., 2019). This body of work spans three tightly connected domains: (a) the fundamental thermo-
fluid and combustion behavior of hydrogen in turbulent industrial environments, (b) the numerical 
and multiphysics modeling strategies used to represent those behaviors in realistic furnaces, boilers, 
kilns, heaters, and heat-recovery units, and (c) the optimization methods that convert simulated flow 
and temperature fields into measurable improvements in efficiency, uniformity, stability, and 
emissions compliance. A literature review for this study therefore must do more than summarize 
general CFD progress; it must synthesize how hydrogen changes the governing physics of process heat, 
how these changes are captured or missed by existing computational approaches, and how simulation 
outputs have been quantitatively transformed into objective functions and constraint sets for 
optimization (Pettinau et al., 2015). Because hydrogen introduction modifies flame aerodynamics, heat-
transfer mode balance, and pollutant formation through coupled mechanisms, prior studies vary 
significantly in turbulence–chemistry interaction models, radiative transfer treatment, boundary 
condition realism, and validation rigor. At the same time, process optimization studies differ in 
decision-variable selection, surrogate construction, and multi-objective tradeoff handling. This review 
is organized to trace a coherent chain from hydrogen-specific thermo-fluid fundamentals to industrial-
scale numerical representation, and from representation to optimization, highlighting what has been 
quantified, how it has been quantified, and where methodological gaps remain in linking physics-
resolved modeling with robust process-level optimization in hydrogen-integrated heat systems 
(Stamatakis et al., 2018). 
Hydrogen-Integrated Industrial Heat Systems 
Hydrogen-integrated industrial heat systems have emerged as a distinct class of thermal infrastructure 
within the broader taxonomy of process-heat technologies used in heavy industry. Industrial heat 
systems are purpose-built enclosures or networks that supply controlled thermal energy for material 
transformation, phase change, or high-temperature reaction work (Leblebici et al., 2018). The literature 
commonly differentiates these systems by geometry, dominant mode of heat transfer, and the nature 
of the heated load. Furnaces represent enclosed high-temperature units in which products such as steel 
billets, slabs, ceramics, or chemical intermediates are heated through direct or indirect flame 
interaction; subtypes include reheating furnaces for plastic deformation preparation, annealing 
furnaces for microstructural control, and heat-treatment furnaces for hardness and stress-relief 
management. Kilns, particularly rotary and shaft variants, are elongated reactors that combine 
continuous flow of solids with counter- or co-current hot gas for calcination or sintering, with cement, 
lime, and mineral processing as primary applications. Boilers and process heaters supply steam or hot 
air to downstream unit operations, typically featuring a combination of radiant firebox regions and 
convection passes. Reformer fireboxes and cracking furnaces are specialized petrochemical heaters 
where radiant heat transfer to tube banks governs endothermic reaction rates and product selectivity, 
making wall heat flux and tube metal temperature critical constraints (Vogel, 2019). Glass melters and 
float-glass furnaces rely on intense radiative heating of molten baths, with crown temperature 
management and melt homogeneity as principal performance targets. Across these categories, a 
recurring classification is the distinction between radiant-dominant chambers—where high-
temperature flames and refractory surfaces deliver most heat by radiation—and convection-dominant 
chambers—where forced flow and heat-exchanger surfaces govern energy delivery. This distinction 
anchors much of the quantitative modeling work because it determines which physical sub-processes 
control efficiency, uniformity, and equipment life. Radiant-dominant systems emphasize volumetric 
heat release distribution, gas emissivity, surface emissivity, and view-factor geometry, while 
convection-dominant systems emphasize turbulent mixing, flow maldistribution, and convective 
coefficients at surfaces (Fulekar & Pathak, 2017). Several industrial case studies across steel, glass, 
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cement, and petrochemicals show that the same fuel change can yield different thermal outcomes 
depending on whether radiation or convection is the leading transfer pathway. Consequently, 
hydrogen integration is consistently framed not as a uniform substitution problem but as a system-
specific transformation that must be evaluated against the operational logic of each heat-system type. 
Hydrogen integration pathways in industrial heat systems are described in the literature through a 
small set of practical deployment modes that reflect existing burner technologies, fuel logistics, and 
safety requirements. Pure hydrogen firing involves replacing hydrocarbon fuels with hydrogen in 
compatible burners or newly installed hydrogen-ready hardware (Evangelopoulou et al., 2019). In this 
pathway, hydrogen becomes the sole chemical energy carrier, and performance is governed by 
hydrogen’s transport behavior, combustion kinetics, and exhaust composition. Hydrogen–natural gas 
blends represent a transitional and widely studied route in which hydrogen is co-fed through existing 
fuel trains, sometimes with retrofitted nozzles or modified mixing zones to preserve flame anchoring 
and pressure balance. Blending ratios are commonly expressed in volumetric share and energy share 
because hydrogen’s low volumetric energy density makes these two descriptors diverge meaningfully 
in practice; multiple industrial trials note that modest volumetric shares can represent small energy 
fractions, while high energy fractions may require large volumetric flow adjustments that reshape jet 
momentum and entrainment. Hydrogen-assisted oxy-fuel firing is a third pathway in which hydrogen 
is introduced under oxygen-rich or oxygen-only oxidizer environments, often to intensify radiative 
heat flux and reduce exhaust dilution (Ikäheimo et al., 2018). Studies of oxy-fuel retrofits highlight that 
hydrogen changes the radiative spectrum of combustion products by shifting the exhaust toward 
water-vapor dominance, which affects furnace heat transfer differently than both air-firing and 
hydrocarbon oxy-fuel cases. A fourth pathway uses hydrogen as a combustion enhancer rather than 
the primary fuel, where limited hydrogen addition improves flame stability, extends turndown ratios, 
or supports low-emission regimes through altered ignition and mixing characteristics. In these 
deployments, hydrogen acts as an operational lever for maintaining stable burning in staged or diluted 
flows. Industrial investigations consistently emphasize that pathway choice interacts with burner 
architecture, oxidizer supply constraints, and process atmosphere requirements. For example, furnaces 
requiring strongly reducing atmospheres must manage hydrogen addition differently than kilns 
operating under oxidizing conditions, while glass melters weigh oxy-fuel hydrogen benefits against 
crown temperature limits. Across at least a decade of trials and numerical analyses, the literature 
converges on the observation that hydrogen pathways cannot be summarized by fuel substitution 
alone; they are characterized by coupled changes in volumetric flow demand, stoichiometric operating 
windows, flame luminosity, and safety margins (Eveloy & Gebreegziabher, 2018). The pathway 
framework therefore provides an essential conceptual base for quantitative modeling and optimization 
because each pathway implies a different set of boundary conditions, controllable variables, and 
feasible operating ranges within industrial heat systems. 
Quantitative performance indicators provide the measurement structure through which hydrogen-
integrated industrial heat systems are assessed and compared. Thermal efficiency remains the most 
commonly used indicator, but studies treat it in multiple forms: overall system efficiency based on 
useful heat absorbed by the load relative to fuel input, combustion efficiency tied to unburned species, 
and heat-recovery efficiency linked to recuperators or regenerators (Rosen & Koohi-Fayegh, 2016). 
Heat-flux uniformity is another high-priority metric, operationalized through spatial or temporal 
dispersion of load temperature, wall heat flux, or product exit temperature. Steel reheating and heat-
treatment research repeatedly shows that even small increases in temperature variance can produce 
microstructural inconsistency or yield losses, so uniformity indicators are treated as co-equal to 
efficiency in optimization. Peak wall or refractory temperature constraints form a third indicator 
family, because refractory wear, slagging risk, and tube-metal deterioration increase sharply with 
localized overheating. Across furnace and firebox studies, hydrogen introduction is observed to shift 
flame stabilization zones and convective circulation, which may move hot spots even when average 
temperatures remain stable. Pressure drop and fan power penalties are also embedded as quantitative 
constraints, especially for convective passes or high-recirculation burners, since hydrogen’s volumetric 
demand can increase flow rates, altering aerodynamic losses (Speirs et al., 2018). Emissions indices 
extend performance evaluation into environmental compliance, with nitrogen oxides, carbon 
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monoxide, and residual unburned hydrogen reported per unit of useful energy or per unit of product 
output. Industrial burner and furnace case studies show that emissions respond to localized thermo-
fluid conditions rather than to bulk fuel composition alone, so emission indices are interpreted 
alongside temperature and mixing fields. Operational stability margins form the final indicator group, 
incorporating quantitative proxies for blowoff and flashback risk, flame lift-off length, oscillation 
amplitude, or minimum stable equivalence ratios. Hydrogen’s high flame speed and diffusion rate 
make stability a central concern across demonstration projects, and stability indicators are often treated 
as hard constraints in optimization rather than secondary outcomes. Across multiple sectors, 
comparative studies indicate that no single indicator adequately captures hydrogen integration 
performance in isolation; rather, the interplay between efficiency, uniformity, hot-spot control, 
aerodynamic cost, emissions, and stability defines the operational acceptability of hydrogen pathways 
(Felseghi et al., 2019). The literature therefore positions optimization as a multi-indicator problem, 
requiring model outputs mapped onto a structured performance set so that tradeoffs can be quantified 
consistently across equipment types and operating regimes. 
 

Figure 3: Hydrogen Heat Systems Integration Framework 

Taken together, the conceptual foundations of hydrogen-integrated industrial heat systems establish a 
quantitative frame that is directly compatible with computational thermo-fluid dynamics modeling. By 
defining the system class through furnace, kiln, boiler, reformer, cracking heater, and glass melter 
archetypes, prior work clarifies that hydrogen integration unfolds across a heterogeneous technical 
landscape where geometry and dominant heat-transfer mode determine outcome sensitivity (Cinti et 
al., 2019). Radiant-dominant systems foreground gas emissivity, surface radiation exchange, and heat-
release positioning, while convection-dominant systems foreground turbulent transport, jet 
momentum control, and exchanger effectiveness. Hydrogen pathway definitions further translate this 
landscape into implementable deployment modes—pure firing, blending, oxy-fuel assistance, and 
stability-oriented enhancement—each implying different operational degrees of freedom and 
constraints. The performance indicator set then functions as a common language connecting hydrogen 
physics to industrial objectives, and it is this set that enables cross-study comparability in quantitative 
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literature. A consistent narrative across experimental trials, pilot retrofits, and numerical investigations 
indicates that hydrogen alters internal thermo-fluid fields in ways that redistribute radiative and 
convective heat delivery, change hot-spot topology, and reshape emission-formation regions. These 
effects manifest differently in steel reheating furnaces than in cement kilns, differently in glass melters 
than in petrochemical fireboxes, and differently again in boiler convection passes, largely because each 
system’s thermal logic is distinct (Li et al., 2018). The literature also shows that optimization targets are 
rarely singular; high efficiency without uniformity control can degrade product quality, low emissions 
without stability margins can reduce operability, and improved heat recovery without aerodynamic 
feasibility can increase parasitic energy losses. Consequently, the conceptual groundwork developed 
across many studies supports a modeling-to-optimization chain in which computational thermo-fluid 
dynamics predicts coupled fields under hydrogen pathways, and those predictions are evaluated 
through standardized performance indicators. This grounding is essential for any quantitative study 
seeking to optimize hydrogen-integrated industrial heat systems because it anchors numerical 
boundary conditions, variable selection, and objective definition in the operational realities already 
mapped in the research record (Gerboni & Grosso, 2016). 
Hydrogen Thermo-Fluid and Combustion Behavior in Industrial Regimes 
Hydrogen requires special thermo-fluid modeling in industrial regimes because its combustion 
properties reshape flow development, heat release localization, and thermal transport in ways that 
diverge from hydrocarbon baselines documented across numerous burner-scale, furnace-scale, and 
plant-scale studies (Malerød-Fjeld et al., 2017). A consistent finding in experimental flame 
investigations and numerical reconstructions is that hydrogen’s high laminar flame speed accelerates 
the rate at which chemical energy is converted to heat once mixing brings fuel and oxidizer into reactive 
proportions. This elevated flame speed shifts stabilization toward the injector region for many burner 
types, compressing the heat-release zone and increasing sensitivity to local strain, especially near shear 
layers. In parallel, hydrogen’s low ignition energy makes it easier to ignite under turbulent fluctuations, 
which supports stable operation at leaner overall mixtures but also amplifies the effect of small 
perturbations in inlet turbulence or oxygen staging. The wide flammability limits of hydrogen extend 
the reactive envelope across mixture fractions that would be non-combustible for methane or other 
industrial gases, so local pockets of reactants can burn where they would otherwise remain inert 
(Catapano et al., 2016). This broad reactivity range creates a more spatially distributed, mixing-
controlled combustion pattern in some furnace environments while producing sharper near-field heat-
release spikes in others, depending on burner aerodynamics. Another repeatedly reported property is 
hydrogen’s high diffusivity and strong preferential diffusion relative to heat. In diffusion flames and 
partially premixed industrial jets, hydrogen migrates rapidly into oxidizer streams, producing local 
mixture distortions that are not proportional to bulk fuel ratios. Studies of turbulent hydrogen blends 
show that these distortions alter local equivalence conditions around flame fronts, often generating 
hotter stoichiometric filaments embedded within globally lean flows. Such filaments matter for both 
heat transfer and emissions because they intensify local temperature peaks even when averaged 
furnace temperatures appear unchanged. Across more than a decade of research on hydrogen blending 
in industrial burners, these property-driven effects are shown to depend on geometric confinement, 
oxidizer momentum, and recirculation strength, making general rules unreliable unless supported by 
physics-resolved thermo-fluid modeling (Minotti & Teofilatto, 2015). Because these hydrogen-specific 
interactions appear at the same length scales as turbulence and heat transfer, reduced-order approaches 
that treat combustion as a uniform volumetric source systematically miss the spatial placement of heat 
release and the resulting flow feedback. The literature therefore treats hydrogen as a fuel whose 
intrinsic properties couple so tightly to industrial aerodynamics that only dedicated thermo-fluid 
modeling can map how property differences translate into equipment-level performance shifts. 
Turbulent hydrogen flames under furnace-like aerodynamics exhibit stabilization and transport 
behaviors that have been measured and simulated across many industrially relevant configurations, 
and these behaviors explain why hydrogen integration must be modeled with careful turbulence–
chemistry coupling. Research on hydrogen jets and swirl burners shows that flame anchoring length 
responds strongly to injector momentum ratios and to the intensity of internal recirculation zones 
(Barsali et al., 2015). In swirl-stabilized industrial burners, the central recirculation bubble provides hot 
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products that ignite incoming reactants; hydrogen’s rapid chemistry shortens the distance between 
nozzle exit and stabilized flame, often pulling combustion upstream relative to natural-gas cases. In 
non-swirling jets, hydrogen’s higher flame speed can reduce lift-off height but increase susceptibility 
to flashback in premixed or partially premixed designs, so the stabilization point becomes a function 
of both turbulent mixing and flame propagation. Furnace-scale studies demonstrate that confinement 
alters these dynamics by increasing backpressure and promoting large coherent recirculation cells, 
which interact with burner shear layers to wrinkle the flame surface and redistribute heat release along 
flow structures. Observations from multiple large-scale trials in reheating furnaces and reformer 
fireboxes indicate that hydrogen flames can become thinner and more intensely reacting in high-shear 
regions, while appearing broader and more distributed when staged oxidizer or dilution reduces local 
reaction rates. This dual behavior has been linked to the balance between turbulent mixing time and 
chemical time, a balance that changes with hydrogen share, temperature, and turbulence intensity 
(Milani et al., 2019). When mixing is slower than chemistry, hydrogen burns in narrow sheets near 
mixing interfaces; when mixing and chemistry become comparable, burning spreads through a thicker 
turbulent reaction zone. Scaling investigations in furnace-like flows also show that buoyancy interacts 
with hydrogen combustion because the hot, low-density products intensify vertical circulation, 
sometimes strengthening recirculation loops that further stabilize flames and sometimes redirecting 
jets away from intended heating zones. These findings are repeated across sectors, with differences 
driven by burner layout, chamber aspect ratio, and load arrangement. Because stabilization, lift-off, 
and recirculation shifts determine where heat is released and how exhaust flows toward heat-recovery 
units, the literature concludes that turbulent hydrogen flames cannot be represented accurately by 
single-regime assumptions (Allelein & Verfondern, 2018). Instead, they require models that capture the 
local interplay between turbulence and fast hydrogen chemistry under confinement, swirl, staging, and 
buoyant stratification typical of industrial heat systems. This body of evidence anchors the role of 
computational thermo-fluid modeling as a necessary step for diagnosing and controlling hydrogen 
flame behavior within real production enclosures. 
 

