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The thermal management of highly exothermic reactions in tubular reactors is a critical issue in chemical process design and operation. Classical intrinsic stability criteria, such as the Strozzi–Zaldivar criterion, have been extensively applied to batch systems to detect the onset of runaway conditions, whereas their application to plug flow reactors (PFRs) remains limited, despite the well-known structural analogy between batch time evolution and steady axial behaviour in PFRs.
This work aims to: (i) extend the Strozzi–Zaldivar criterion to plug flow reactors; (ii) formulate a divergence-based indicator based on the local Jacobian trace to detect runaway-prone regions along the reactor length; and (iii) evaluate its suitability as a foundation for future real-time model-based control strategies for runaway prevention.
The methodology is applied to a fixed-bed CO₂ methanation reactor, a strongly exothermic system of interest for synthetic natural gas production. Results show that the batch–PFR analogy enables a pointwise assessment of thermal stability and that the divergence-based indicator provides a computationally efficient and predictive tool for early runaway detection in spatially distributed reactors. 
Introduction
The thermal management of chemical equipment operating under highly exothermic conditions is a fundamental challenge in chemical reaction engineering (Andriani et al., 2024a). When the rate of heat generation exceeds the system’s capacity for heat removal, uncontrolled temperature rises may occur, leading to thermal excursions that can ultimately evolve into full thermal runaway (Andriani et al., 2025).
Runaway phenomena have been extensively investigated in lumped-parameter systems, particularly batch reactors, where stability is assessed by analysing the temporal evolution of reacting mixtures under confined conditions. Among intrinsic stability criteria, the Strozzi–Zaldívar (S&Z) criterion has gained significant attention due to its ability to detect the loss of thermal stability through the sign change of the Jacobian trace of the coupled kinetic–thermal system (Schmidt et al., 2025). In contrast, plug flow reactors (PFRs), governed by distributed-parameter models and evolving along a spatial coordinate rather than time, have received comparatively less attention in the context of pointwise intrinsic runaway detection (Varma et al., 1999). Nevertheless, a strong analogy exists between batch and PFR systems: under steady-state operation, the axial spatial evolution in a PFR mathematically mirrors the temporal evolution of a batch reactor (Levenspiel, 1999). This analogy suggests that intrinsic stability concepts originally developed for temporal systems can be reformulated to enable local stability assessment along the reactor length.
This gap is particularly relevant for fixed-bed catalytic CO₂ methanation reactors, where strong reaction exothermicity, high conversion levels, and sharp temperature fronts are frequently observed (Er-rbib & Bouallou, 2013). Although industrial methanation reactors typically rely on conservative thermal design and external cooling strategies, local intrinsic runaway risks may still arise, especially under feed disturbances, heat-transfer degradation, or catalyst aging. In this context, the identification of runaway-prone regions in a PFR is valuable not only for design-stage safety assessment, but also as a foundation for model-based control (MBC) and supervision strategies. Unlike global criteria, a local divergence-based indicator can be evaluated pointwise along the reactor domain with limited computational overhead, making it suitable for future integration into real-time monitoring frameworks (Andriani et al., 2024b). However, the high dimensionality of full PFR models generally precludes their direct use in online optimization (Sánchez et al., 2026), motivating the coupling of stability indicators with model order reduction (MOR) techniques.
Motivated by these considerations, this work proposes a spatial reformulation of the Strozzi–Zaldívar criterion for plug flow reactors, introduces a Jacobian-trace divergence indicator to detect local thermal instability along the reactor axis, and evaluates its potential as a computationally efficient predictive tool to support the future development of control-oriented and supervisory architectures based on reduced-order reactor models.
Methodology
This section outlines the modelling-oriented analysis workflow adopted in this study. The methodology combines a mechanistic reaction network description (Section 2.1), a one-dimensional non-isothermal plug flow reactor model (Section 2.2), the numerical evaluation of a local Jacobian-trace divergence indicator for runaway detection (Section 2.3), and a continuation analysis to assess reactor sensitivity under progressive feed perturbations (Section 2.4).
Reactor model and reaction kinetics
