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Abstract
Bushfires represent one of the most severe hazards driven by climate change, significantly impacting environmental ecosystems, human health, and society. The spread and intensity of bushfires are closely linked to the moisture content and dynamics of vegetation, which influence processes such as pyrolysis, ignition, combustion, and, ultimately, fire propagation. Therefore, accurately predicting moisture dynamics is crucial for forecasting fire behaviour and spread, which directly affects environmental risk management. Currently, empirical models are commonly used for this purpose; however, they often oversimplify the complex heat and mass transfer processes involved in vegetation drying. In contrast, physics-based models offer a mechanistic framework that accounts for vegetation structure, the water transport mechanisms within plants, and fire-induced environmental factors. This review discusses recent advancements in drying models, focusing particularly on physics-based approaches and their potential applications in bushfire scenarios. It proposes a conceptual framework that encompasses key aspects, including vegetation heterogeneity, moisture transport, coupled heat and mass transfer processes, and environmental factors. Additionally, the review highlights the main challenges in developing a comprehensive drying model, including model parameterisation, computational complexity, and the necessity for validation through experimental and field studies. Finally, it suggests future directions, emphasising that integrating multi-scale modelling approaches and machine learning techniques could enhance the applicability of drying models for environmental risk management and ecosystem assessments.
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1. [bookmark: _Toc196656626][bookmark: _Toc206986809]Introduction
Bushfire, also known as wildland fire, forest fire, vegetation fire or brushfire, is an uncontrolled fire that spreads rapidly through vegetation such as forests, grasslands, and scrublands (Simmons et al., 2022). It is a natural phenomenon common in regions with hot, dry climates like Australia, parts of the USA, and Southern Europe. This disaster has impacted many countries, and Australia is one of the most affected countries (Deb et al., 2020). Bushfire can occur due to natural causes such as lightning, high temperatures, and extreme heat waves, as well as human activities, whether intentional or accidental (Baranovskiy and Kirienko, 2022). The impact of bushfire on Australia has been significant, with numerous large-scale incidents, including the Gippsland fires and Black Sunday (1926), Black Friday (1939), Australian bushfire season (1974-1975), Waterfall bushfire (1980), Canberra Bushfires (2003), Black Saturday (2009), and the recent bushfire season in Australia known as Black Summer (2019-2020) (Deb et al. 2020). It is crucial to control and prevent bushfire hazards. Numerous preventive measures are implemented before, during, and after bushfire.
Understanding bushfire dynamics is vital for predicting fire behaviour and enhancing firefighting strategies. Key processes include drying, which lowers moisture content in vegetation, increasing flammability; pyrolysis, a thermal decomposition that produces combustible gases; and ignition, when these gases mix with oxygen and reach a critical temperature. Together, these factors influence fire intensity, spread, and overall impact, making them essential for fire modelling and emergency planning.
The research sector plays a crucial role in studying bushfire behaviour and spreads through the development of indices, modelling approaches, and software. Key methods involve evaluating bushfire spread rates (Beer, 1991), monitoring changes in fuel moisture content (FMC) (Luo et al., 2019), and analysing flame dynamics. FMC significantly influences bushfire behaviour. When vegetation is heated, the evaporation of moisture affects the processes of pyrolysis, ignition, and combustion efficiency (Bryden and Hagge, 2003; Possell et al., 2013). High moisture content delays ignition, decreases combustion efficiency, and reduces oxygen availability, complicating fire behaviour (Shotorban et al., 2018). It also lowers flame temperatures and acts as a thermal buffer, slowing the spread of fire (Fletcher et al., 2007; Ferguson et al., 2013). Accurate modelling of FMC is essential and can be achieved through both empirical methods (Aguado et al., 2007) and physics-based approaches. The latter better represents the drying process under bushfire conditions (Grishin and Shipulina, 2002; Perminov, 2012). 
This review paper proposes a physics-based model to explain vegetation drying under bushfire conditions. The development of such a model involves several key steps: first, establishing the fuel domain to account for the heterogeneity of the vegetation; second, creating the fluid domain, which represents the uncontrolled drying environment; and third, developing a conjugate drying model to illustrate how the bushfire environment impacts vegetation drying. The structure of this review paper will be as follows: a general explanation of the drying process and the way it affects the bushfire (Section 2), an evaluation of existing modeling approaches for the drying process and their performances (Section 3), a detailed analysis of physics-based modeling approaches in other fields and the bushfire environment on drying process (Section 4), and key steps of modeling physics-based model for drying process under bushfire conditions (Section 5) are discussed. Finally, an overview of challenges and future directions is provided (Section 6), and observations from this literature are summarised (Section 7). 