Figure 4: Hydrogen Combustion Modeling Integration Framework 

Hydrogen firing changes heat transfer modes in industrial systems through a chain of effects that has 
been described repeatedly in experimental furnace retrofits and computational reconstructions, making 
heat-transfer modeling a central focus of the literature. In air-fuel industrial combustion of 
hydrocarbons, soot formation contributes to flame luminosity and enhances radiative heat transfer 
directly from the flame to walls and loads (Bellan et al., 2018). Hydrogen combustion lacks soot 



Journal of Sustainable Development and Policy, September 2024, 87-133 

98 
 

precursors, and studies across laboratory-scale and full-scale furnaces show that hydrogen flames in 
air are therefore less luminous, diminishing the flame radiation component. This shifts a larger fraction 
of heat transfer toward convection or toward indirect radiation from hot refractory walls rather than 
from the flame core. As a result, temperature fields can become more sensitive to flow distribution, jet 
impingement zones, and recirculation strength, because convection depends strongly on local velocities 
and turbulence. Industrial reports from steel reheating and glass processing indicate that hydrogen 
blending can reduce radiative heating close to the load plane unless burner momentum and staging are 
adjusted to re-balance convective delivery. In oxygen-enriched or oxy-fuel regimes, the situation 
reverses in a different way. Hydrogen-based combustion products are dominated by water vapor, 
which is a strong infrared emitter. Studies in oxygen-rich firing show that this water-vapor-dominated 
radiation can preserve or enhance total radiative heat flux even when luminous flame radiation is 
absent. However, the spectral character of radiation changes, which affects how heat is absorbed by 
refractory surfaces versus process loads, and this has been documented as a driver of altered wall 
temperature patterns (Milani et al., 2017). Another recurrent observation is that hydrogen’s higher 
volumetric flow requirement for equivalent heat input modifies enclosure aerodynamics, increasing 
exhaust velocities and, in some systems, raising convective transfer coefficients in convection passes or 
near-wall boundary layers. Depending on chamber design, this can improve heating rates or create 
sharper gradients that reduce uniformity. Large-scale furnace measurements combined with 
simulations show that net wall heat flux under hydrogen firing is not governed solely by fuel energy 
but by the spatial overlap of high-temperature regions with radiatively visible surfaces, along with 
local convection intensification. Because these interactions span flame physics, gas emissivity, and flow 
architecture, the literature emphasizes multiphysics thermo-fluid models that couple reacting flow 
with participating-media radiation and conjugate wall transfer (Messig et al., 2017). The collective 
findings demonstrate that hydrogen integration changes not only the magnitude of heat transfer but 
also the pathway through which heat reaches the product, and this pathway shift is a dominant variable 
in process optimization studies because it controls both efficiency and load-temperature uniformity. 
Pollutant kinetics under hydrogen firing are tightly controlled by thermo-fluid fields, a relationship 
repeatedly shown in studies that combine emissions measurements with resolved temperature and 
mixing diagnostics. The dominant pollutant concern in hydrogen-integrated industrial heat systems is 
thermal nitrogen oxides, which form rapidly in hot, oxygen-rich regions. Research on hydrogen blends 
indicates that nitrogen oxide output rises steeply when localized temperature peaks occur within zones 
where excess oxygen remains available, even if bulk furnace temperature appears moderate (Giles et 
al., 2017). Hydrogen’s fast chemistry and preferential diffusion contribute to these peak zones by 
creating narrow high-temperature filaments along mixing layers, and furnace-scale evaluations show 
that these filaments often coincide with shear-driven recirculation boundaries. The literature also 
documents that staging, dilution, and recirculation can reshape these thermo-fluid conditions and 
thereby suppress nitrogen oxide formation. Air staging reduces near-burner oxygen availability, 
shifting peak heat release to downstream zones with lower oxygen, while flue-gas recirculation adds 
heat capacity and dilutes reactants to reduce local peak temperature. Experiments in industrial burners 
show that increasing internal recirculation strength through swirl or jet arrangements can distribute 
heat release more evenly, reducing the intensity of hot spots that drive pollutant kinetics (Scafati et al., 
2018). Another theme is that hydrogen blending affects carbon monoxide differently than hydrocarbons 
because carbon-containing intermediates are reduced as hydrogen share increases; therefore, carbon 
monoxide becomes less of a fuel-chemistry issue and more a marker of incomplete mixing or transient 
local quenching. Studies of pure hydrogen firing observe very low carbon monoxide under stable 
conditions, while reporting that residual unburned hydrogen can rise under lean staging or poor 
mixing, which is important both for energy loss and for safety management in exhaust handling. Across 
multiple industrial retrofit case studies, emissions response to hydrogen share is found to be non-linear, 
reflecting transitions in flame structure and mixing regimes rather than a simple proportional fuel effect 
(Deutschmann, 2015). This evidence base positions emissions modeling as inseparable from thermo-
fluid modeling: reliable predictions require resolving temperature distributions, oxygen pocket 
formation, and residence-time fields. Consequently, the literature treats emissions indices as output 
variables emerging from coupled reacting-flow and heat-transfer simulations, and uses those indices 
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as constraint terms in optimization frameworks. The overall synthesis is that pollutant behavior under 
hydrogen is a thermo-fluid problem first and a chemistry problem second, and the industrial research 
record supports the need for detailed field-resolved modeling to manage emissions while sustaining 
thermal performance (Hwang et al., 2019). 
Governing Equations and Multiphysics Coupling in Thermo-Fluid CFD 
Computational thermo-fluid dynamics studies of hydrogen-integrated industrial heat systems 
commonly begin from the same governing-physics scaffold: conservation of mass, momentum, energy, 
and chemical species in a reacting, heat-transferring flow. Across burner simulations, furnace 
reconstructions, kiln models, and firebox studies, the literature uses this scaffold to compute how fuel 
and oxidizer move, mix, react, and release heat inside confined high-temperature enclosures (Li et al., 
2017). The mass conservation statement enforces that the amount of gas entering, leaving, and 
expanding within a chamber balances over time, which is critical because hydrogen substitution often 
increases volumetric flow for the same heat input, changing residence times and recirculation loops. 
Momentum conservation represents how pressure forces, viscous stresses, turbulence stresses, gravity, 
and swirl or jet momentum shape the velocity field; it is the anchor for predicting jet penetration, 
entrainment, and the internal vortical structures that stabilize flames. Energy conservation couples the 
velocity field to temperature evolution by accounting for convective transport, thermal diffusion, 
chemical heat release, and radiative exchange, all of which become tightly entangled in hydrogen firing 
because heat release zones shift and radiative products change (Artinov et al., 2019). Species transport 
equations track hydrogen, oxygen, water vapor, nitrogen, and intermediate radicals, enabling reaction-
rate calculations and the prediction of local mixture conditions that drive both stability and emissions. 
Some studies treat gases as ideal, especially at atmospheric firing, while others incorporate real-gas 
corrections in high-pressure reformer or cracking environments where density and heat capacity vary 
non-linearly with temperature and composition. Even with these shared foundations, the literature 
emphasizes that hydrogen integration is a multiphysics problem not reducible to any single 
conservation law: the equations must be solved in coupled form because the solution of one field 
immediately alters the others. More than ten influential investigations comparing hydrogen blends to 
natural gas show that small changes in species diffusion or density can restructure momentum balance, 
which then relocates heat release, which then reshapes radiation and wall heating (Peksen, 2015). This 
chain of coupling has motivated full-system CFD models that do not isolate combustion, flow, or heat 
transfer but rather solve them concurrently to preserve the feedback loops that determine industrial 
performance. 
Within that coupled physics backbone, turbulence modeling choices occupy a central position in 
industrial hydrogen CFD because turbulence dictates how rapidly hydrogen mixes and how flame 
surfaces wrinkle under furnace-like aerodynamics. The literature for design and optimization generally 
relies on Reynolds-averaged turbulence models, largely because full industrial geometries require 
manageable computational cost for parametric sweeps (Hari et al., 2019). Studies in reheating furnaces, 
reformer fireboxes, and boiler fireboxes show that these averaged models can reproduce mean 
recirculation strength, jet spreading rates, and bulk temperature fields when calibrated and validated 
against plant measurements. However, multiple comparative studies also report that averaged 
turbulence models can smooth out coherent vortex structures that matter for hydrogen flame 
anchoring, particularly in swirl burners and staged injection layouts. For this reason, scale-resolving 
approaches such as large-eddy simulation or hybrid methods are increasingly used in targeted sub-
domains or reduced geometries to capture flame–vortex interactions more faithfully (Di Martino et al., 
2019). Across at least a dozen investigations, scale-resolving models have been shown to predict 
unsteady lift-off, shear-layer roll-up, and recirculation bubble oscillations that strongly influence local 
peak temperature and pollutant formation under hydrogen firing. To compare turbulence model 
performance, researchers commonly evaluate metrics such as the size and intensity of recirculation 
zones, turbulence intensity distributions near burners, and the accuracy of mixing timescales inferred 
from scalar dissipation or concentration variance. These metrics are not abstract; they are directly tied 
to industrial outcomes such as heat-flux uniformity in radiant chambers or stable ignition in high-
dilution regimes. The body of work collectively indicates that turbulence modeling is best viewed as a 
fidelity lever: averaged models offer feasible optimization loops for full-scale systems, while scale-
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resolving models reveal the detailed unsteadiness that becomes decisive when hydrogen’s fast 
chemistry makes stabilization and emissions highly sensitive to vortical mixing (Motasemi & Gerber, 
2018). 
Turbulence–chemistry interaction modeling provides the next layer of multiphysics coupling, and the 
hydrogen literature makes clear that the choice of interaction strategy controls the predicted location 
and thickness of heat release zones. A large portion of industrial-scale studies employ mixing-limited 
closures in which chemical reactions are assumed to proceed as fast as turbulent mixing allows, an 
assumption that often holds for hydrogen because its intrinsic chemical timescales are short at furnace 
temperatures. These models can reproduce global heat-input conversion and overall flame shape 
reasonably well in many air-fired and moderately staged systems (Yu et al., 2019). Yet a substantial set 
of studies—spanning laboratory burners linked to industrial practice and reduced-order furnace 
sections—shows that mixing-limited assumptions can misplace ignition points or underestimate local 
quenching in strongly diluted or oxygen-staged hydrogen flames. To address these regimes, finite-rate 
chemistry coupling is introduced, allowing reaction rates to respond to temperature and local mixture 
conditions rather than to mixing alone. Several studies further compress finite-rate chemistry into 
manifold or flamelet-type closures that pre-tabulate reaction behavior and then embed it into turbulent 
flow calculations, enabling practical computation while retaining sensitivity to strain, diffusion 
imbalance, and local equivalence distortion characteristic of hydrogen jets (Chang & Dinh, 2019). The 
literature compares these approaches through fidelity tradeoffs such as ignition delay prediction, the 
sharpness of computed heat-release localization, and the reproduction of flame-stabilization shifts 
under changing hydrogen share. Across more than ten benchmark comparisons, models that preserve 
hydrogen’s preferential diffusion effects and strain sensitivity better match measured lift-off trends and 
hotspot distributions, which in turn improves the reliability of NOx and wall-temperature predictions 
used in optimization. The synthesis is that turbulence–chemistry coupling is not optional detail; it is a 
quantitative determinant of whether a CFD model can serve as a trustworthy optimization engine for 
hydrogen-integrated heat systems (Tagliavini et al., 2019). 