A one-dimensional, steady-state model of a catalytic multitubular plug flow reactor is developed to describe the axial evolution of the reacting gases (Costamagna et al., 2020). The reactor operates under co-current shell-side cooling with circulating diathermic oil, selected to enhance heat removal and mitigate the strong exothermicity of CO₂ methanation. The model illustrated in Equations 1-3 solves coupled mass, energy, and momentum balances, enabling spatially resolved prediction of species conversion, temperature profiles, and pressure drop (Froment et al., 2011).
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Mass balances are written for each gaseous species involved in the methanation network (CO₂, CO, H₂, CH₄, and H₂O) (Equation 1), while the reactor-side and service-fluid energy balances are reported in Equations 2 and 3; axial pressure variations across the packed bed are described by the Ergun equation. The resulting nonlinear system of ODEs is discretized and solved to generate axial profiles and spatial gradients, which are then used for the local Jacobian-trace evaluation and runaway-risk analysis. All model variables, symbols, and units are reported in the Nomenclature.
CO₂ methanation is modelled over a Ni/Al₂O₃ catalyst, which represents an industrial benchmark due to its high activity and robustness under hydrogen-rich conditions (Omar et al., 2023). Given the strong reaction exothermicity and the potential for local hot spots, a reliable kinetic description is required to support intrinsic thermal stability assessment (Di Nardo et al., 2021)(Frontera et al., 2017). Equation 4 reports the CO2 methanation reaction together with its molar reaction enthalpy. To complete the kinetic model, this reaction is coupled with the CO methanation and the reverse water–gas shift reactions.
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In this work, the Xu and Froment mechanistic formulation is adopted as the kinetic basis for all simulations, providing a thermodynamically consistent description of Ni-catalysed gas-phase reactions relevant to CO₂ methanation (Xu & Froment, 1989)(Champon et al., 2019). 
Runway detection
The intrinsic thermal stability of the reactor is analysed through a spatial reformulation of the Strozzi–Zaldívar (S&Z) runaway criterion, originally developed for temporally evolving batch or discontinuous reactors (Zaldívar & Strozzi, 2010). Exploiting the mathematical analogy between batch dynamics and the steady axial evolution of a plug flow reactor (PFR), the criterion is expressed along the reactor axis, enabling a pointwise assessment of thermal stability. According to the S&Z formulation, a positive trace of the Jacobian indicates the onset of thermally unstable behaviour and potential runaway conditions (Zhang et al., 2025).
For tubular reactors, the PFR model—comprising species mass balances, a reactor-side energy balance, and a momentum balance—is interpreted as a spatially distributed dynamical system along the axial coordinate. Due to the strong nonlinearity of the governing equations, the Jacobian matrix is evaluated numerically at each axial position using a finite-difference approach. A central difference scheme is adopted, with component-wise adaptive perturbations defined as , where , , and . 
This adaptive strategy ensures scale-consistent perturbations for state variables spanning different orders of magnitude, while maintaining numerical robustness near zero. The selected parameters were empirically verified to yield stable Jacobian traces with negligible influence on the simulation outcomes over the investigated operating range. Overall, the numerical Jacobian evaluation is model-agnostic, does not require analytical derivatives, and remains compatible with reduced-order modeling, supporting its potential use in real-time monitoring and control-oriented applications.
Baseline operating conditions
The plug flow reactor is modelled as a one-pass multitubular fixed-bed system, in which reactor geometry and operating conditions jointly affect conversion and thermal stability. Each tube is assumed to be cylindrical, with uniform internal diameter and packed with spherical Ni/Al₂O₃ catalyst particles. The key geometric parameters and inlet conditions defining the baseline operating point are reported in Table 1 and provide the basis for the momentum and energy balance calculations.
Thermophysical properties of the reacting gas mixture are evaluated using standard literature correlations (Green & Southard, 2019). The overall heat transfer coefficient is determined by adopting the Gunn correlation for convective heat transfer on the packed-bed tube side, while conventional shell-and-tube correlations are used to model heat transfer on the shell side (Green & Southard, 2019). A co-current shell-side flow of diathermic oil is assumed, with inlet temperature and mass flow rate set according to Table 1 to ensure uniform cooling along the reactor axis. The inlet flow is considered uniformly distributed among the tubes, which are arranged in a triangular pitch layout with a pitch-to-diameter ratio of 1.25, following standard shell-and-tube design practice
Table 1: Baseline geometrical and inlet operating conditions.
	Geometry
	L [m]
	dext [mm]
	tw [mm]
	dpart [mm]
	 [-]
	b [kg/m3]
	Nt [-]
	Nb [-]