2. [bookmark: _Toc196656627][bookmark: _Toc206986810]Bushfire Scenario
[bookmark: _Toc196656628]Bushfire occurs through a series of processes, as shown in the Figure 1. Drying is the initial process, which happens when the flame contact with vegetation during the bushfire scenario. This section describes the various processes involved in bushfire and provides a detailed explanation of how the drying of forest vegetation affects bushfire behaviour and propagation. 
[bookmark: _Toc206986811]2.1 Process Involved in Bushfire
Drying, pyrolysis and ignition are the main distinct stages of bushfire progress (Shotorban et al., 2018; Baranovskiy and Kirienko, 2022). The stages of the process are as follows: vegetation fuel heating and drying with the release of water vapor; drying and the start of combustion involving the release of water vapor and resins; Ignition of gases and the process of flaming combustion, followed by the release of water vapor, smoke, and carbon dioxide; and carbonization and coal afterburning (Baranovskiy and Kirienko, 2022).
[bookmark: _Toc196656629][bookmark: _Toc206986812]2.1.1 Drying
The most critical step in understanding the nature of the combustion of vegetation fuels is drying. This phase is crucial because it is followed by pyrolysis (thermal decomposition), which is one of the precursors for potential ignition. It will be feasible to ascertain the number of measures necessary to prevent minimising this process. Vegetation FMC is one of the main parameters that affect the duration of the drying process. 
FMC is categorised into Live Fuel Moisture Content (LFMC) and Dead Fuel Moisture Content (DFMC). LFMC in live fuels (leaves, twigs, stems) typically ranges from 30% to over 300%, due to the presence of both bound and free water (Luo et al. 2019; García et al. 2020). DFMC in dead fuels (fallen leaves, twigs, branches) ranges from 2% to 30%, depending solely on environmental humidity and precipitation (Jin and Chen, 2012). 
The water removal process from vegetation is influenced by different mechanisms, which vary for live and dead fuel. Mainly, the water should be removed from the surface of the fuel and released into the atmosphere through various mechanisms. 
In live fuels, water transport occurs through active physiological processes, including capillary flow in xylem vessels and evaporation via stomata, driven by osmotic pressure and capillary tension (Nelson, 2001; Federer, 1979). In contrast, dead fuels rely on passive mechanisms, with moisture moving through capillary structures driven by surface tension and pressure gradients (Kim et al., 2014). Their internal structure, composed of cellulose, hemicellulose, and lignin, governs water adsorption, swelling, and shrinkage (Arzola-Villegas et al., 2019).
Moisture exchange between fuels and the atmosphere is primarily driven by vapour pressure differences, with liquid flow dominating at temperatures below 60°C (Baranovskiy and Kirienko, 2022; Gonçalves Lazzaro et al., 2024). This continuous exchange varies dynamically with the fuel, whether live or dead, and environmental conditions such as humidity and temperature. During drying, moisture loss increases the temperature of the fuel, making it progressively more available for ignition and combustion. Thus, the dynamic nature of the drying process plays a crucial role in shaping fire behaviour.
[bookmark: _Toc196656630][bookmark: _Toc206986813]2.1.2 Pyrolysis
Pyrolysis is the thermochemical decomposition of vegetation into solid, liquid, and gaseous fractions, which occurs in the absence of oxygen (Garcia-Perez et al., 2007). This process is followed by the drying stage. Typical vegetation consists of three main polymers (cellulose, hemicellulose, lignin) in different percentages, as well as extractive and mineral substances (Yang et al., 2007). When the temperature increases, these complex polymers undergo various chemical reactions. Each component (cellulose, hemicellulose, and lignin) react differently to heat and then transforms into active species, producing pyrolysis gases, char and tar (Miller and Bellan, 1997). Drying is essential before pyrolysis during bushfire propagation, as it significantly affects the thermal degradation of vegetation fuels. The moisture in the fuel must be vaporised, which requires substantial energy and delays the onset of pyrolysis, extending the pre-heating phase. Uneven drying results in variations in pyrolysis rates, causing inconsistencies in thermal degradation. High moisture content reduces the production of flammable volatiles, impacting ignition efficiency, and leads to slower pyrolysis and cooler flames, which diminish fire intensity and spread.