 
Figure 5: Hydrogen Thermo-Fluid Modeling Framework 
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Numerical Implementation and Model Quality Controls 
Industrial hydrogen thermo-fluid CFD studies emphasize that numerical credibility begins with 
geometry construction and mesh strategy because industrial heat systems contain multi-scale features 
that control combustion and heat transfer (Wang et al., 2018). The literature shows a consistent pattern: 
full enclosures such as reheating furnaces, kilns, boilers, reformer fireboxes, and glass melters are 
geometrically large, while the dominant gradients that govern hydrogen flame behavior occur in much 
smaller burner near-fields, shear layers, staging ports, and recirculation throats. To reconcile this scale 
disparity, many studies construct hybrid geometries that preserve the true burner tile, port internals, 
and immediate flame stabilization zones with high fidelity, while simplifying distant enclosure details 
that contribute little to local mixing or radiative exchange. This is not merely a computational 
convenience; it is a quality control choice. Hydrogen’s rapid chemistry and preferential diffusion make 
the near-nozzle mixing field disproportionately important for predicting lift-off height, anchoring 
location, and hotspot formation. Accordingly, researchers refine cells aggressively around injectors, 
oxygen staging lances, swirl vanes, and jet interaction regions, then transition to coarser cells in bulk 
volumes where gradients relax (Broadhurst et al., 2018). The review record indicates that mesh 
resolution decisions are typically justified through mesh-independence criteria based on integrated 
outputs rather than pointwise values. Common practice is to run at least three systematically refined 
meshes and test convergence of global heat transfer to the load, average chamber temperature, wall 
heat-flux distribution, and the statistical spread of load temperature. When refined meshes yield 
negligible changes in these integrated indicators, the mesh is judged adequate for optimization runs. 
Several industrial furnace reconstructions add a secondary check using recirculation strength and jet 
penetration length as flow-based mesh-sensitivity markers, ensuring that aerodynamic structures 
crucial to hydrogen stability are not smeared. For kilns or long heaters, axial resolution is often adjusted 
to capture temperature and species gradients along process flow, while maintaining acceptable cell 
counts. In radiation-dominant systems, the literature also reports targeted refinement along optical 
paths between flames, walls, and loads to avoid numerical diffusion of radiative source fields. Across 
sectors, these geometry and mesh strategies function as the first numerical gatekeeper, because any 
subsequent optimization or emissions assessment inherits the spatial accuracy established at this stage 
(Heirendt et al., 2019). The body of evidence from multiple burner-scale and enclosure-scale studies 
therefore positions mesh design not as a background task but as an explicit methodological pillar that 
determines whether hydrogen integration effects are physically resolved or numerically manufactured. 
Boundary condition realism is the second major route through which industrial CFD literature 
establishes trustworthy hydrogen retrofit simulations (Meyers et al., 2017). Unlike idealized laboratory 
flames, industrial heat systems operate with strongly conditioned inlets, recirculated exhaust streams, 
staged oxidizer ports, and loads that dynamically absorb and re-radiate heat. Hydrogen retrofits 
intensify the need for realistic boundaries because even small mismatches in inlet momentum, 
turbulence level, or composition can shift stabilization and heat release. The literature shows repeated 
insistence on defining hydrogen fuel jets with correct velocity profiles, temperature, and turbulence 
quantities that reflect actual manifold and nozzle conditions rather than generic uniform inlets. This 
includes accounting for volumetric flow increases required by hydrogen at equal firing rates, which 
changes jet Reynolds regime and entrainment. Oxidizer boundaries also receive detailed treatment, 
especially in staged systems where oxygen availability is distributed through multiple port families. 
Researchers often reconstruct staging port geometries and apply measured or estimated flow splits to 
replicate the spatial oxygen field that governs NOx-relevant hotspots. Furnace and boiler studies 
further highlight the importance of specifying inlet turbulence based on burner type, because swirl-
generated turbulence differs qualitatively from grid-generated turbulence and affects hydrogen flame 
wrinkling differently (Namugenyi et al., 2019). Load boundaries are treated as coupled thermal sinks 
rather than static surfaces: billets, tube banks, kiln beds, or molten glass surfaces are assigned 
temperature-dependent emissivity and absorptivity, and their thermal inertia is represented so that 
heating curves emerge naturally from the simulation. For radiation, studies report that view-factor 
correctness is crucial in hydrogen cases where flame luminosity changes; view factors and surface 
optical properties determine how reduced luminous radiation in air-fuel hydrogen firing or water-
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vapor-dominated radiation in oxygen-rich firing reaches the load. Several industrial investigations 
calibrate boundary heat losses through refractory outer walls using plant energy balances, then impose 
these losses as either fixed external convection coefficients or coupled solid domains. The pattern across 
more than a decade of hydrogen blending trials is clear: boundary condition uncertainty is a leading 
source of predictive error, especially for emissions and uniformity outcomes. Consequently, the 
literature treats boundary realism as a quantitative control step, often supported by plant 
measurements such as fuel and air flow rates, staging split logs, exhaust oxygen, wall temperatures, 
and product throughput. These practices collectively demonstrate that hydrogen retrofit CFD is only 
as reliable as its boundary definitions, and that disciplined boundary modeling is essential for 
producing optimization outputs that reflect industrial feasibility rather than numerical artifacts 
(Kalnay et al., 2018). 
 

Figure 6: Hydrogen CFD Mesh Design Framework 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Solver coupling and stability controls form a third methodological cluster in the literature, aimed at 
ensuring that multiphysics hydrogen simulations converge to consistent solutions rather than 
oscillating among incompatible field states. Industrial CFD models of hydrogen-integrated heat 
systems must couple pressure and velocity, turbulence transport, species diffusion, chemical heat 
release, and radiative exchange, and these couplings can be stiff because hydrogen reactions accelerate 
rapidly at furnace temperatures (James et al., 2017). Studies repeatedly show that stable pressure–
velocity coupling is necessary to preserve mass balance under high volumetric hydrogen flows and 
strong buoyancy, particularly in tall furnaces or kilns where density gradients drive recirculation. The 
literature indicates widespread use of segregated solvers for industrial optimization because they 
reduce memory load, but these solvers require careful under-relaxation of momentum, energy, and 
species fields to avoid divergence when heat release spikes sharpen gradients near injectors. Hydrogen 
cases often demand tighter relaxation than methane cases, since localized ignition can raise 
temperatures quickly and destabilize iterations. Where finite-rate chemistry or detailed transport is 
used, many studies apply timestep control or pseudo-transient continuation to manage stiffness and 
allow radicals and temperature to evolve coherently. In radiation-coupled systems, iterative exchange 
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between radiation and energy equations is controlled to prevent over-correction of radiative source 
terms, which could otherwise propagate into momentum changes through buoyancy. Some furnace 
and reformer studies employ partially coupled schemes in sub-domains, especially near burners, to 
resolve strong feedback between turbulence and chemistry before passing stabilized fluxes to the global 
enclosure (Zheng et al., 2018). The quality literature also emphasizes monitoring convergence through 
multiple residual families rather than a single norm. Typical industrial practices require reduction in 
residuals of continuity, momentum, species, and energy, plus stabilization of integrated outputs such 
as total heat absorbed by the load, average chamber temperature, and NOx proxy fields. In transient 
simulations for cyclic regenerators or moving loads, numerical stability is checked by ensuring periodic 
steady behavior of global energy and mass closure. Importantly, many studies warn that a visually 
“stable” flame field can mask numerical imbalance if radiation or species residuals remain high, so 
convergence rules are tied to physical consistency checks rather than purely algebraic thresholds. 
Across burner-scale validation work and full-scale furnace retrofits, solver control strategies are 
presented as essential to avoiding false optimization directions, because unstable coupling can 
artificially relocate heat release or exaggerate recirculation intensity (Marshall et al., 2017). The 
collective synthesis is that hydrogen multiphysics CFD requires explicit solver stability design, and that 
successful industrial optimization studies routinely treat numerical coupling as a calibrated 
methodological choice, not a default software setting. 
Verification, validation, and uncertainty management represent the final quality-control layer 
documented in hydrogen industrial CFD literature, and they provide the evidentiary bridge between 
numerical predictions and process-optimization credibility. Verification addresses whether the 
equations are solved correctly for the chosen discretization, while validation addresses whether the 
solved model represents the physical system with acceptable accuracy (Zhou et al., 2018). In the 
reviewed body of work, verification commonly includes mesh-independence demonstrations, 
conservation checks for mass and energy closure, and sensitivity tests against timestep or relaxation 
settings. Validation is typically stronger in industrial hydrogen studies than in many generic CFD 
papers because retrofit decisions carry safety, cost, and compliance consequences. Researchers compare 
predicted and measured furnace exit temperatures, wall thermocouple readings, load heating curves, 
and heat-flux probe data, often reporting absolute and relative deviations in these outcomes to quantify 
agreement. Emissions validation is treated carefully: NOx predictions are checked against stack 
analyzers or in-situ sampling, while carbon monoxide and residual hydrogen are compared where 
monitoring is available. Many studies highlight that agreement in average temperature alone is 
insufficient if spatial distributions are wrong, so validation extends to temperature variance across the 
load section or to hotspot locations inferred from infrared scans. A strong methodological theme is that 
uncertainty is not only numerical but model-form based (Ghaffarianhoseini et al., 2017). Turbulence 
closure choice, turbulence–chemistry interaction model, radiation spectral method, and wall emissivity 
assumptions each introduce distinct uncertainty bands. The literature documents practices such as 
running alternative turbulence models on the same geometry to gauge sensitivity of recirculation and 
mixing, or switching radiation treatments to test stability of wall heat-flux predictions. These 
uncertainty bands are then propagated into optimization by examining whether candidate optimal 
settings remain optimal under plausible model variations. Some industrial studies also use partial 
calibration, tuning emissivity or inlet turbulence within measured ranges to improve fit, then freezing 
tuned parameters for predictive sweeps to avoid overfitting. Across more than ten hydrogen-focused 
validation campaigns spanning furnaces, boilers, kilns, and fireboxes, a shared conclusion emerges: 
optimization outcomes are only meaningful if they sit within demonstrated validation accuracy and 
acknowledged uncertainty limits (Meisl et al., 2016). Therefore, verification and validation are not end-
stage formalities but central literature-supported controls that shape model trustworthiness, define 
credible operating windows, and ensure that hydrogen integration insights reflect physical reality 
rather than numerical coincidence. 
Sector-Specific Findings in Hydrogen-Integrated Heat Systems 
Across steel reheating and heat-treatment furnaces, the CFD literature provides the most mature 
quantitative portrait of hydrogen integration because these units combine intense radiant heating with 
tightly constrained product-temperature tolerances (Sorgulu & Dincer, 2018). Studies modeling 
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walking-beam, pusher, and rotary-hearth reheating furnaces consistently report that hydrogen 
blending reshapes near-burner jet penetration and recirculation, which in turn redistributes heat release 
and changes billet surface heating rates. A repeated numerical outcome is a measurable shift in billet 
temperature spread along both length and cross-section when hydrogen fraction rises under otherwise 
unchanged burner settings. The spread is traced to two coupled mechanisms seen across multiple 
simulations: reduced luminous flame radiation in air-fuel hydrogen cases and strengthened convection 
in regions where volumetric fuel flow increases, producing higher local velocities. Where burners are 
swirl-stabilized, CFD studies show shorter flame anchoring distances and more concentrated heat 
release close to burner tiles, increasing wall heat-flux peaks unless staging or swirl numbers are 
adjusted (Kurşun & Ökten, 2019). The resulting wall hot spots appear in recurring locations tied to 
burner layout and roof geometry, and several furnace-scale CFD reconstructions quantify hot-spot 
intensity changes that matter for refractory life and skid-mark control (Ishaq & Dincer, 2019). Efficiency 
outcomes in steel applications are presented as integrated useful heat to the billet relative to fuel input, 
and numerical comparisons typically show that efficiency can remain stable or slightly improve when 
hydrogen shares are paired with retuned combustion aerodynamics that recover convective transfer 
losses. Another line of furnace studies couples reacting-flow CFD with radiative transfer and conjugate 
heat transfer through refractories and billets, revealing that hydrogen usage can move the balance 
between direct flame-to-billet radiation and wall-mediated re-radiation. These models quantify that 
even small shifts in where radiative exchange is strongest translate into meaningful differences in final 
billet exit uniformity, which is the governing process metric in steel (Fang & Liang, 2019). Overall, the 
steel reheating and heat-treatment sector demonstrates that hydrogen integration is a thermo-fluid 
redistribution problem: CFD has quantified changes in flame placement, recirculation strength, billet 
heating variance, enclosure heat-flux topology, and resulting efficiency outcomes across a wide range 
of retrofitted and hydrogen-ready burner configurations. 
 

Figure 7: Hydrogen Integration Effects Framework 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CFD findings for cement kilns and calciners highlight a different quantitative signature because these 
systems are elongated, multiphase, and dominated by gas–solid heat transfer under strong axial 
gradients (Ancona et al., 2017). Numerical kiln studies across rotary and precalciner configurations 
show that hydrogen blending alters flame length, jet spreading, and axial placement of peak 
temperatures, which directly affects calcination and sintering zones. Simulations frequently report that 
when hydrogen is introduced through main burners, the peak temperature zone shifts upstream or 
becomes more compact depending on injector momentum ratios, and this modifies the axial 
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temperature profile that governs clinker mineralization. In calciners, where staged air and alternative 
fuel ports are common, CFD studies quantify that hydrogen’s rapid mixing and reaction can elevate 
near-port temperatures while reducing downstream thermal intensity unless oxidizer splits are 
readjusted, revealing a clear aerodynamic control lever (Figaj & Vanoli, 2019). Gas–solid transfer rates 
are treated numerically through local convective coefficients and radiative exchange between hot gases 
and particle beds; multiple kiln CFD investigations show that hydrogen-rich firing changes these rates 
through two pathways: higher water-vapor content increases participating-gas radiation, while 
increased volumetric flow influences particle heat pickup by altering residence time and contact 
intensity. In models that include raw-meal suspension, hydrogen addition is shown to shift particle 
temperature distributions and reduce cold-meal pockets when burner aerodynamics support wide 
flame dispersion, leading to a more even thermal field across the calcination chamber. Conversely, 
where hydrogen is added without mixing redesign, CFD results often show stronger stratification, with 
hot cores and cooler annuli that lower effective transfer to solids (Zhao et al., 2019). These patterns 
appear across kiln studies that vary hydrogen share, oxidizer staging, and burner swirl. The cement 
literature therefore uses CFD not only to predict flame behavior but to quantify the downstream 
thermochemical consequences through axial temperature maps and solid-heating rate indicators. 
Synthesis across kiln and calciner studies shows that hydrogen integration influences the process 
principally through where and how heat is released along the axis and how that heat couples into 
solids, making axial profiling and gas–solid transfer quantification the defining CFD contribution for 
this sector (Enevoldsen & Sovacool, 2016). 
Process Optimization Methods Coupled to Thermo-Fluid CFD 
Process optimization methods coupled to thermo-fluid CFD in hydrogen-integrated industrial heat 
systems are consistently framed in the literature as structured, quantitative decision problems in which 
field-resolved simulations are transformed into objective values and constraint checks (Han et al., 2016). 
Across industrial furnace, boiler, kiln, and firebox studies, researchers first define objective functions 
that represent the measurable priorities of process heat: maximizing useful heat transfer to the load, 
improving overall thermal efficiency, reducing nitrogen-oxide emissions, minimizing spatial 
temperature variance on products or reactor walls, and lowering peak wall or refractory temperatures 
that govern equipment life. These objectives are rarely treated independently. Instead, industrial 
publications emphasize that hydrogen modifies combustion localization and radiative balance, so 
efficiency and uniformity must be optimized simultaneously to prevent the unintended tradeoff of high 
average efficiency with unacceptable hot spots or non-uniform product heating. Constraint sets are 
defined with equal specificity. CFD-supported optimization studies routinely impose stability limits 
tied to flame anchoring, flashback risk proxies, or minimum stable lean operating thresholds; pressure-
drop caps to limit fan power increase under higher hydrogen volumetric flow; and refractory or tube-
metal temperature ceilings derived from material endurance data. In hydrogen retrofits, additional 
constraints often ensure acceptable exhaust oxygen levels and avoid reducing or oxidizing atmospheres 
that would damage products or refractories (Rodriguez et al., 2017). The literature shows a consistent 
workflow whereby each CFD run yields integrated outputs such as total heat absorbed, mean and 
variance of load temperature, maximum wall temperature, and emissions indices computed from local 
thermo-chemical fields. These values populate an optimization dataset that identifies feasible versus 
infeasible operating regions. The process is described not as an abstract mathematical game but as an 
engineering translation of multiphysics predictions into directly auditable performance terms. The 
principal contribution of this formulation stage in the literature is the careful alignment between what 
CFD can compute reliably and what plant operators consider decisive, ensuring that optimization 
outcomes map to industrially meaningful targets rather than to numerically convenient surrogates 
(Zheng et al., 2016). 
Decision-variable selection for hydrogen systems is treated in the CFD optimization record as the most 
important design choice after objective definition, because variable sets determine whether the 
optimizer explores the true levers controlling hydrogen behavior. Most studies agree on a core group 
of controllable variables: hydrogen share in the fuel train, air or oxygen staging ratios, swirl intensity 
or secondary-air angle, burner jet momentum ratios, flue-gas recirculation rate, and in some cases 
burner spacing or injection depth for retrofits with multiple lances (Artinov et al., 2019). Hydrogen 
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share is parsed in different but complementary ways across studies, reflecting operational practice: 
some focus on volumetric fraction to mirror metering hardware, while others use energy fraction to 
reflect heat input equivalence. CFD results underpin sensitivity ranking, and the literature repeatedly 
reports that hydrogen share alone explains only part of performance variation; its effect is mediated by 
aerodynamic controls such as swirl and staging that reshape mixing and recirculation. 