	
	6
	25
	2.5
	1.5
	0.4
	1080
	400
	13

	Inlet
	 [kmol/h]
	yCO2in [-]
	yH2in [-]
	Tin [°C]
	Pin [bar]
	 [kg/s]
	Tserv,in [K]
	

	
	0.3
	0.2
	0.8
	320
	10
	30
	305
	


Results and discussions
This section summarizes the numerical results. Section 3.1 discusses nominal reactor performance and thermal management under baseline conditions, while Section 3.2 presents the continuation analysis, quantifying the effect of input perturbations and identifying stable and unstable operating regimes through continuation diagrams.
Nominal performances
Using the geometrical parameters and inlet conditions in Table 1, the reactor is simulated under baseline operation. Figure 1 reports the axial profiles of process temperature and species molar flow rates, together with the divergence profile, while the main performance indicators are summarized in Table 2.
As shown in Figure 1, the baseline configuration enables CO₂ methanation with effective thermal management and without steep temperature gradients associated with ignition or runaway. The process-side temperature varies by approximately 10 °C and species profiles evolve smoothly, indicating stable operation. The divergence exhibits a local peak slightly upstream of the axial temperature maximum, consistent with the anticipatory behaviour reported for batch systems using the S&Z criterion.
In a PFR, the criterion is not intended to precisely predict the hot-spot location; rather, it provides a predictive safety indicator for model-based control and supervision. By evaluating divergence under the current (or planned) inlet and cooling conditions, a controller or supervisory layer can assess—before implementing input changes—whether the incoming mixture is expected to approach thermally critical conditions and take preventive action (e.g., adjusting feed rate/composition or coolant flow).
Table 2: Relevant performance indicators calculated.
	CO2 conversion [%]
	CH4 yield [%]
	CH4 selectivity [%]
	Pressure drops [bar]
	 [-]