[bookmark: _Toc196656631][bookmark: _Toc206986814]2.1.3 Ignition
This is the last stage before the fire starts. It affects the level of bushfire hazard along with the drying and pyrolysis process. This stage is initiated when the combustible mixture of pyrolysis gases reaches a temperature high enough to ignite (Shotorban et al., 2018). The vegetation ignition is considered as the ignition of condensed systems. There are three ways of igniting condensed matter: conductive ignition, radiant ignition, and convective ignition. Conductive ignition describes ignition when a high-temperature medium contacts a relatively cold substance (Baranovskiy and Kirienko, 2022). Radiant ignition involves the ignition of condensed matter by transferring energy from incandescent particles or gases. Convective ignition occurs when a condensed substance interacts with burning gases, typically formed from the thermal decomposition of the substance. When studying the ignition process, it is important to focus on determining the delay time and the rate of heat release.
[bookmark: _Toc196656632][bookmark: _Toc206986815]2.2 The Effect of Drying Forest Fuel on Bushfire Behaviour and Propagation
When vegetation fuel is exposed to an external heat source, it absorbs heat to vaporise internal moisture, which delays the onset of pyrolysis because more energy is required before thermal degradation can proceed (Bryden and Hagge, 2003). Uneven evaporation near ignition points causes irregular heating and variable pyrolysis rates (Borujerdi et al., 2020), making ignition less predictable.
Higher moisture content further delays ignition, as more energy is required to evaporate water, significantly slowing the combustion process (Possell and Bell, 2013). Moreover, moisture evaporation reduces local oxygen concentration, hindering both pyrolysis and gas-phase combustion (Shotorban et al., 2018).
Released water vapour lowers flame temperature by absorbing heat, disrupting the oxygen-hydrogen balance and altering combustion chemistry (Ferguson et al., 2013). Increased moisture results in weaker, less intense flames that release less energy (Pickett 2008).
Additionally, moisture acts as a thermal buffer, further impeding temperature rise and delaying ignition (Fletcher et al., 2007). Evaporation can also modify the surrounding microclimate (Tuinenburg et al., 2020), affecting fire behaviour and propagation. A higher moisture content leads to a fire that is cooler and less intense and spreads at a slower rate while also releasing less energy. The decrease in fire intensity and spread results in a lower likelihood of rapid growth, allowing for increased time to implement intervention and control methods (Possell and Bell, 2013). Figure 2 summarizes the effects of drying on bushfire dynamics. 
3. [bookmark: _Toc196656633][bookmark: _Toc206986816]Existing Models for Drying under Bushfire Conditions
This section offers a review of existing drying models relevant to bushfire research. It is categorised into two main areas: empirical models and theoretical models. Within the theoretical models, two approaches are identified: numerical modelling and physics-based modelling. 
[bookmark: _Toc196656634][bookmark: _Toc206986817]3.1 Review of Existing Models and Simulations Specific to Bushfire Environments.
Bushfire research focuses on two areas: predicting fire behaviour and assessing occurrence risk. The first area examines how fires ignite, spread, and develop across terrains, influenced by climatic conditions, vegetation types, topography, and other environmental factors (Morvan and Dupuy, 2004; Bishe et al., 2023)
The second area addresses the risk of bushfire ignition based on weather patterns, vegetation, fuel moisture, and terrain features (Cruz et al., 2013; Sullivan, 2017).
Some models developed for these areas include drying processes, particularly changes in fuel moisture content (FMC) under environmental and heating conditions. Drying models are classified by how they assess FMC variation over time and the equations used to represent moisture evaporation.
[bookmark: _Toc196656635][bookmark: _Toc206986818]3.1.1 Empirical Modelling Approaches
In this section, empirical modelling approaches are used to estimate the FMC and determine the drying rate based on experimental data gathered from literature analysis. Therefore, this section will be divided into two parts: estimation of FMC and drying rate determination. Table 1provides a summary of this review, highlighting the empirical models along with their equations or underlying principles.
Estimation of FMC. 