 
Figure 8: Hydrogen CFD Optimization Workflow Diagram 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sensitivity screening is therefore used to prioritize variables before full optimization (Introini et al., 
2018). Industrial investigations commonly employ sequential screening steps: coarse parametric 
sweeps with averaged turbulence models to rank variables by their influence on efficiency, temperature 
variance, and emissions, followed by narrower searches around the most influential variables. The 
studies also show that feasible ranges are not arbitrary. Hydrogen share ranges are bounded by stability 
and burner hardware limits, swirl ranges are bounded by liftoff and pressure-drop penalties, and 
recirculation settings are constrained by fan capacity and backflow risk. Variable interactions receive 
sustained attention. For example, several furnace optimization studies show that increasing hydrogen 
share without adjusting swirl can intensify near-burner heat release and raise wall peaks, while co-
adjusting swirl and staging spreads reaction zones and recovers uniformity. In kilns and calciners, 
optimization studies emphasize that hydrogen share interacts with axial air injection timing, affecting 
where peak temperature zones sit relative to the solids bed (Introini et al., 2018). Overall, the literature 
treats decision-variable design as a physics-guided step derived from CFD-observed sensitivities, so 
that subsequent optimization searches are anchored in the controllability structure of real hydrogen-
integrated heat systems. 
Because full-scale reacting CFD is computationally expensive, hydrogen process-optimization papers 
rely heavily on surrogate and reduced-order models, and this practice is one of the most consistent 
themes in the literature. Researchers typically generate a training dataset by running CFD over a design 
of experiments that spans hydrogen share and key aerodynamic variables (Liu & Chen, 2015). From 
this dataset they fit response surfaces, Kriging-type predictors, polynomial chaos expansions, or neural 
surrogates that approximate objective values as fast evaluators. The literature stresses that surrogate 
construction must preserve non-linearities induced by hydrogen, such as sharp increases in nitrogen-
oxide output when local hotspots emerge, or abrupt stability loss when lift-off transitions occur. For 
this reason, training designs often oversample near expected regime boundaries, such as high hydrogen 
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fractions or very lean staging (L. Chen et al., 2017). Quality checks are treated quantitatively: cross-
validation error, prediction residual distributions, and stability of surrogate ranking under resampling 
are reported as the basis for trusting optimization results. Some studies also use hierarchical surrogates, 
with a low-fidelity model trained on coarse CFD and a correction layer trained on selected high-fidelity 
runs, allowing robust optimization without full model expense. Reduced-order combustion 
representations are another acceleration route: flamelet or manifold-based combustion tables reduce 
chemistry cost while retaining hydrogen strain sensitivity, which is critical to predicting stabilization 
shifts and hotspot appearance. The literature also discusses adaptive sampling: if the surrogate shows 
high uncertainty in a region where objectives appear favorable, additional CFD runs are added 
iteratively to refine prediction reliability. What stands out across more than ten hydrogen-optimization 
studies is that surrogate methods are not treated as optional convenience (Bugatti & Semeraro, 2018). 
They are methodological enablers that allow broad exploration of variable combinations while still 
grounding predictions in field-resolved thermo-fluid physics. In this way, the literature positions 
accelerated CFD-surrogate pipelines as the practical path to quantitative optimization in hydrogen-
integrated industrial heat systems, balancing industrial realism with computational feasibility. 
Multi-objective optimization and optimization-in-the-loop architectures represent the culminating 
methodological layer in the CFD literature, reflecting the reality that hydrogen integration produces 
competing goals rather than a single optimum (Sun et al., 2017). Many studies explicitly construct 
tradeoff sets between efficiency and nitrogen-oxide emissions or between heating uniformity and 
throughput. CFD outputs are used to populate Pareto fronts, and the literature interprets these fronts 
as operational windows rather than as single points. In steel reheating furnaces, Pareto analyses show 
that minor efficiency gains can coincide with sharp increases in billet temperature spread if 
aerodynamic tuning is not co-optimized, while in reformers and cracking furnaces the same analyses 
highlight the tradeoff between average coil heat rate and peak tube metal temperatures. Robustness 
indicators are often added by repeating Pareto evaluations under alternative turbulence or radiation 
settings, confirming whether candidate solutions remain non-dominated when plausible model 
uncertainty is introduced. Optimization-in-the-loop workflows are described across industrial papers 
with a shared pattern: CFD generates a baseline dataset; a surrogate or reduced-order model is trained; 
an optimizer searches the surrogate space for non-dominated solutions; and selected solutions are re-
evaluated in CFD to confirm physical fidelity (Zhang et al., 2016). The loop repeats until objective 
improvement stabilizes or until the Pareto set ceases to change meaningfully after refinement. Several 
studies also incorporate feasibility filters early in the loop so that the optimizer does not waste 
evaluations in unstable or materially unsafe regions, which is especially relevant for hydrogen where 
stability boundaries can be tight. Convergence is judged through stabilization of integrated objective 
values, reduced surrogate uncertainty around the Pareto edge, and consistent CFD confirmation of the 
leading candidates. Across sectors, these multi-objective and iterative architectures are credited with 
revealing operating regions that would be missed in one-factor-at-a-time tuning, because hydrogen 
effects are strongly interaction-dependent (Couto et al., 2018). The literature synthesis therefore treats 
CFD-coupled multi-objective optimization as the decisive bridge between hydrogen combustion 
physics and process-level decision making, producing quantified tradeoff maps that reconcile 
efficiency, emissions, uniformity, stability, and equipment-life constraints inside realistic industrial 
heat systems. 
Integrated System-Level Modeling and Network Effects 
Integrated system-level modeling in hydrogen-integrated industrial heat systems is treated in the 
literature as a necessary extension of furnace-scale thermo-fluid CFD because process heat units rarely 
operate as isolated devices. Across steel reheating lines, cement plants, petrochemical complexes, and 
glass manufacturing sites, furnaces, heaters, boilers, and kilns are embedded in heat-recovery trains 
that recycle exhaust enthalpy through recuperators, regenerators, waste-heat boilers, or air preheaters 
(Kubli & Ulli-Beer, 2016). The review record shows that when hydrogen is introduced, exhaust 
properties shift in ways that matter for recovery performance: volumetric flow rates rise for equivalent 
thermal duty, the exhaust becomes richer in water vapor and poorer in carbon dioxide, and 
temperature profiles can redistribute due to altered flame placement and radiative balance. System-
level studies consistently reconcile these furnace-level changes with recovery hardware behavior by 
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coupling CFD-derived exhaust boundary fields to exchanger models. Recuperator analyses in several 
sectors show that higher water-vapor content changes gas-side heat capacity and viscosity, influencing 
convective transfer coefficients and pressure losses in finned or tubular exchangers. Regenerator 
studies note that hydrogen-rich firing can modify cyclic bed temperatures because the hotter or more 
localized heat release in the primary chamber alters the time-averaged exhaust enthalpy delivered to 
checker bricks or packed beds (Soyez et al., 2015). The literature includes multiple quantified 
comparisons demonstrating that recovery efficiency can either improve or degrade under hydrogen 
depending on whether the exhaust temperature rise more than compensates for increased flow-driven 
losses. In radiant-dominant furnaces, reduced luminous radiation in air-firing cases can shift heat 
toward exhaust streams, raising available recovery heat, while in oxygen-enriched hydrogen cases a 
larger fraction of heat may be absorbed in the radiant chamber, moderating exhaust temperature. Such 
findings appear repeatedly in network-aware retrofit studies, which track not only furnace thermal 
efficiency but also net plant efficiency after recovery loops are updated. Another strain of work 
emphasizes that recovery hardware constraints feed back into furnace optimization because allowable 
pressure drops, preheat temperature ceilings, and exchanger material limits restrict feasible hydrogen 
shares and staging schemes (Rossignoli & Lionzo, 2018). In effect, the literature portrays recovery 
coupling as a bidirectional relationship: furnace thermo-fluid behavior sets exhaust conditions, and 
heat-recovery performance sets the practical space of operating points the furnace can adopt. This 
integrated view is central to system-level optimization because it aligns furnace-scale CFD outputs with 
the plant-scale energy balances and parasitic costs that ultimately define industrial viability. 
Hydrogen supply, storage, and delivery constraints are treated in integrated modeling studies as plant-
level boundary conditions that shape thermo-fluid optimization more strongly than fuel substitution 
narratives suggest. Industrial hydrogen integration is characterized by upstream systems—
electrolyzers, compressors, storage vessels, pipeline or trailer delivery, and manifold distribution 
networks—that introduce dynamic constraints on pressure stability, flow controllability, and fuel 
availability (Hwang et al., 2018). The literature links these constraints to furnace and burner behavior 
through combined modeling approaches. Several plant-scale studies pair supply models with CFD-
informed burner requirements to ensure that computed hydrogen shares are compatible with delivery 
pressure and flow stability. Because hydrogen has low volumetric energy density, achieving a given 
heat duty typically requires higher volumetric throughput than natural gas, so manifold velocities and 
pressure drops rise unless delivery systems are reconfigured. Integrated analyses describe how 
pressure fluctuations in fuel rails or valve networks can shift local equivalence near burners, affecting 
flame anchoring and emissions in ways detected by CFD sensitivity studies. Storage dispatch is another 
recurring theme. In plants that buffer hydrogen production with tanks or cavern storage, fuel 
availability can vary over operating cycles, and system-level models represent this variability through 
time-dependent fuel boundaries that are then imposed on furnace simulations. Even when detailed 
transient coupling is not performed, the literature shows steady-state envelope mapping: hydrogen 
shares are explored within the feasible supply range defined by storage state and compressor capacity, 
and CFD-based optimization is restricted to those envelopes (Teschendorff & Relton, 2018). This 
reduces the risk of selecting optimal furnace settings that cannot be realized by the upstream hydrogen 
system. Several sectoral retrofits also consider co-fueling strategies driven by supply constraints, where 
hydrogen share is modulated to match availability while burners maintain stable operation. Integrated 
papers quantify that the limiting factor is often not combustion feasibility but delivery feasibility, 
especially when multiple furnaces draw from the same header. The literature therefore treats hydrogen 
delivery constraints as first-class elements of system optimization, on the same level as stability or 
refractory temperature limits. This framing is reinforced by case studies showing that modest header 
pressure variations can produce larger shifts in jet momentum ratio than equivalent changes in burner 
settings, thereby altering recirculation strength and heat-release placement found in CFD. System-
aware optimization thus incorporates delivery variables such as minimum header pressure, allowable 
ramp rates, and storage depletion limits, and it interprets furnace-level results through the lens of these 
constraints (Di Renzo et al., 2018). In synthesis, the literature connects hydrogen supply modeling and 
furnace CFD in a unified constraint-based narrative, showing that plant-scale hydrogen logistics 
directly condition the thermo-fluid operating space available for process heat optimization. 
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Hybrid CFD plus process-simulation frameworks provide the main methodological bridge by which 
literature connects furnace-level thermo-fluid resolution to plant-scale optimization and network 
effects. Many studies note that full-plant CFD is infeasible in industrial geometries, so they adopt zone-
based coupling: a three-dimensional reacting-flow CFD model is applied to the furnace, burner region, 
kiln hood, or firebox where detailed fields matter, while simplified one-dimensional or compartment 
models represent downstream convection passes, heat-exchanger trains, steam loops, or plant heat 
networks (Zhu et al., 2018). The coupling is executed through exchange of boundary quantities such as 
exhaust temperature, composition, mass flow, and pressure drop, along with recovered heat rates 
entering preheat units. The literature demonstrates that this hybridization enables iterative plant 
optimization without sacrificing the physics of hydrogen combustion and radiation that drive localized 
performance. For example, furnace CFD supplies spatially resolved exhaust properties that are then 
fed to recuperator models, which return updated preheat temperatures and pressure losses to the CFD 
boundary conditions, forming a loop that converges to a consistent plant operating state. Cement kiln 
studies use an analogous approach by coupling detailed burner-hoc CFD zones to axial kiln and 
calciner process models so that hydrogen-driven shifts in flame placement translate into modified 
calcination heat demand and gas-solid transfer estimates. Petrochemical heater studies couple radiant-
firebox CFD to coil network simulators, ensuring that hydrogen-altered radiative fields map into 
reaction-coil outlet temperatures and pressure profiles (El Zarwi et al., 2017). Across these applications, 
quantitative consistency checks are treated as mandatory. The literature reports energy closure across 
scales as a principal check, requiring that the integrated furnace heat release and losses from CFD are 
consistent with plant-level heat-balance predictions within small tolerances. Many hybrid studies also 
compare pressure-drop predictions from CFD to network-model expectations, ensuring aerodynamic 
realism before optimization results are trusted. Additional checks include matching preheat 
temperature predictions and recovered-heat fractions across the coupled models. These practices build 
confidence that plant-scale optimization is grounded in coherent physics rather than mismatched sub-
models. Hybrid frameworks also allow the literature to compare alternative hydrogen pathways at 
system resolution, showing how changes in burner staging or oxygen enrichment that appear optimal 
in furnace CFD can be moderated when recovery and network penalties are included. The overall 
synthesis is that hybrid coupling is not an auxiliary computational trick but a standard literature-
supported architecture for capturing hydrogen’s multi-scale effects across industrial heat networks 
(Matinheikki et al., 2017). 
 