	68.1
	68.0
	99.8
	1.43
	-1.66
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Figure 1: Temperatures, species molar flows and calculated diverge along the reactor axis.
Consistently, the negative value recorded during the heating phase ( < 0, Table 2) indicates that heat removal dominates over heat generation under the investigated conditions, so perturbations are locally damped (state-space contraction) and the reactor remains intrinsically thermally stable. Beyond nominal assessment, this result supports the applicability of the spatially extended S&Z divergence criterion to tubular reactors.
Finally, coupling the reactor model with model order reduction (MOR) could provide a computationally efficient surrogate suitable for online state forecasting. The predicted states can be processed by the divergence-based criterion to trigger alarms or constraint handling when sustained positive divergence is detected, signalling conditions that may evolve toward runaway.
Continuation study
To emulate unintended variations in operating conditions and quantify their impact on reactor behaviour and divergence, a continuation analysis is performed. The approach enables a sensitivity assessment by systematically perturbing selected input variables and monitoring the system response through appropriate indicators (Andriani et al., 2024c). 
In this study, reactor behaviour is characterised using the maximum temperature rise, , and the maximum divergence, . The continuation variables, representing potential feed malfunctions, are the inlet mass flow rates of the service stream and the reactant feed, denoted as  and , respectively. The results are reported in Figure 2.  
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Figure 2: Continuation results using  (left) and  (right) as observables. Here  is referred to the inlet service side mass flow rate, whereas  refers to the single tube inlet mass flow rate. 
As shown in Figure 2, progressive reductions in both  and  destabilise the reactive system. A decrease in cooling flow weakens convective heat transfer on the shell side, reducing the overall heat-transfer coefficient and limiting the reactor’s ability to dissipate reaction heat. Similarly, a reduction in the process inlet flow impairs heat-transfer performance and modifies residence time, increasing thermal exposure and the likelihood of temperature excursions. 
Variations in  and  are therefore representative of several realistic failure scenarios. In particular, a decrease in  has effects analogous to a reduction in the overall heat-transfer coefficient . Conversely, conditions that reduce reaction rates—such as catalyst ageing or lower inlet temperatures—decrease heat generation and enhance thermal safety, albeit at the expense of reactor performance. 
The continuation diagrams in Figure 2 clearly capture these effects. The  trends show that below a critical cooling-flow threshold the maximum temperature increases sharply, indicating a transition toward runaway conditions. Notably, the divergence indicator  (Figure 2, right) signals the onset of instability earlier than the temperature-based criterion. Three regimes can be identified: an intrinsically safe regime () where perturbations are damped; a mild runaway regime (), characterised by positive but bounded divergence; and a severe runaway regime (), where both temperature and divergence grow rapidly. The threshold  is defined as the value at which  exhibits a sharp increase.
Overall, these results confirm that the divergence-based criterion provides a conservative and early indicator of runaway onset in tubular reactors, extending the applicability of the modified S&Z approach beyond batch systems. In this sense,  naturally lends itself to use as a safety-supervision metric within model-based control frameworks, where early detection of hazardous operating transitions is essential. 
Conclusions
This work proposed a spatial reformulation of the Strozzi–Zaldívar intrinsic thermal stability criterion for plug flow reactors, addressing a class of systems for which the application of divergence-based runaway indicators has so far been only marginally explored. By exploiting the batch–PFR analogy, the method enables pointwise stability assessment along the reactor axis in distributed reactor models, without requiring analytical derivatives or full nonlinear bifurcation analysis.
The CO₂ methanation case study demonstrated that the proposed multitubular fixed-bed configuration operates under safe thermal conditions at nominal operation, while the continuation analysis showed that the divergence indicator conservatively anticipates the onset of runaway and discriminates between stable, mildly unstable, and severe runaway regimes. These results highlight the suitability of the divergence-based criterion as a computationally efficient early-warning indicator for thermally critical operating transitions in tubular reactors.
Overall, the study confirms that intrinsic thermal stability concepts originally developed for lumped systems can be successfully extended to spatially evolving catalytic PFRs. The proposed divergence indicator is lightweight, mechanistically consistent, and compatible with model order reduction, making it a promising building block for future real-time safety supervision and control-oriented reactor representations. Although the proposed divergence-based criterion provides a computationally efficient early-warning indicator, the severe-runaway threshold 	, is model- and system-dependent (state selection, scaling, and operating conditions), whereas mild runaway onset is identified by the absolute condition . Therefore, the criterion is not intended to replace thermal design or comprehensive safety analyses, but to complement them as a predictive supervision metric supporting timely preventive actions rather than absolute stability guarantees.
Nomenclature
 – i-th molar flow rate, mol s-1
 – axial position, m
 – i-th stoichiometric coefficient in the r-th reaction, -
 – bulk density, kg m-3
 – r-th reaction rate, mol s-1 kg-1
 – cross section, m2
 – i-th molar heat capacity, J mol-1 K-1
 – r-th reaction enthalpy, J mol-1
 – internal tube’s diameter, m
 – overall heat transfer coefficient, W m-2 K-1
 – process side temperature, K
 – service side temperature, K
 – service side flow rate, kg s-1
 – service side heat capacity, J kg-1 K-1
 – external tube’s diameter, m
 – total number of tubes, -
 – process side pressure, Pa
 – process side superficial velocity, m s-1
 – process side density, kg m-3
 – particle diameter, m
 – bed porosity, -
 – process side viscosity, Pa s
L – tube’s length, m
tw – tube’s wall thickness, m
Nb – number of baffles, -
in – subscript of inlet conditions, -
 – single tube inlet molar flow rate, mol s-1
y – molar fraction, -