The fuel moisture content (FMC) of forest fuels critically influences drying and ignition, varying with hygroscopicity, cellular structure, and thermophysical properties (Baranovskiy and Kirienko, 2022). Higher FMC requires more heat for evaporation, delaying ignition. Various methods are used to determine FMC, each with limitations.
Field sampling remains the most accurate technique, involving sample collection and thermogravimetric analysis to measure mass loss over time (Aseeva et al., 2024). Although effective, it is labour-intensive and costly (Keane, 2015). Calibrated sticks offer a faster, low-cost alternative by tracking mass changes in pre-calibrated wooden rods but are limited to specific locations (Schunk et al., 2016). Meteorological danger indices (MDIs) estimate FMC from weather variables, offering flexibility but ignoring plant physiological properties and introducing parameter-based errors (Aguado et al., 2007). 
Remote sensing technologies (RST) overcome many spatial and temporal limitations of ground-based methods. Empirical indices like NDVI, NDII, and LWCI are commonly applied (Guha and Govil, 2021), while Radiative Transfer Models (RTM) provide a physics-based approach but are less widespread due to sensitivity to external conditions and fuel properties (Quan et al., 2017; Luo et al., 2019).
Drying Kinetics Models. 
Another modelling approach involves determining the drying rate using experimental data. Therefore, the equations for the kinetics of biomass drying are utilised for this purpose. There are five commonly used models: the Newton model, the Page model, the Modified Page model, the Henderson and Pabis model, and the Logarithmic model (Yan et al., 2022). These equations are mentioned in Table 1. The parameters in the drying models are determined using the experimental results and statistical equations (Zeng et al., 2019). 
Grishin et al., (2001,2003) conduct experimental studies on moisture evaporation kinetics under isothermal heating, applying the Hertz-Knudsen law to describe free water evaporation during fuel combustion. Their models also addressed the multistage complexity of bound water evaporation, leading to kinetic equations derived through a formal kinetic method. Key formulations for free and bound water evaporation, along with kinetic characteristics determined through stabilisation temperature experiments, are summarised in Table 1. These models have been periodically verified against empirical formulations and offer a strong physical basis for predicting moisture dynamics in ground fuels.
Empirical models offer practical tools for estimating danger levels but often lack a full physical explanation of moisture evaporation based on heat and mass transfer principles. Many are region-specific and assume moisture equilibrium, which does not reflect the non-equilibrium conditions during bushfires. Drying kinetics models, such as those by Newton and Page, better align with real drying processes but still fall short of fully capturing the underlying evaporation physics.
[bookmark: _Toc196656636][bookmark: _Toc206986819]3.1.2 Theoretical Modelling Approaches for FMC Variation. 
Theoretical models for the bushfire drying process can be classified into two categories: numerical models and physics-based mathematical models. Numerical models involve various mathematical expressions that describe how moisture content and the rate of moisture evaporation influence other processes during a bushfire. In contrast, physics-based models focus on the physical laws governing moisture evaporation. These models are represented through mathematical expressions, and numerical modelling serves as one of the solution approaches for these equations, providing explanations relevant to real-world scenarios. The following two sections provide a detailed explanation of each type of model.
Numerical Modelling Approaches.
 Rothermel and Harris (1972) derives an equation for the rate of spread that approximates a steady state. The equation is derived from the Frandsen (1971). This model utilises the principle of energy conservation to analyse a unit volume of fuel located in front of a spreading fire within a uniform fuel bed. In this model, the moisture evaporation process is determined using the preignition equation, which is then incorporated into the rate of spread equation. 
		(1)
Where,  is the ratio of fuel moisture to oven-dry weight and  is the ignition temperature. 
This equation can be written for the cellulosic fuel in this model as, 
		(2)
Where,  is the specific heat of dry wood,  is temperature range to ignition,  is fuel moisture (lb)/ dry wood (lb),  is the specific heat of water,  is temperature range to boiling, and  is the latent heat of vaporisation. This equation takes the moisture evaporation at boiling temperature to be at 100oC.  
The flame spread equation is determined from the one-dimensional enthalpy conservation equation by Konev and Sukhinin (1977). To integrate this equation, fuel decomposition and moisture evaporation effects are considered. Moisture evaporation is considered as the heat of evaporation of water, including an allowance for the heat of desorption (energy requirement). 