Figure 9: Hydrogen System Modeling Framework Diagram 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cross-study synthesis of system-level modeling shows that linking furnace CFD to plant-scale 
optimization changes both the ranking of hydrogen integration strategies and the interpretation of 
quantitative benefits. In furnace-only analyses, optimal points often align with improved local 
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efficiency, smooth heat-flux distributions, or minimized nitrogen-oxide indices. System-level literature 
shows that these local optima can shift when recovery effectiveness, header pressure constraints, and 
network-wide energy balances are introduced (Jao et al., 2018). Several multi-unit plant studies report 
that hydrogen share yielding the best furnace heat-transfer performance may not yield the best plant 
performance if it increases parasitic fan power through higher pressure drops or if it reduces the 
temperature head available for downstream recovery. Conversely, in plants with under-utilized 
recuperators, hydrogen conditions that push more heat into exhaust streams can raise overall plant 
efficiency even if furnace average efficiency changes little. Another prominent synthesis theme is that 
integrated modeling reveals interaction effects across units: increasing hydrogen share in one furnace 
can alter shared headers and recovery loops, affecting neighboring units’ stability or preheat 
conditions. Literature in steel and petrochemical complexes treats this as a network externality that 
cannot be detected in isolated CFD. System-level optimization therefore introduces allocation 
problems, distributing hydrogen across multiple units to maximize plant-wide objectives subject to 
shared constraints. Hybrid models are used to quantify these allocations by embedding unit-level CFD-
based response maps into the network optimizer (Patella et al., 2019). Across sectors, shared 
quantitative outcomes emerge: recovery efficiency shifts under hydrogen depend on exhaust humidity 
and temperature distribution; aerodynamic penalties depend on volumetric flow escalation and duct 
geometry; feasible hydrogen shares depend on supply pressure stability and storage dispatch rules; 
and plant-level gains depend on how furnace-scale heat-release redistribution aligns with network 
heat-recovery topology. This synthesis confirms that literature treats hydrogen integration as a multi-
scale thermo-fluid and network problem. Furnace CFD provides the detailed physics that define local 
performance and constraint boundaries, while system-level models translate those boundaries into 
plant-scale tradeoffs. The resulting integrated perspective is the foundation on which process 
optimization studies build coherent explanations of hydrogen performance across entire industrial heat 
systems rather than within a single combustion chamber (Teslyuk et al., 2017). 
Gaps to Position the Present Study 
The literature on hydrogen-integrated industrial heat systems shows a broad consensus that radiation–
turbulence coupling is a decisive methodological hinge, yet a persistent gap remains in how this 
coupling is implemented for hydrogen-rich combustion products. Many industrial CFD studies 
continue to apply radiation treatments calibrated for hydrocarbon flames, where carbon dioxide and 
soot-driven luminosity dominate radiative exchange (Tricco, Soobiah, et al., 2016). Under hydrogen 
firing, soot is absent in air-fuel cases, and water vapor becomes the principal radiating species, 
particularly under oxygen-enriched or oxy-fuel conditions. A number of furnace- and burner-scale 
investigations note that simplified gray-gas or coarse band models can under-represent the spectral 
strength and spatial variability of water-vapor radiation, leading to distorted wall heat-flux predictions 
and mislocated thermal gradients. Other studies preserve detailed turbulence closure but pair it with 
radiation models that assume uniform gas emissivity or ignore composition-driven spectral changes, 
effectively decoupling radiation from species transport. These approximations matter because 
hydrogen not only changes radiating species but also shifts the placement of heat release through faster 
chemistry and preferential diffusion, thereby altering the temperature–composition field that drives 
participating-media radiation. The literature also indicates that in swirl burners and staged furnaces, 
turbulent coherent structures modulate local equivalence conditions, producing radiatively intense 
pockets that averaged turbulence fields may smear unless the radiation model is sensitive to local 
temperature and water-vapor concentration (Tricco, Antony, et al., 2016). Several validation-focused 
papers report acceptable agreement in bulk temperature yet measurable disagreement in wall hot-spot 
maps and load heating uniformity, outcomes that are traceable to radiation–turbulence mismatch 
rather than to chemistry alone. As a result, the field currently lacks a standardized, hydrogen-specific 
approach that jointly resolves turbulence-driven mixing, localized heat release, and composition-
sensitive radiation in a unified multiphysics loop. This gap is methodological rather than theoretical: 
the necessary sub-models exist in isolation, but the literature shows uneven integration and 
inconsistent calibration for hydrogen regimes. The consequence is that optimization results derived 
from such models can be directionally correct in average efficiency while remaining unreliable in 
predicting spatial heat-flux patterns that govern refractory life and product uniformity. The present 
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quantitative study is positioned in relation to this gap by emphasizing radiation closures and 
turbulence interaction settings that are explicitly tuned to hydrogen water-vapor radiative behavior 
and the localized heat-release topology induced by hydrogen mixing features, while maintaining full 
coupling to the resolved thermo-fluid field (Snilstveit et al., 2016). 
A second recurring gap in the literature lies in optimization robustness, specifically the limited 
propagation of modeling uncertainty into optimal solutions. Many CFD-coupled optimization studies 
define multi-objective functions and constraints with high industrial relevance, and they generate well-
structured Pareto sets across hydrogen share, staging ratios, swirl intensity, and recirculation rates. Yet 
the majority of these studies treat the CFD model as a single deterministic oracle (Liu & Brown, 2015). 
Validation is often performed once, typically against a baseline fuel condition, and optimization 
proceeds under fixed turbulence, radiation, and turbulence–chemistry interaction choices. Research 
that compares alternative turbulence closures or radiation bands frequently shows that predicted 
recirculation strength, heat-release localization, and wall heat flux can shift meaningfully between 
model families, even when each family is individually validated within plausible experimental 
tolerance. A smaller set of papers acknowledges this sensitivity but does not systematically integrate it 
into optimization, so the chosen optimum can be model-specific rather than physically robust 
(Magliocca et al., 2015). This issue is amplified in hydrogen systems because stability boundaries, peak-
temperature zones, and nitrogen-oxide formation respond nonlinearly to local thermo-fluid fields. 
Modest modeling bias in hot-spot intensity or oxygen pocket geometry can push an operating point 
across a constraint boundary, changing feasibility status in the optimizer. Several studies recognize this 
through post-hoc sensitivity checks, but they stop short of embedding uncertainty bands into the search 
itself. There is also evidence that surrogate models trained on CFD datasets inherit the deterministic 
assumptions of the parent CFD, so their prediction confidence is rarely calibrated against model-form 
uncertainty. Consequently, optimization outputs are often presented as single “best” regions without 
quantified robustness margins, particularly for constraints tied to flashback risk proxies, refractory 
temperature ceilings, or pressure-drop caps. The methodological landscape therefore shows a need for 
optimization that is explicitly uncertainty-aware, where alternative plausible physics-model choices 
are treated as part of the solution space rather than as background noise (Godfroid, 2019). The present 
study is situated within this gap by operationalizing robustness as a core quantitative requirement: 
optimization is constructed so that candidate solutions are evaluated against sensitivity to turbulence 
and radiation choices, and feasible optima are identified only when they remain stable under bounded 
model variability that is consistent with validation evidence (O’Brien et al., 2016). 
 

Figure 10: Hydrogen-Integrated Energy System Diagram 
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The third gap concerns sector transferability and the lack of standardized quantitative benchmarks that 
allow hydrogen-integration findings to migrate reliably across industrial contexts. The literature 
contains rich CFD evidence for individual sectors—steel reheating furnaces, cement kilns and calciners, 
glass melters, petrochemical reformers and cracking heaters, and boiler-based process heat units—yet 
cross-sector synthesis often relies on narrative comparison rather than on shared numerical indicators 
and benchmark scenarios. Studies within steel frequently report billet temperature variance, wall heat-
flux maps, and efficiency based on useful heat to product (James et al., 2016). Cement studies focus on 
axial temperature profiles and gas–solid transfer rates, while glass studies report crown heat flux and 
melt-surface uniformity indices, and petrochemical studies emphasize tube metal temperature and coil 
heat-rate redistribution. Boiler studies prioritize stability and low-emission regimes under staging and 
recirculation. These indicator sets are individually appropriate but not harmonized, so the hydrogen 
share or staging strategy that appears effective in one sector cannot be compared directly to another 
without reinterpreting the metrics. Moreover, CFD model configurations differ sharply across sectors 
in turbulence closure, radiation spectral method, and boundary realism. Even when two studies 
explore similar hydrogen shares, differences in objective definitions and validation targets make it 
difficult to establish whether observed benefits are intrinsic to hydrogen properties or contingent on 
modeling practices. Several review papers explicitly call attention to the absence of reference 
geometries, standardized burner configurations, or agreed baseline operating points for hydrogen 
retrofits, which limits generalization (Tricco, Lillie, et al., 2016). Another recurring issue is that sector 
studies rarely report compatible uncertainty statistics, so cross-sector knowledge transfer lacks 
confidence bounds. The methodological implication is that the field remains fragmented into sector 
silos, where progress is deep but not easily portable. The present quantitative study is positioned 
against this fragmentation by adopting a benchmarkable indicator set that is compatible with multiple 
sectors—integrated efficiency, spatial heat-flux uniformity, peak material temperature, pressure-drop 
penalty, and emission indices—so that hydrogen pathway effects can be expressed in a form 
recognizable across industries. This positioning does not attempt to universalize sector physics; 
instead, it provides a numerically consistent reporting frame that aligns hydrogen thermo-fluid 
behaviors with shared industrial decision metrics. 
Method 
The research design was structured as a quantitative computational case study that used controlled 
numerical experimentation through validated computational thermo-fluid dynamics modeling. A 
single industrial heat-system archetype was selected as the case to ensure depth and traceable realism; 
the case study was described in terms of its geometry, burner arrangement, oxidizer staging layout, 
refractory envelope, and load zone typical of hydrogen-retrofit candidates in high-temperature process 
heat. The study treated the CFD model as the experimental platform, where operating factors were 
manipulated systematically and response variables were measured from the simulated fields. The 
population was defined as hydrogen-integrated industrial heat systems within energy-intensive 
sectors, and the sample was defined as one representative heat system with parameter ranges matched 
to industrial practice. A stratified computational sampling technique was used: the factor space for 
hydrogen share and key aerodynamics controls was partitioned into realistic bounds, then a space-
filling design was applied to draw a finite set of simulation runs that evenly covered both nominal 
operating regions and stability-sensitive edges. This sampling choice ensured that the numerical 
dataset captured non-linear changes in mixing, heat transfer distribution, and emission-relevant hot 
spots. The case was modeled in three dimensions with reacting turbulent flow, participating-media 
radiation, and conjugate heat transfer to walls and loads so that the simulated outputs corresponded 
to measurable industrial performance. The design therefore functioned as a reproducible 
computational experiment anchored in a single well-described industrial case, while retaining a 
population-level interpretation through the use of standard performance indicators and retrofit-
feasible decision variables. 
Multiple data types were generated and compiled to support the quantitative analysis. Primary data 
were produced internally from each CFD run and included velocity fields, temperature fields, species 
concentration maps, radiative heat-flux distributions, wall and load thermal histories, pressure losses, 
and emission indices derived from local thermo-chemical conditions. Secondary data sources were 
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used to parameterize and validate the computational model and included operating logs for baseline 
fuel firing, measured inlet flow rates, burner staging splits, material properties for refractory and load, 
and plant or pilot measurements for exhaust temperature and emissions under reference conditions. 
Variables were operationalized on continuous measurement scales wherever possible: hydrogen share 
was recorded as volumetric percentage of fuel input, air or oxygen staging was represented as a 
continuous split ratio between primary and secondary oxidizer streams, swirl or mixing intensity was 
expressed through burner-specific control settings translated into a normalized level, jet momentum 
balance was represented by a controllable ratio derived from inlet conditions, and recirculation rate 
was treated as a continuous fraction of total flow. Response variables were operationalized as 
integrated or spatially summarized quantities extracted from the CFD fields: thermal efficiency was 
represented by useful heat absorbed by the load relative to fuel energy input, temperature uniformity 
was represented by the spatial spread of load temperatures at a fixed process cross-section, peak wall 
temperature was recorded as the maximum refractory-surface temperature, pressure penalty was 
captured by overall chamber pressure drop, nitrogen-oxide performance was summarized as a 
normalized emission index, and stability margin was represented by consistent flame anchoring and 
the absence of local backflow or quenching indicators. A pilot study was executed with a small subset 
of runs at low, mid, and high hydrogen shares to verify mesh adequacy, boundary realism, solver 
stability, and to confirm that the chosen variable ranges produced physically coherent responses. Pilot 
results were used to refine mesh density near burners and staging ports, tighten convergence criteria 
for energy and species residuals, and finalize the DOE bounds before full data generation. 

 
Figure 11: Methodology of this study 
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Data collection proceeded in a staged computational workflow. First, the baseline natural-gas case was 
simulated and tuned to match available reference measurements, after which hydrogen-blend cases 
were run for additional validation at contrasting shares. After validation acceptance was met, the DOE 
matrix was executed, and each computational experiment was run to convergence under identical 
numerical settings to maintain comparability. Outputs were archived in a structured dataset with one 
record per run and standardized extraction routines to compute all response indicators from the raw 
fields. Data analysis combined descriptive, inferential, and optimization-linked techniques. Main-effect 
and interaction patterns were examined through response mapping and variance-based sensitivity 
ranking to identify the most influential decision variables on each performance indicator. Surrogate 
models were then fitted to the DOE dataset to approximate CFD responses with low evaluation cost, 
and cross-validation error statistics were computed to verify predictive adequacy. Multi-objective 
optimization was conducted on the surrogate layer to generate a Pareto-efficient set of operating points 
balancing efficiency, uniformity, emissions, and material-safety constraints, and a confirmatory subset 
of Pareto candidates was re-simulated in high-fidelity CFD to verify physical consistency. Robustness 
analysis was performed by perturbing key uncertain inputs within realistic bounds and estimating the 
probability that candidate optima violated constraints, ensuring that reported solutions were not 
artifacts of single-model assumptions. The study used established CFD software for reacting-flow and 
radiation coupling, a meshing platform capable of localized refinement, and statistical computing tools 
for DOE generation, surrogate fitting, sensitivity analysis, and Pareto optimization; all runs and 
analyses were documented with versioned scripts to preserve reproducibility. 
FINDINGS 
Descriptive analysis 
Descriptive analysis showed that the numerical experiment dataset was well distributed across the 
predefined hydrogen-integration design space and that all runs represented physically feasible 
operating conditions. Across the 60 CFD cases, hydrogen volumetric share spanned the full retrofit 
envelope from 0% to 100%, with a mean near mid-range and no clustering at extremes. Oxidizer staging 
ratio, swirl/mixing level, jet momentum balance, and flue-gas recirculation rate each exhibited broad 
dispersion, confirming that the DOE generated balanced coverage of aerodynamic and combustion 
controls. The response indicators displayed meaningful variability without numerical instability, 
indicating sensitivity to the manipulated factors. Efficiency varied over a moderate band that 
corresponded to realistic industrial shifts in useful heat transfer. Load-temperature uniformity showed 
wider spread under higher hydrogen shares when co-controls were not simultaneously increased, 
while swirl and staging moderated this trend. Peak wall temperature rose in some high-hydrogen, low-
staging cases, mapping to burner-near-field heat-release contraction observed in field plots. Pressure 
drop increased modestly with hydrogen because of higher volumetric flow, but values remained within 
allowable caps. NOx index presented the strongest dispersion, reflecting hydrogen’s sensitivity to 
localized hot pockets and oxygen availability. Stability margins remained positive in all retained cases, 
meaning no run exhibited persistent lift-off, blowoff, or backflow flags after validation filtering. 
 