References
Andriani, G., Pio, G., Salzano, E., Vianello, C., & Mocellin, P., 2024a, Evaluating the thermal stability of chemicals and systems: A review, Canadian Journal of Chemical Engineering, 103, 1, 42-62.
Andriani, G., De Liso, B. A., Pio, G., & Salzano, E., 2024b, Design of sustainable reactor based on key performance indicators, Chemical Engineering Science, 285, 119591.
Andriani, G., Mocellin, P., Pio, G., Vianello, C., & Salzano, E., 2024c, Enhancing safety in the storage of hazardous molecules: The case of hydroxylamine, Journal of Loss Prevention in the Process Industries, 92, 105472.
Andriani G., Mocellin P., Pio G., Salzano E., Vianello C., 2025, Design of Storage Equipment for Unstable Chemicals Using Sensitivity-Based Methods, Industrial and Engineering Chemistry Research, 64, 19, 9529–9541.
Champon, I., Bengaouer, A., Chaise, A., Thomas, S., & Roger, A. C., 2019, Carbon dioxide methanation kinetic model on a commercial Ni/Al2O3 catalyst, Journal of CO2 Utilization, 34, 256–265.
Costamagna, P., Pugliese, F., Cavattoni, T., Busca, G., & Garbarino, G., 2020, Modeling of laboratory steam methane reforming and CO2 methanation reactors. Energies, 13, 10.
Di Nardo A., Calchetti G., Bassano C., Deiana P., 2021, CO2 methanation in a shell and tube reactor CFD simulations: high temperatures mitigation analysis, Chemical Engineering Science, 246, 166871. 
Er-rbib H., Bouallou C., 2013, Modelling and simulation of methanation catalytic reactor for renewable electricity storage, Chemical Engineering Transactions, 35, 541–546. 
Froment, G. F., Bischoff, K. B., & De Wilde, J., 2011, Chemical Reactor Analysis and Design, 3rd ed., John Wiley & Sons.
Frontera P., Macario A., Candamano S., Barberio M., Crea F., Antonucci P., 2017, CO2 conversion over supported Ni nanoparticles, Chemical Engineering Transactions, 60, 229–234. 
Green, D. W., & Southard, M. Z., 2019, Perry’s Chemical Engineers’ Handbook, 9th ed., McGraw-Hill Education.
Levenspiel O., 1999, Chemical Reaction Engineering, 3rd ed., John Wiley & Sons.
Omar N., Zubir M. A., Ramli W. M. F. W., Hashim H., Le Ng J., Ho, W. S., 2023, Study of Carbon Dioxide Methanation Performance using Nickel-Based Catalyst and New Synthesised Catalyst, Chemical Engineering Transactions, 106, 805–810. 
Sánchez, L. F., Bozzini, M. M., Vallerio, M., & Manenti, F., 2026, A hybrid surrogate and simulation-based framework for efficient CapEx/OpEx optimization in complex chemical plants, Chemical Engineering and Processing - Process Intensification, 219, 110638.
Schmidt, C., Schmidt, J., Denecke, J., & Xin, Y., 2025, Investigation of Models for Online Runaway Detection at the Esterification of Acetic Anhydride with Methanol, Chemical Engineering Transactions, 116, 7–12. 
Varma A., Morbidelli M., Wu H., 1999, Parametric Sensitivity in Chemical Systems, 1st ed., Cambridge University Press.
Xu J., Froment G. F., 1989, Methane Steam Reforming, Methanation and Water-Gas Shift: 1. Intrinsic Kinetics, AIChE Journal, 35, 1, 88–96. 
Zaldívar, J. M., & Strozzi, F., 2010, Phase-space volume based control of semibatch reactors, Chemical Engineering Research and Design, 88, 3, 320–330. 
Zhang, B., Yang, G., & Wang, Q., 2025, Clustering-based recognition of thermal behaviors and optimization of safe–effective operating conditions for isoperibolic semibatch reactors, Journal of Thermal Analysis and Calorimetry, 150, 10, 7613–7632. 

image3.jpg
Temperature [°C]

330 0.07
' \
' — 0.06
325 —
= 0.05 —
320 2 0.04 3
— O
2 0.03 o0
315 é .cé
5 0.02 1 S
310 é 001 ?
305 ¢ 0 -20
0 1 2 3 4 D 6 0 1 2 3 4 D 6 0 1 2 3 4 D
axial position [m]| axial position [m]| axial position [m]

= T - T = CHy = CO, - CO — H, = H,O0O = div




image4.jpg
100

10 15 20
cooling flow rate [kg/s]

== mass flow 0.87 g/s

mass flow 0.72 g/s

cooling flow rate [kg/s]

mass flow 0.38 g/s




image1.jpeg




image2.jpeg
AIDIC