 Porterie et al. (1998, 2000)  develop a multiphase mathematical model to predict bushfire propagation. The equations are developed for the gaseous phase and solid phase. Solid phase mass reduction (thermal degradation) equation consists of water vaporisation, pyrolysis and char combustion as follows, 
		(3)
The mass rate due to drying, pyrolysis, and char combustion is deduced from the Arrhenius-type law equation as follows. Only the water vaporisation equation is mentioned.
		(4)
Assuming that the fuel particles have a small thermal thickness, meaning that the temperature inside any solid particle remains constant while it is being heated, the equation for heat conduction in the solid phase simplifies to,
		(5)
Where,  is the specific heat of solid phase k, and the subscript Igf refers to the interface of the gas-fuel bed.  represents the conductive-convective energy flux between the gas and solid phase k,  represents the radiative energy flux between the particles of the same phase k, and   represents the radiative energy flux from the flame to the particles at the top of the fuel bed. ,  are the endothermic energy of water vaporisation and pyrolysis, and the exothermic energy of char combustion. 
Grishin and Shipulina (2002), Perminov (2012) also use the Arrhenius-type law for moisture evaporation rate determination, representing the equation as follows,
		(6)
Where  is the mass rate of water vaporisation from the combustible fuel material,  is the activation energy,  is pre-exponents of chemical reactions, and  is the true density of water. 
However, the above Arrhenius-type equations are different from the earlier equation, which used constant values for pre-exponential factors and energy terms in exponential form. Hence, the earlier equation is more specific for moisture evaporation.
Morvan and Dupuy (2004), Morvan et al. (2009) represent the mass fractions of water under the degradation process as ordinary differential equations. Here, the moisture evaporation occurs at fixed temperatures of 373K. 
		(7)
Where,  is the mass fraction of water,  is the volume fraction,  is density, and  is the terms contributing the water evaporating which was found using the following equation.
		(8)
Where , latent heat of water evaporation. 
 Marshall et al. (2023) represent the finer-scale sub-grid variation in temperature and moisture, representing the new set of equations for moisture evaporation and temperature variation.
Here, the solid fuel is considered as wet and dry fuel separately, and the relevant equations for both fuels are obtained. This model assumes that moisture in the wet fuel sample does not evaporate until the wet fuel temperature reaches the vaporisation temperature. 
The mass conservation equation for the wet fuel is presented as,
		(9)
 Where  is the bulk density of the wet solid,  is the rate of evaporation of water per unit volume, and  is the initial moisture fraction.
Mass the conservation equation for the dry fuel is presented as,
	)	(10)
Where,  is the bulk density of the dry fuel, and the term corresponds to the mass loss rate due to the burning of dry fuel. 
In this model,  is represented as,
		(11)
		(12)
Where,  and  are the bulk density of water and wet solid, respectively. 
Linn et al. (2002) develops a coupled atmospheric/ wildfire behaviour model that utilises physics-based models to represent wildfire behaviour. For that, FIRETEC models are used based on the principles of conservation of mass, momentum, and energy. However, the moisture evaporation is defined using only one equation as follows, 
		(13)
However, this equation does not provide any physical mechanism for the drying process. 
Moinuddin and Sutherland (2020) also develop a physics-based model for fire transition from the ground fire to tree fires. Moisture evaporation is discussed under the thermal degradation process, and it is taken into account that moisture evaporation occurs at 373K temperatures. Water evaporation equations are given by,
		(14)
Yashwanth et al. (2016), Shotorban et al. (2018) consider moisture evaporation the chemical process by which moisture in solid fuel turns to water vapour. This reaction is important for determining the density variation and thermo-physical properties of material with a high moisture content. Also, it is mentioned that these properties vary on the FMC when it is below the fibre saturation point (FSP). 
Borujerdi et al. (2020), Borujerdi and Shotorban (2022) develop a computer simulation to identify the heat release rate and mass loss rate for a single fuel. Here, the moisture evaporation is determined using the Arrhenius-based equation. The difference between these models is that the first simulation considers only the upward convection heating, and the second simulation considers both convection and radiation. 
Physics-Based Modelling Approaches. 
Physics-based models offer universal applicability by relying on fundamental laws of heat and mass transfer to predict FMC, linking air and soil conditions with fuel properties. Currently, only three FMC prediction models are purely physics-based.