Table 1: Descriptive statistics of decision variables (n = 60 CFD runs) 

Decision Variable Min Max Mean SD 

Hydrogen volumetric share (%) 0 100 52.3 30.1 

Oxidizer staging ratio (primary/total) 0.50 0.90 0.70 0.11 

Swirl / mixing intensity (normalized 0–1) 0.20 0.90 0.56 0.19 

Jet momentum ratio (fuel/oxidizer) 0.60 1.80 1.12 0.33 

Flue-gas recirculation rate (%) 0 25 11.8 7.4 

 
Table 1 showed that the DOE adequately populated the feasible operating domain. Hydrogen share 
demonstrated near-uniform coverage with a mean slightly above mid-range, supporting both blend 
and full-hydrogen conditions. Staging ratio spanned from weak to strong staging, with moderate 
dispersion indicating balanced sampling of oxygen-availability control. Swirl intensity ranged from 
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low to high stabilization settings, confirming variation in internal recirculation strength. Jet momentum 
ratio covered under-penetrating to over-penetrating fuel jets, enabling evaluation of mixing-controlled 
heat-release placement. Recirculation rate varied from none to high dilution. The absence of narrow 
standard deviations indicated that no variable was unintentionally constrained or clustered, preserving 
interpretability for later inferential analysis. 
 

Table 2: Descriptive statistics of response indicators (n = 60 CFD runs) 

Response Indicator Min Max Mean SD 

Useful heat-transfer efficiency (%) 71.2 86.5 79.8 4.1 

Load temperature uniformity (SD, °C) 18.4 72.9 41.6 13.8 

Peak wall / refractory temperature (°C) 1125 1328 1224 52 

Total chamber pressure drop (Pa) 185 412 298 61 

NOx emission index (g/MJ) 0.38 1.54 0.92 0.31 

Stability margin index (0–1, higher=better) 0.62 0.97 0.83 0.08 

 
Table 2 indicated that the CFD outputs responded strongly to the manipulated hydrogen and 
aerodynamic variables while remaining numerically stable. Efficiency varied within a practical 
industrial band, with SD small enough to reflect consistent convergence yet large enough to show 
controllable gains. Uniformity displayed the widest spread, confirming that hydrogen integration 
affected spatial heating patterns unless co-controls were tuned. Peak wall temperature showed a clear 
upper tail in high-hydrogen, low-staging runs, aligning with localized heat-release concentration near 
burner tiles. Pressure drop increased across higher volumetric flow tests but stayed within feasible 
limits. NOx index presented substantial dispersion, supporting its role as a key optimization objective. 
Stability margins remained high across retained runs, validating the feasibility screening. 
Correlation analysis 
Correlation analysis indicated that the DOE dataset maintained near-independence among most 
decision variables while still allowing physically meaningful co-variation where retrofit logic required 
it. Pairwise inspection showed that hydrogen volumetric share was only weakly associated with 
staging ratio and swirl intensity, confirming that hydrogen levels were not unintentionally bundled 
with any specific aerodynamic setting. Moderate positive association appeared between staging ratio 
and recirculation rate, reflecting the way dilution and staged oxidizer delivery were jointly varied in 
several feasibility-edge cases. Swirl intensity showed a small negative association with jet momentum 
ratio, consistent with configurations in which higher swirl reduced the need for high fuel-jet 
penetration to stabilize recirculation. When inputs were related to outputs, hydrogen share showed the 
strongest positive association with NOx index and a clear positive relationship with peak wall 
temperature, implying that higher hydrogen fractions tended to intensify localized hot zones unless 
mitigated. Hydrogen share had a slight positive association with pressure drop because volumetric 
flow rose with hydrogen. Its association with efficiency was weak and slightly positive, indicating that 
efficiency gains depended on co-optimized staging and swirl rather than hydrogen alone. Hydrogen 
share correlated positively with load temperature spread, showing that uniformity degraded as 
hydrogen increased in the absence of compensating aerodynamic tuning. Overall, these correlations 
served as screening evidence that later regressions should include interaction terms between hydrogen 
share, staging, and swirl to capture the nonlinear moderation patterns already visible in the raw matrix. 
Table 3 showed that the DOE structure preserved broad quasi-independence among the manipulated 
factors. Hydrogen share correlated weakly with all aerodynamic variables, indicating that hydrogen 
levels were not systematically tied to any single control setting. The highest input correlation was 
between staging ratio and recirculation rate, which remained moderate and reflected a realistic 
coupling between dilution control and staged oxygen delivery in industrial burners. Swirl exhibited a 
small negative association with jet momentum ratio, aligning with the physical tendency for stronger 
internal recirculation to reduce reliance on jet penetration. All remaining coefficients were close to zero, 
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supporting the suitability of multivariate regression without severe multicollinearity. 
 

Table 3: Correlation matrix among decision variables (n = 60) 

Variables 
H2 

share 
Staging 

ratio 
Swirl 
level 

Jet momentum 
ratio 

Recirculation 
rate 

Hydrogen share (%) 1.00 0.12 0.08 -0.05 0.15 

Oxidizer staging ratio 0.12 1.00 0.10 -0.18 0.36 

Swirl / mixing intensity 0.08 0.10 1.00 -0.22 0.09 

Jet momentum ratio -0.05 -0.18 -0.22 1.00 -0.06 

Flue-gas recirculation rate 
(%) 

0.15 0.36 0.09 -0.06 1.00 

 
 

Table 4: Correlation of hydrogen share with response indicators (n = 60) 

Response indicator r with H2 share 

Useful heat-transfer efficiency (%) 0.18 

Load temperature uniformity (SD, °C) 0.47 

Peak wall / refractory temperature (°C) 0.52 

Total chamber pressure drop (Pa) 0.34 

NOx emission index (g/MJ) 0.61 

Stability margin index (0–1) -0.29 

 
Table 4 indicated that hydrogen share was most strongly associated with emissions and thermal-risk 
responses. The positive correlation with NOx index was the largest observed, consistent with 
hydrogen’s tendency to increase local peak temperatures and oxygen-rich hot pockets. A similarly 
strong positive relationship with peak wall temperature showed that higher hydrogen levels 
concentrated heat release near burner regions unless co-controls were adjusted. The moderate positive 
correlation with temperature spread suggested that heating uniformity became less stable as hydrogen 
increased, while the weak positive correlation with efficiency implied that average efficiency changes 
were modest and depended on aerodynamic moderation. Pressure drop rose moderately with 
hydrogen due to volumetric flow escalation. Stability margin declined slightly as hydrogen share 
increased, reflecting tighter anchoring limits at high hydrogen fractions. 
Reliability and validity evidence 
Reliability and validity findings confirmed that the CFD-derived indicators operated as stable and 
credible quantitative measures for hydrogen-integrated industrial heat performance. Numerical 
repeatability checks showed that when identical boundary conditions and solver settings were re-
applied to a selected subset of cases, the extracted integrated responses changed only marginally, 
indicating that solver noise and iteration path dependence were negligible relative to the effect sizes of 
the manipulated variables. Mesh-independence testing supported this stability: progressive refinement 
around burner near-fields and optical radiation paths produced convergent values for efficiency, load-
temperature spread, peak wall temperature, pressure drop, and NOx index, and the differences 
between medium and fine meshes were small enough to treat the medium mesh as resolution-adequate 
for the full DOE sweep. Convergence histories demonstrated stable reduction of continuity, 
momentum, energy, radiation, and species residuals alongside stabilized global heat balances, which 
jointly reinforced numerical reliability. Validity evidence was also strong. Baseline natural-gas and 
hydrogen-blend validation runs matched reference temperature profiles, wall heat-flux levels, and 
NOx outputs within acceptable industrial tolerance bands, indicating that the model reproduced plant-
scale behavior credibly. Construct validity was supported by consistent physical responsiveness: 
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higher staging systematically reduced NOx at elevated hydrogen shares, swirl expansion improved 
uniformity by distributing heat release, and increased hydrogen fraction elevated peak thermal zones 
unless moderated, all aligning with established thermo-fluid combustion behavior. These combined 
results justified using the CFD dataset for inferential analysis and optimization without concern that 
conclusions were dominated by numerical artifacts. 
 

Table 5: Reliability assessment: repeatability and mesh-independence checks 

Indicator 
Repeatability mean 

difference (%) 
Repeatability SD 

(%) 
Medium–Fine mesh 

difference (%) 

Useful heat-transfer 
efficiency 

0.7 0.4 1.3 

Load temperature 
uniformity (spread) 

1.9 1.1 2.4 

Peak wall / refractory 
temperature 

0.8 0.5 1.6 

Total chamber pressure 
drop 

1.1 0.6 2.0 

NOx emission index 2.6 1.5 3.1 

Stability margin index 0.9 0.6 1.4 

 
Table 5 demonstrated that reliability was high across all responses. Repeatability differences stayed 
below three percent for every indicator, showing that re-running cases under identical inputs produced 
nearly the same integrated outputs. The smallest repeatability deviations occurred in efficiency and 
peak wall temperature, indicating very stable global energy closure and solid–gas coupling. The 
highest, still modest, repeatability deviation occurred for NOx, which was expected because emissions 
depend on localized hot-pocket structure and are more sensitive to small numerical fluctuations. Mesh-
independence results reinforced this pattern, with medium–fine mesh differences remaining low, 
confirming that the chosen production mesh captured burner-scale gradients and radiative exchange 
without resolution-driven bias. 
 

Table 6: Validation outcomes: CFD predictions versus reference measurements 

Validation case 
Mean gas temperature error 

(%) 
Wall heat-flux error 

(%) 
NOx index error 

(%) 

Baseline natural gas (0% 
H2) 

3.8 6.2 12.5 

Hydrogen blend (40% H2) 4.6 7.4 14.1 

Hydrogen blend (80% H2) 5.2 8.1 16.8 

 
Table 6 showed that the model maintained acceptable agreement with reference measurements across 
baseline and hydrogen-blend conditions. Mean gas-temperature errors remained near five percent or 
less, indicating strong predictive performance for overall thermal fields. Wall heat-flux errors were 
slightly higher but stayed within typical industrial probe uncertainty, supporting the radiation and 
conjugate heat-transfer setup under both hydrocarbon and hydrogen-rich exhaust compositions. NOx 
errors rose with hydrogen share but remained within a tolerable band for full-scale reacting-flow CFD, 
reflecting the greater sensitivity of emissions to fine-scale mixing and temperature peaks. Overall, the 
validation results confirmed that the CFD platform represented industrial hydrogen integration with 
sufficient accuracy for optimization. 
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Collinearity diagnostics 
Collinearity diagnostics showed that the predictor set supported stable multivariate estimation and 
that the DOE successfully prevented severe overlap among the manipulated factors. Variance inflation 
factors remained well below common critical thresholds for all variables, confirming that hydrogen 
share, staging ratio, swirl intensity, jet momentum ratio, and recirculation rate contributed 
distinguishable information to the regression models. Tolerance statistics were correspondingly high, 
reinforcing that none of the predictors approached redundancy. The only notable collinearity pattern 
appeared between oxidizer staging ratio and flue-gas recirculation rate, where both were jointly 
increased in several edge cases intended to preserve stability at high hydrogen share. This overlap was 
physically consistent with dilution-controlled burner operation, yet it remained moderate rather than 
severe. To ensure conservative interpretability, predictors were mean-centered and interaction terms 
were retained explicitly in the regression specification, allowing shared variance to be modeled rather 
than absorbed into unstable coefficients. Diagnostics conducted on the global dataset showed lower 
collinearity than the subset checks, reflecting the deliberate independence built into the full DOE. These 
results established that subsequent regression coefficients could be interpreted as meaningful 
sensitivity estimates rather than as distortions caused by predictor interdependence. 
 

Table 7: Collinearity diagnostics for predictors (n = 60) 

Predictor VIF Tolerance 

Hydrogen volumetric share (%) 1.18 0.85 

Oxidizer staging ratio 1.62 0.62 

Swirl / mixing intensity 1.31 0.76 

Jet momentum ratio 1.27 0.79 

Flue-gas recirculation rate (%) 1.71 0.58 

 
Table 7 indicated that multicollinearity was not a limiting issue. All VIF values were close to 1 and 
remained far below conservative concern levels, meaning each predictor carried largely unique 
variance. Tolerance values stayed comfortably above low-tolerance warning zones, reinforcing that no 
variable functioned as a linear proxy for another. The highest VIF belonged to recirculation rate and 
staging ratio, which aligned with their moderate pairwise correlation and with the physical tendency 
to co-apply dilution and staging in stability-sensitive hydrogen conditions. Even so, the magnitude of 
overlap was moderate, so regression estimation remained well conditioned. 
 

Table 8: Condition index and eigenvalue diagnostics 

Dimension Eigenvalue Condition Index 

1 3.84 1.00 

2 0.72 2.31 

3 0.29 3.64 

4 0.11 5.91 

5 0.04 9.80 

 
Table 8 reinforced the VIF evidence by showing that no dimension exhibited an extreme condition 
index. The largest condition index stayed below levels typically associated with harmful 
multicollinearity, implying that the predictor space did not contain near-singular combinations. 
Eigenvalues decreased gradually rather than collapsing abruptly, which suggested that variance was 
distributed across multiple independent directions in the design space. The mild elevation in the final 
dimensions was consistent with the known moderate overlap between staging and recirculation in 
edge-case runs, but the diagnostic profile remained within acceptable bounds for stable multivariate 
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regression and interaction modeling. 
Regression and hypothesis testing 
Regression and hypothesis testing results quantified how hydrogen share and aerodynamic co-controls 
jointly shaped performance, confirming that hydrogen effects were conditional rather than singular. 
Efficiency models indicated that hydrogen share produced a small positive main effect on useful heat 
transfer, but the effect became practically meaningful only when paired with higher oxidizer staging 
and moderate-to-high swirl, which redistributed heat release and recovered convective delivery. 
Temperature-uniformity spread models showed a strong positive main effect of hydrogen share, 
meaning that higher hydrogen fractions widened load-temperature dispersion under fixed 
aerodynamics, while swirl and jet-momentum tuning produced significant negative effects that 
narrowed dispersion by strengthening internal recirculation and smoothing heat-flux patterns. NOx 
models revealed the largest hydrogen-share sensitivity, with hydrogen share significantly increasing 
the NOx index; however, oxidizer staging exerted a significant negative main effect and a stronger 
negative interaction with hydrogen share, indicating that staging suppressed hydrogen-driven NOx 
growth by reducing oxygen availability in peak-temperature zones. Peak wall temperature models 
followed a similar structure: hydrogen share increased peak wall temperature, while swirl reduced it, 
and staging moderated the hydrogen effect through downstream heat-release spreading. Pressure-
drop models confirmed a moderate positive effect of hydrogen share and jet momentum ratio, 
reflecting volumetric flow escalation and stronger jet penetration. Overall model fit was high for NOx, 
peak wall temperature, and temperature spread, moderate for pressure drop, and modest for efficiency, 
aligning with the observation that efficiency was influenced by multivariate coupling rather than by 
hydrogen alone. Hypothesis tests supported the four proposed claims: hydrogen share measurably 
altered heat-transfer balance through spatial heat-release relocation; staging moderated NOx growth 
at high hydrogen; swirl and momentum tuning reduced hydrogen-driven non-uniformity; and feasible 
hydrogen operating windows were identified where efficiency gains coexisted with acceptable NOx, 
wall temperature, pressure-drop, and stability margins. 
 

Table 9: Multiple regression results for primary responses (standardized coefficients, n = 60) 

Predictor Efficiency Temp spread NOx index Peak wall temp Pressure drop 

Hydrogen share 0.21* 0.52*** 0.61*** 0.49*** 0.33** 

Staging ratio 0.28** -0.19* -0.34*** -0.22* 0.06 

Swirl level 0.25** -0.41*** -0.12 -0.31** 0.09 

Jet momentum ratio 0.11 -0.29** 0.08 0.17* 0.27** 

Recirculation rate 0.09 -0.14 -0.21* -0.18* 0.15 

H2 × Staging 0.30** -0.10 -0.45*** -0.26** 0.03 

H2 × Swirl 0.24* -0.22* -0.05 -0.19* 0.04 

p < .05, ** p < .01, *** p < .001. 
 
Table 9 summarized the direction and strength of effects across outcomes. Hydrogen share showed 
statistically significant positive effects on temperature spread, NOx, peak wall temperature, and 
pressure drop, confirming that increasing hydrogen intensified non-uniform heating, emissions, 
thermal-risk peaks, and aerodynamic penalty. Its direct effect on efficiency was smaller but significant, 
implying modest efficiency benefits in isolation. Staging ratio had significant negative effects on NOx 
and peak wall temperature and a positive effect on efficiency, reflecting its dual role in emissions 
mitigation and heat-release relocation. Swirl significantly reduced temperature spread and peak wall 
temperature and improved efficiency. Jet momentum reduced spread but raised pressure drop. The 
strongest moderation was the hydrogen–staging interaction, which sharply lowered NOx growth at 
high hydrogen. 
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Table 10: Model fit and hypothesis testing summary 

Response model Adjusted R² F (df) p-value Supported hypothesis link 

Efficiency 0.46 7.9 (7,52) <.001 H1, H4 

Temperature spread 0.71 20.4 (7,52) <.001 H1, H3 

NOx index 0.79 28.7 (7,52) <.001 H2, H4 

Peak wall temperature 0.68 18.1 (7,52) <.001 H1, H4 

Pressure drop 0.54 10.8 (7,52) <.001 H4 

 
Table 10 showed that regression explainability was strongest for NOx, temperature spread, and peak 
wall temperature, indicating that hydrogen share and aerodynamic controls accounted for most 
variance in these safety- and quality-critical outcomes. Efficiency was explained at a moderate level, 
consistent with its dependence on interaction effects rather than a single driver. Pressure drop also 
showed a moderate fit, reflecting both hydrogen volumetric flow and momentum settings. All models 
were statistically significant at conventional levels. The supported-hypothesis mapping confirmed that 
hydrogen changed heat-transfer balance and thermal topology (H1), staging moderated hydrogen-
driven NOx escalation (H2), swirl and momentum tuning reduced hydrogen-induced non-uniformity 
(H3), and a feasible operating window existed where efficiency improvements aligned with constraints 
on stability, pressure loss, peak temperatures, and emissions (H4). 
DISCUSSION 
Computational thermo-fluid dynamics modeling for hydrogen-integrated industrial heat systems was 
interpreted in this study as a physics-grounded decision framework capable of explaining and 
optimizing coupled combustion, flow, and heat-transfer outcomes under realistic industrial constraints 
(Buonocore et al., 2016). The descriptive and inferential findings collectively indicated that hydrogen 
integration did not function as a uniform fuel swap but acted through a redistribution of internal 
thermo-fluid fields. Across the numerical design space, hydrogen share alone produced modest shifts 
in useful heat-transfer efficiency, while producing stronger and more consistent changes in emission 
indices, peak wall temperatures, and temperature-uniformity spread. This pattern aligned with the 
broad consensus in earlier industrial combustion research that hydrogen modifiers most strongly 
appear in spatially localized phenomena such as hot-pocket formation, flame stabilization 
repositioning, and radiative–convective balance changes, which are difficult to infer from averaged 
energy-balance methods. In earlier furnace and burner studies, hydrogen blending was repeatedly 
observed to compress or relocate heat-release zones because of high flame speed and preferential 
diffusion, and the present dataset echoed that behavior through the measured rise in peak refractory 
temperatures and wider load-temperature variance at higher hydrogen shares when aerodynamic 
controls were not retuned. At the same time, earlier numerical investigations emphasized that 
hydrogen-driven risks were manageable when staging and internal recirculation were treated as co-
controls, and the regression results in this study confirmed that oxidizer staging and swirl intensity 
significantly moderated the hydrogen effect on NOx and thermal risk (Hamilton et al., 2018). The strong 
negative interaction between hydrogen share and staging ratio underscored a principle already 
circulated in sectoral literature: emission escalation under hydrogen is not inevitable but emerges from 
oxygen-rich hot spots, which staging suppresses by shifting oxygen availability away from peak-
temperature regions. Similarly, the role of swirl and jet momentum in narrowing temperature spread 
reflected prior findings that strengthening recirculation broadens the reaction zone and converts sharp 
near-burner heat release into more distributed chamber heating. The study’s validation and robustness 
checks further reinforced methodological expectations from earlier CFD work, showing that credible 
optimization depends on multiphysics coupling and boundary realism rather than on isolated 
combustion closure. Overall, the findings strengthened the established view that hydrogen integration 
is fundamentally a coupled thermo-fluid problem, and that the most reliable pathway to industrial 
acceptability lies in coordinated control of hydrogen share with aerodynamic and oxidizer-distribution 
parameters (Clinton & Steinberg, 2019). 
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Efficiency outcomes in this study were particularly informative when interpreted against the earlier 
record, because they demonstrated conditional rather than absolute hydrogen benefits. The weak direct 
association between hydrogen share and efficiency, combined with stronger positive effects emerging 
only when staging and swirl were elevated, mirrored previous furnace retrofits in which hydrogen 
alone did not guarantee higher useful heat transfer (Maxwell et al., 2017). Earlier sectoral simulations 
repeatedly highlighted that hydrogen’s lack of luminous soot radiation in air-fuel regimes can reduce 
direct flame-to-load radiative transfer, shifting more heat toward convection or wall re-radiation. The 
present study’s descriptive maps and regression structure were consistent with that mechanism: 
efficiency improved when swirl and staging redistributed heat release and expanded convective 
exchange into the load zone, rather than improving simply because hydrogen was present. Previous 
studies that reported stable or slightly improved efficiency under hydrogen generally included retuned 
jet momentum ratios, optimized staging splits, or oxygen enrichment to restore radiative fractions; 
similarly, the present Pareto-feasible conditions reflected efficiency gains within subregions of the 
design space where aerodynamic moderation was active (Raven et al., 2017). This comparison 
suggested that hydrogen’s efficiency impact should be interpreted through a system lens in which 
interaction effects dominate. Efficiency was also constrained by pressure-drop penalties, another theme 
well established in earlier plant-scale analyses. Hydrogen volumetric flow demand increased 
aerodynamic losses mildly, and regression results showed a significant positive effect of hydrogen 
share on pressure drop. Earlier recovery and network studies explained that higher flue flow can 
increase fan power and reduce net plant efficiency unless exchanger and ducting constraints are 
adjusted. The present findings supported that view by showing that pressure penalties were moderate 
but persistent across high-hydrogen cases, meaning that any efficiency advantage at the furnace level 
needed to be evaluated with attention to parasitic costs. In line with earlier hybrid CFD–network 
literature, the feasible operating window derived in this study implied that optimal hydrogen 
integration was not defined by maximum hydrogen share but by a combination of moderate-to-high 
hydrogen fractions and co-optimized aerodynamics that preserved net efficiency under pressure-drop 
caps (Gelažanskas & Gamage, 2015). Thus, the efficiency results were not contradictory to earlier 
studies; they refined them by quantifying how strongly efficiency depended on staging and 
recirculation enhancements, reinforcing a multivariable optimization logic rather than a single-factor 
fuel substitution narrative. 
Temperature-uniformity behavior emerged as one of the most sensitive indicators in this study, and its 
comparison with earlier findings clarified how hydrogen changes heat-delivery pathways in both 
radiant- and convection-dominant heat systems (Lachman et al., 2015). Regression results showed that 
hydrogen share significantly increased load-temperature spread, while swirl level and jet momentum 
tuning produced significant reductions in spread. This pattern aligned with earlier furnace-scale CFD 
and experimental observations that hydrogen, when fired in air without compensatory aerodynamic 
redesign, reduces luminous flame radiation and shifts heating toward convection, which is inherently 
more sensitive to local flow structures and jet trajectories. Prior studies in steel reheating and glass 
heating repeatedly demonstrated that hydrogen blends can produce cooler load-plane regions if 
burners remain tuned for hydrocarbon radiation, increasing product temperature variance at exit. The 
present findings reinforced that mechanism by showing that temperature spread widened most 
strongly under high hydrogen share combined with low swirl and weak staging, implying that heat 
release remained compact and recirculation underdeveloped. Earlier investigations also described how 
swirl-stabilized burners and higher internal recirculation distribute heat release spatially, smoothing 
heat flux on products; the significant negative effect of swirl on spread in this study confirmed that 
expectation quantitatively (Thybring et al., 2018). Jet momentum tuning was likewise consistent with 
earlier mixing-based explanations: increasing fuel penetration and entrainment helped re-center 
convective heat delivery into the load region, reducing stratification and lowering spread. Notably, the 
interaction between hydrogen share and swirl was significant, showing that swirl effectiveness 
increased as hydrogen share rose. This interaction paralleled previous turbulent-flame research 
indicating that faster hydrogen chemistry responds strongly to recirculation-supported mixing, making 
swirl control more impactful under hydrogen than under methane. The literature in cement and 
petrochemical applications similarly documented that hydrogen can move peak temperature zones 
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upstream or into tighter regions unless aerodynamic spreading is introduced; the current spread results 
matched the broader principle that hydrogen heightens field sensitivity, and therefore requires more 
aggressive flow control to maintain uniformity (Iervolino et al., 2019). The practical implication derived 
from this comparison was that temperature uniformity should be treated as a primary optimization 
objective in hydrogen-integrated heat systems, rather than as a secondary quality check, because 
hydrogen exacerbates local field contrasts that translate into product quality risk. 
 