Wittich (2005) develops a single-phase model simulating heat and moisture transport within fine fuels, considering precipitation, drainage, absorption, and evaporation rates, but excluding soil-litter interactions. Matthews (2006) proposes a process-based multiphase model treating the litter layer as a system of solid litter, free water, and air. It uses energy and water budget equations where fluxes depend on litter temperature, air temperature, liquid water amount, and specific humidity. Dubey et al. 2024adapted Matthew’s approach by coupling it with Fire Dynamic Simulation (FDS) to simulate FMC variation under bushfire conditions.
Two main methods are used to model moisture evaporation in fire-atmosphere interaction models: (i) the heat sink approach, assuming evaporation at the boiling point without vapour resistance, and (ii) the Arrhenius approach, treating evaporation as a kinetic process based on activation energy and temperature.
A third method, the thermodynamic approach, has been proposed but is not yet commonly applied. It models evaporation and condensation under thermodynamic equilibrium, accounting for the coexistence of liquid water and vapour (Borujerdi et al., 2019).
FDS currently treats fuels as pure solids and applies either the heat sink or Arrhenius approach, making it a single-phase model. In contrast, thermodynamic-based FMC models represent fuel as a porous medium where evaporation and condensation occur internally, offering a multiphase framework. However, existing models primarily focus on fine fuels. Expanding towards a single-scale drying model could address limitations and better capture moisture dynamics across different vegetation structures.  
[bookmark: _Toc196656637][bookmark: _Toc206986820]3.2 Evaluation of model performance and accuracy.
The typical empirical models introduced are commonly used to describe the kinetics of biomass drying due to their simplicity and ease of implementation. These models are often assessed using performance metrics like the root mean square error (RMSE) and the coefficient of determination (R²), which evaluate the accuracy of predictions against experimental data. While they perform reasonably well under controlled, low-to-moderate temperature conditions, their accuracy significantly declines in high-temperature scenarios. This limitation creates a critical gap, as these models do not effectively capture the rapid and complex drying processes associated with bushfire conditions. 
In contrast, semi-empirical models offer a more detailed framework for understanding drying dynamics. They estimate the drying rate and differentiate between the evaporation of free and bound water in the litter bed, providing insights into the underlying mechanisms. However, despite their improved accuracy in certain situations, these models face challenges as well. They require extensive experimental calibration, often struggle to account for the spatial heterogeneity of fuel properties and show reduced reliability when applied to extreme bushfire environments. 
In practical applications, both empirical and semi-empirical models encounter significant challenges. Their inability to accurately represent the underlying physical processes is particularly evident under complex and dynamic conditions, such as those experienced during bushfires. This highlights the need for a more comprehensive modelling approach that combines the strengths of physics-based models with advanced performance evaluation and validation techniques to enhance prediction accuracy and applicability in high-temperature environments. 
Numerical models often apply the Arrhenius law to estimate water mass loss, modelling drying as part of thermal degradation (pyrolysis). Since mass loss is driven mainly by temperature-dependent reactions, these models struggle to accurately predict moisture evaporation critical factors in bushfire behaviour. While they offer valuable insights into fire propagation, their simplifications limit accuracy under real bushfire conditions. 
Three physics-based models have been identified, each using a distinct approach to modelling moisture evaporation. These models are assessed using performance metrics such as the accuracy of moisture content predictions and their impact on fire spread simulation. However, their predictive accuracy is often compromised by an inadequate consideration of the dynamic environmental conditions typical of bushfires. Factors such as rapidly changing temperatures, fluctuating air velocities, and turbulence are challenging to incorporate into these models, creating significant obstacles for practical application. 
These models often fail to fully capture the variability in vegetation structures across bushfire-prone areas, significantly affecting moisture evaporation rates and limiting their ability to generalise across scenarios. Extreme bushfire conditions such as high temperatures, turbulent airflow, and gas emissions further challenge prediction accuracy and complicate model calibration and validation. To improve reliability and practical use, future research should incorporate detailed representations of moisture dynamics under varying environmental conditions and account for vegetation diversity.
4. [bookmark: _Toc196656638][bookmark: _Toc206986821]Current Status of Physics-Based Drying Models
In this section, the fields that are already used in physics-based drying models are discussed. This section emphasises how bushfire drying models will differ from the existing physics-based drying models in other fields. 
[bookmark: _Toc196656639][bookmark: _Toc206986822]4.1 Overview of Physics-Based Modelling Approaches
The drying process is complex and involves interconnected heat, mass, and momentum transfer, along with various physical, chemical, and phase changes in the material. In the fields of food and wood drying research, numerous drying models are available that utilise different approaches, including empirical, physics-based, and multi-scale methods.
[bookmark: _Toc196656640][bookmark: _Toc206986823]4.2 Application of Physics-Based Models in Conventional Drying Scenarios.
[bookmark: _Toc196656641][bookmark: _Toc206986824]4.2.1 Physics-Based Food Drying Models
Physics-based drying models are more commonly used in the food-dying industry to preserve food and improve quality (Khan et al., 2020). These models aid in understanding and predicting drying kinetics and associated variables. Based on the length scale, these models can be classified as macro-scale and micro-scale (Welsh et al., 2018). Combining macro- and micro-scale models is a novel modelling approach in physics-based modelling (Rahman et al., 2018; Welsh et al., 2018). These macro- and micro-scale models are classified as multiphase and diffusion models based on material/ phase consideration in the material domain (Joardder et al., 2021).
Diffusion or single-phase models are simple and provide a rich theoretical understanding of temperature and moisture distribution in a sample (Perussello et al., 2014). The whole sample is assumed to be a single phase, allowing a comprehensive preliminary theoretical explanation of temperature and moisture distribution (Khan et al., 2017). However, these models have limitations. For instance, they cannot account for pressure-driven and liquid-gas flow, and mass transformation of multiphase species is negligible (Joardder et al., 2021). In this model, Ficks’s law of diffusion is considered the governing equation for mass transfer and the Fourier flux equation is applied for heat transfer (Golestani et al., 2013).
Heat Transfer- Fourier’s Law
		(15)
Where,  is the temperature (oK),  is the density of sample (kg/m3),  is the specific heat (J/kg/K), and k is the thermal conductivity (W/m/K).
Mass Flux of Moisture due to Fick’s Law
		(16)
Where,  is the moisture concentration (mol/m3) and is the effective diffusion coefficient (m2/s).
Boundary Conditions for the Surface Conditions
Heat Transfer Boundary Conditions,
Both convection and evaporation at the transport boundaries.
		(17)
Where  is the heat transfer coefficient (W/m2/K),  is the mass transfer coefficient (m/s),  is the drying air temperature (oC), and is the latent heat of evaporation (J/kg).
The heat transfer boundary condition at the symmetry boundary is given by, 
		(18)
Mass Transfer Boundary Conditions, 
At the transport boundaries,
		(18)
At the symmetrical boundary,
		(19)
During water migration, both the liquid and gaseous phases are transferred (Kumar et al., 2018). The multiphase modelling approach considers the material as a hygroscopic porous material, which is more realistic than the single-phase models. This realism is achieved by incorporating the hygroscopic domain with water, gas, and air moisture transfer mechanisms, including capillary flow, liquid diffusion, pressure-driven, etc. (Joardder et al., 2021).
Microscale modelling approaches are applied to define the simultaneous heat and mass transfer at the cell level of plant-based food materials. The heterogeneous structure of food materials is considered. There are two distinct ways of defining water in hygroscopic material: intercellular water (inside the cell) and intracellular water (the rest of the water except water inside the cell).   
Multiscale modelling approaches were developed to better understand the drying of whole food material by coupling the micro-scale and macro-scale modelling concepts. In other words, using multiscale phenomena, the relationship between the micro-scale mechanism and the macro-scale phenomena is presented (Welsh et al., 2018). 
Various techniques are applied to food drying, representing the different drying medium. Conventional drying techniques include sun drying, solar drying, hot air drying/ convective drying, spray drying, freeze drying, vacuum drying, microwave drying, and infrared drying (Akter et al., 2022). Convective drying, in particular, stands out as the most common and widely used technique. The main task in convection drying modelling is to find the value of the convection coefficient of heat and mass transfer. These coefficient values depend on the air velocity, sample geometry, and sample roughness (Khan et al., 2020).
[bookmark: _Toc196656642][bookmark: _Toc206986825]4.2.2 Physics-Based Wood Drying Models
Wood or timber drying models are implemented to reduce moisture content (MC) using different modelling approaches (Elustondo et al., 2023). Physics-based wood drying models have evolved over time from a simple one-dimensional equation to an industry-scale model, which is applied in a drying environment. 