Figure 12: Hydrogen Thermo-Fluid CFD Framework 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Emission behavior, especially NOx response, represented the clearest convergence between this study 
and earlier hydrogen combustion literature. The NOx index showed the highest sensitivity to hydrogen 
share, and staging exerted both a strong negative main effect and an even stronger negative interaction 
with hydrogen share. Earlier burner and furnace studies have repeatedly shown that hydrogen’s high 
flame speed and preferential diffusion can create narrow stoichiometric filaments and localized high-
temperature pockets when oxygen is plentiful, sharply increasing thermal NOx (Mejdoub & Ghorbel, 
2018). The present findings echoed that mechanism: NOx rose steeply with hydrogen share in the raw 
data, and regression confirmed hydrogen share as the dominant positive driver. Earlier studies also 
established that oxidizer staging is one of the most effective industrial levers for NOx control under 
hydrogen, because staging lowers oxygen availability at the hottest points and shifts complete burnout 
downstream where temperatures are lower. The significant hydrogen–staging moderation found here 
was consistent with those prior demonstrations, and it quantified staging as the critical coordinating 
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variable for high-hydrogen feasibility. Swirl, recirculation, and jet momentum showed secondary 
emissions roles in the regression outputs. Earlier investigations explained these roles through their 
effects on mixing and residence time: stronger recirculation spreads heat release and lowers hotspot 
intensity, while momentum adjustments change oxygen pocket geometry (Santamouris, 2017). The 
present study’s negative effects of swirl and recirculation on NOx aligned with that framing, even if 
their coefficients were smaller than staging’s effect. Importantly, the feasibility window identified in 
this study displayed combined low NOx and acceptable efficiency only where staging and swirl were 
elevated together, reflecting earlier multi-lever hydrogen retrofits that achieved compliance without 
sacrificing throughput. The consistency between this study and earlier work supported a stable 
conclusion: NOx control in hydrogen-integrated process heat is predominantly a thermo-fluid control 
problem mediated by oxygen distribution and hotspot suppression, which computational models can 
identify and optimizers can exploit. By quantifying the relative hierarchy of emissions sensitivities, this 
study also advanced earlier narratives that were sometimes qualitative, providing a structured basis 
for prioritizing control investments in real industrial retrofits (Magdeldin et al., 2016). 
Peak wall or refractory temperature behavior further substantiated the earlier understanding that 
hydrogen changes localized thermal topology more than it changes bulk chamber averages. In this 
dataset, peak wall temperature increased significantly with hydrogen share, while swirl and staging 
reduced peaks and moderated hydrogen escalation. Earlier industrial furnace CFD studies often 
highlighted the risk of near-burner heat-release contraction under hydrogen blends, especially in air-
fired systems where flames stabilize closer to injector exits (Jiang et al., 2015). Those earlier results were 
frequently expressed through hotspot maps showing roof or sidewall peak intensification. The present 
regression coefficients and descriptive patterns matched that evidence, indicating that hydrogen 
elevated wall peaks primarily by localizing high-temperature regions rather than by raising mean 
chamber temperature. Earlier literature also showed that controlling internal recirculation through 
swirl can pull hot cores away from walls or redistribute heat toward the load, and the significant 
negative swirl effect on peak wall temperature observed here aligned with that mechanism. Similarly, 
staging acted to delay or spread combustion, lowering peak wall loading, which again matched earlier 
staging-focused retrofit demonstrations. Pressure-drop findings complemented this thermal-risk 
discussion. The positive pressure-drop response to hydrogen share conformed to earlier plant-level 
interpretations that volumetric escalation increases aerodynamic penalties, potentially shifting flow 
paths and moving hotspots if ducting or chamber aspect ratios are sensitive (Landoulsi et al., 2016). 
The moderate magnitude found in this study suggested that pressure-drop penalties were manageable 
but non-trivial, reinforcing earlier recommendations to embed pressure constraints directly into 
optimization rather than treating them as post-hoc checks. When these thermal and aerodynamic risks 
were interpreted together, the feasible operating window derived in this study resembled earlier best-
practice retrofit patterns: higher hydrogen operation was acceptable when staging, swirl, and 
momentum were tuned to distribute heat release, reduce wall loading, and keep parasitic losses within 
bounds. Thus, the wall-temperature and pressure findings not only corroborated earlier studies but 
clarified their interdependence through quantitative sensitivity mapping (Rosique et al., 2019). 
Methodologically, the study’s reliability, validation, and collinearity results supported and extended 
the standards set by earlier industrial hydrogen CFD research. Earlier work has often faced skepticism 
regarding whether full-scale reacting CFD can produce stable, optimization-ready datasets given the 
stiffness of hydrogen chemistry and the sensitivity of emissions to fine-scale mixing (Berditchevskaia 
et al., 2016). The repeatability checks and mesh-independence convergence demonstrated here aligned 
with the growing methodological maturity of hydrogen CFD, indicating that with adequate near-field 
refinement and composition-sensitive radiation coupling, stable integrated outputs can be produced 
for DOE and surrogate training. The validation accuracy against baseline and hydrogen-blend 
references fell within tolerance bands typical of industrial-scale simulations, reinforcing earlier 
conclusions that RANS-based multiphysics models are suitable for optimization when their boundary 
conditions are realistic and their radiation closures are hydrogen-appropriate. Collinearity diagnostics 
also addressed a recurring methodological concern noted in prior optimization studies: that co-varying 
retrofit controls can create unstable regression coefficients (Gyulassy et al., 2018). The low VIF and 
acceptable condition indices found here confirmed that the DOE succeeded in disentangling hydrogen 
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share from aerodynamic controls, allowing the sensitivity hierarchy to be interpreted with confidence. 
Earlier surrogate-assisted optimization papers have emphasized that interaction effects are central 
under hydrogen, and this study’s significant interaction terms between hydrogen share and staging or 
swirl confirmed that point empirically. The findings therefore reinforced earlier methodological 
recommendations to avoid single-factor tuning, to include interaction modeling explicitly, and to use 
multi-objective optimization to navigate competing goals (Aparicio-Ruiz et al., 2018). By providing a 
coherent chain from validation to DOE to regression to Pareto feasibility, the study strengthened the 
literature’s shift from exploratory hydrogen CFD toward optimization-grade hydrogen CFD. 
In total synthesis, the findings indicated that hydrogen-integrated industrial heat systems achieved best 
performance through coordinated multiparameter control, and that computational thermo-fluid 
dynamics modeling reliably captured the coupling required to identify such control sets (Liu & Lin, 
2017). Earlier studies across furnaces, kilns, fireboxes, and boilers have shown that hydrogen’s benefits 
and risks manifest through localized flow–flame–radiation interactions, and the present results aligned 
with and clarified those claims through quantified sensitivities. Hydrogen share increased emissions, 
wall thermal risk, and temperature spread unless moderated; oxidizer staging provided the strongest 
and most reliable mitigation lever for emissions and peak temperature control; swirl and momentum 
tuning improved uniformity and reduced wall peaks while supporting efficiency; recirculation offered 
supplementary moderation; and pressure penalties remained moderate but demanded constraint-
aware optimization. The feasible operating window derived from these patterns was consistent with 
earlier multi-lever retrofit successes, where hydrogen adoption was coupled with staging redesign, 
recirculation enhancement, and burner momentum retuning (Ksouri & Haddar, 2018). The integrated 
interpretation confirmed that high-hydrogen operation can be thermally efficient and emissions 
compliant when the heat system’s internal thermo-fluid topology is reshaped to match hydrogen’s fast-
reacting and soot-free nature. This aligns with earlier system-level perspectives that treat hydrogen 
integration as an optimization task rather than a linear substitution. The study’s contribution within 
that continuity was to provide a single, quantified, optimization-ready sensitivity map across the main 
decision variables, offering a calibrated empirical base for process optimization logic that earlier work 
often described qualitatively. Overall, the discussion established that computational thermo-fluid 
dynamics modeling functions as a robust quantitative bridge between hydrogen combustion physics 
and industrial process optimization, producing evidence that was consistent with the earlier research 
record while sharpening it into a coherent multivariable performance narrative (Hooshyari et al., 2016). 
CONCLUSION 
Computational thermo-fluid dynamics modeling for process optimization in hydrogen-integrated 
industrial heat systems was understood as a quantitative pathway for explaining and improving the 
coupled behaviors of turbulent flow, hydrogen combustion, and high-temperature heat transfer inside 
industrial furnaces, kilns, boilers, reformer fireboxes, cracking heaters, and glass milters. In this 
framing, hydrogen integration was not treated as a simple fuel replacement but as a system-level 
perturbation that restructured internal momentum fields, flame stabilization zones, radiative–
convective heat-delivery balance, and pollutant-formation regions. The modeling approach 
represented these systems through a three-dimensional numerical solution of interacting conservation 
principles, with turbulence closure to capture industrial Reynolds-number flows, combustion sub-
models suitable for hydrogen’s fast chemistry and preferential diffusion, gas radiation treatment that 
accounted for water-vapor-dominated participating media, and conjugate heat transfer so that 
refractory walls and process loads responded realistically to changing thermal fields. Within such 
models, decision variables were defined to match practical retrofit levers, including hydrogen 
volumetric share, oxidizer staging distribution, swirl or mixing intensity, jet momentum balance, and 
flue-gas recirculation rate. The numerical experiment dataset generated by systematically varying these 
levers showed that hydrogen share alone produced modest average changes in useful heat-transfer 
efficiency while driving larger shifts in spatially localized outcomes such as nitrogen-oxide propensity, 
peak wall temperature, and load-temperature uniformity. These outcomes reflected the way hydrogen 
altered flame speed, ignition sensitivity, and mixing-controlled heat release, often contracting or 
relocating reaction zones when aerodynamics was unchanged, which led to thermal hot spots, widened 
product-temperature spreads, and higher emissions unless co-controls were tuned. Oxidizer staging 
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emerged as the most influential mitigation lever because it reduced oxygen availability in the hottest 
regions and shifted complete combustion downstream, thereby lowering emission intensity and 
moderating wall-temperature peaks. Swirl and jet-momentum tuning acted as complementary 
aerodynamic controls that strengthened internal recirculation, widened heat-release distribution, and 
converted sharper near-burner heating into smoother load-plane flux, improving uniformity and 
stabilizing efficiency under higher hydrogen fractions. Recirculation provided additional dilution and 
residence-time moderation, and pressure-drop penalties increased with hydrogen because of 
volumetric flow escalation yet remained manageable within constraint-aware optimization. Process 
optimization therefore relied on linking CFD-extracted performance indicators—efficiency, 
temperature spread, peak wall temperature, pressure drop, emission indices, and stability margins—
into multi-objective search routines supported by surrogate models that accelerated exploration of the 
feasible design space. Confirmatory simulations of Pareto-optimal candidates showed that stable 
operating windows existed where hydrogen integration improved or maintained efficiency while 
satisfying constraints on emissions, wall durability, aerodynamic cost, and combustion stability, 
demonstrating that the decisive gains came from coordinated multivariable tuning rather than from 
hydrogen share in isolation. Overall, the study showed that computational thermo-fluid dynamics 
modeling provided a reliable quantitative bridge between hydrogen’s distinctive combustion physics 
and the operational decisions required to optimize industrial process-heat systems under retrofit-
realistic conditions. 
RECOMMENDATIONS 
Recommendations arising from the computational thermo-fluid dynamics modeling and optimization 
evidence emphasized coordinated, physics-aligned integration of hydrogen rather than isolated fuel 
substitution. Industrial adopters were best served by treating hydrogen share as a primary lever only 
when paired with systematic retuning of oxidizer staging, swirl or mixing intensity, jet momentum 
balance, and recirculation settings, because simulation outcomes showed that hydrogen effects on 
emissions, hot-spot intensity, and heating uniformity were strongly conditioned by aerodynamics and 
oxygen distribution. Plant retrofit programs were recommended to begin with a validated baseline 
digital representation of the target heat system, including high-fidelity burner near-field geometry, 
participating-gas radiation calibrated for water-vapor-dominant exhaust, and conjugate heat transfer 
through refractory and load domains, since optimization reliability depended on accurate spatial heat-
flux and temperature topology. Numerical design of experiments was recommended as the standard 
exploration strategy, ensuring broad and balanced sampling across feasible hydrogen shares and 
control levels, with deliberate oversampling near stability and peak-temperature boundaries where 
nonlinear regime shifts occurred. Surrogate modeling was recommended as a practical accelerator for 
industrial decision cycles, but only when cross-validated against holdout CFD cases and when trained 
on datasets that preserved nonlinearity in NOx growth and uniformity degradation; conservative 
biasing of surrogates for safety-critical outputs such as peak wall temperature and stability margins 
was recommended to prevent optimistic optima. Multi-objective Pareto optimization was 
recommended over single-objective tuning, because efficient hydrogen operation emerged as a tradeoff 
surface among useful heat transfer, load-temperature uniformity, NOx index, pressure-drop penalty, 
and material-temperature ceilings; therefore, retrofit decisions were recommended to be expressed as 
operating windows rather than as single setpoints. For emissions management, strong oxidizer staging 
combined with recirculation-supported dilution was recommended as the first-priority control bundle 
at elevated hydrogen shares, with swirl and momentum tuning used to spread heat release and 
suppress oxygen-rich hot pockets. For product-quality protection, enhanced internal recirculation 
through swirl optimization and controlled jet penetration was recommended as the most direct route 
to restoring uniform heating under soot-free hydrogen flames. System-level recommendations 
included coupling furnace CFD to heat-recovery and fuel-delivery network models before finalizing 
targets, because hydrogen-driven changes in exhaust composition and volumetric flow affected 
recuperator effectiveness, regenerator cycling, and parasitic fan power; feasible hydrogen windows 
were recommended to be screened against these plant-scale penalties. Instrumentation 
recommendations included deploying heat-flux probes or infrared wall scans, exhaust oxygen and 
NOx analyzers, and flow metering at fuel and staging ports to keep the digital model synchronized 
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with operating reality and to enable periodic re-calibration. Finally, organizational recommendations 
stressed that hydrogen integration projects should formalize a computational-to-operational workflow 
in which validated models, surrogate-assisted optimization, and constraint-aware operating envelopes 
were updated iteratively with plant data, ensuring that efficiency improvements, emissions 
compliance, stability, and refractory durability were jointly maintained across real production 
variability. 
LIMITATION 
Limitations of the computational thermo-fluid dynamics modeling and optimization approach were 
recognized in relation to physics representation, data grounding, and generalizability across industrial 
contexts. First, although the Multiphysics CFD framework captured turbulent reacting flow, 
participating-media radiation, and conjugate heat transfer in a coupled manner, the simulations still 
relied on turbulence closure and turbulence–chemistry interaction models that represented complex, 
unsteady flame–vortex dynamics through approximations. These closures could have smoothed or 
displaced localized mixing structures that were especially important under hydrogen’s fast chemistry, 
meaning that predicted hot-pocket intensity, anchoring distance, or oxygen micro-stratification may 
have carried model-form uncertainty beyond what integrated error statistics fully revealed. Second, 
radiation treatment, while hydrogen-appropriate in emphasizing water-vapor-dominated emission, 
still used spectral simplifications and assumed emissivity properties that were spatially averaged or 
weakly temperature dependent; real refractory surfaces and loads can exhibit evolving emissivity due 
to scale formation, oxidation, or fouling, and these shifts could have altered wall heat-flux patterns 
during long industrial campaigns more than the model allowed. Third, boundary conditions were 
parameterized from reference operating logs and pilot measurements, but several plant realities—such 
as unsteady fuel-header pressure fluctuations, burner wear altering jet shapes, air leakage through door 
seals, variable load packing density, and transient production cycling—were not explicitly represented. 
Those unmodeled perturbations could have narrowed stability margins or changed uniformity 
outcomes in practice even when the CFD operating window appeared feasible. Fourth, emissions 
indices were derived from resolved thermo-chemical fields under steady operating assumptions; 
however, industrial NOx often reflects both instantaneous peaks and time-integrated residence effects 
under fluctuating staging and recirculation, so transient emissions could have deviated from steady 
predictions. Fifth, the numerical design of experiments sampled a broad but finite space, and surrogate 
models learned from that space; any operating region not covered by the DOE, especially rare edge 
regimes involving simultaneous extreme hydrogen share and atypical staging patterns, may have been 
predicted less reliably even when cross-validation errors were low. Sixth, the study focused on one 
representative heat-system archetype at a time, so cross-sector transferability remained bounded by 
differences in geometry, dominant heat-transfer mode, burner technology, and production 
atmospheres. The indicator set enabled comparison in principle, yet sector-specific constraints—such 
as reducing atmospheres in certain furnaces, gas–solid coupling in kilns, or tube-metal creep limits in 
reformers—could have shifted optimization priorities relative to those quantified here. Seventh, 
system-level coupling to heat-recovery and hydrogen supply networks was represented through 
simplified links rather than fully dynamic co-simulation, which could have underrepresented 
feedbacks between exhaust variability, recuperator cycling, storage dispatch, and furnace boundary 
conditions. Finally, computational cost limitations restricted the degree of scale-resolving simulation 
that could be performed; large-eddy or fully transient campaigns across the entire DOE were not 
feasible, so the conclusions depended on design-level modeling assumptions typical of industrial 
optimization studies. These limitations did not invalidate the quantitative patterns observed, but they 
indicated that reported operating windows and sensitivity hierarchies should be interpreted as robust 
within the modeled physics and boundary realism, while still requiring careful plant-specific 
verification under real production variability. 
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