For simple one-dimensional form, Fick’s law for moisture migration was considered in the earlier models (Salin, 2010). 
		(20)
Where  is moisture concentration,  is time,  is the spatial coordination and  is the diffusion coefficient.
The boundary condition for the moisture transfer is defined as the interaction between the piece of wood and its surrounding climate. Earlier models assumed that wood material immediately achieves the equilibrium moisture content (EMC) of the surrounding climate, overlooking surface resistance. However, in order to overcome this limitation, the concept of surface emission was integrated into the boundary condition, representing a substantial advancement in our comprehension of moisture transfer in wood (Choong and Skaar, 1972). 
		(20)
Where  is moisture flux per unit surface area,  is surface MC, and  is the EMC corresponding to the surrounding climate.  is referred to as the surface emission coefficient. 
The heat transfer mechanisms are also introduced to balance the moisture evaporation equation, reflecting the actual drying process (Dedic et al., 2003). By substituting  with , heat transfer equation was introduced. Mathematically, this is represented by Fourier’s equation. However, only by introducing Fourier's equation, the interaction between moisture and temperature is fully accounted for (Salin 2010). The boundary conditions are expressed as;
		(20)
		(21)
Where  and  are the vapor concentrations in the air and the air in equilibrium with the surface MC, respectively,   is the mass transfer coefficient,  is the heat flux per unit surface area,  is the heat transfer coefficient,  and  are the temperatures of the surrounding air and the wood surface, respectively. 
To make the coupling between the above two equations, the following relationship is developed.
		(22)
Where  is the volumetric specific heat capacity of the humid air in the boundary layer. 
The above equations apply to thin boards but not to thick ones due to deviations in the fibre saturation point (FSP) (Namsanguan et al., 2005). Above the FSP, free water in partially saturated lumens moves via capillary action (Wiberg et al., 2000), while below the FSP, bound water within cell walls is transported by diffusion, and water vapour moves under pressure gradients (Salin, 2006). Diffusion equations are thus suitable for bound water, whereas capillary flow governs free water movement, modelled as water flowing from high to low concentration (Autengruber et al., 2020). Percolation theory has been employed to better represent this behavior (Salin, 2006). To capture these mechanisms, wood drying models use multiphase (Salin, 2006; Perré, 2015; Autengruber et al., 2020) and heterogeneous (Perré, 2010) approaches considering bound water, free water, and cell wall water.  
Kiln-wide drying models are used for large-scale industrial processes where timber is dried within kilns (Perré and Rémond, 2006). The drying environment depends on the interaction between airflow and timber, which affects final moisture content (MC) and product quality (Perré, 2015). While some models assume uniform airflow (Namsanguan et al., 2005), actual airflow patterns vary due to the kiln’s complex structure and dimensions, making accurate modelling challenging (Pang, 2007).
The significance of wood drying models extends beyond timber processing and is increasingly relevant for bushfire modelling. Forest vegetation, a major component of wildland fuels, undergoes complex heat and mass transfer during fires, making moisture migration and evaporation critical for predicting ignition, fire spread, and intensity. Physics-based wood drying models simulate these processes under thermal conditions using boundary conditions like surface resistance and emission coefficients to represent vegetation-environment interactions. Integrating Fourier’s law for heat transfer with moisture migration equations enables a comprehensive simulation of thermo-hydrodynamic behaviour under extreme fire conditions.
Recent advances in multiphase and heterogeneous modelling further enhance these models by differentiating bound water, free water, and cell wall water transport. Above the FSP, capillary flow dominates free water movement, while diffusion governs moisture transport below the FSP. This detailed approach improves predictions of drying rates and combustion timing. Additionally, concepts from industrial kiln drying, such as airflow modelling, can inform bushfire models by simulating localised drying effects influenced by wind patterns. Bridging these fields enhances predictive capabilities and supports wildfire mitigation strategies. 
[bookmark: _Toc196656643][bookmark: _Toc206986826]4.3 Bushfire Environment and Its Effects on Drying
Ignition marks the onset of combustion, occurring when fuels reach around 300°C and release pyrolysates, which mix with air to form a flammable gas-air mixture. As temperature and pyrolysate concentration rise, ignition is triggered, often intensified by existing flames (Finney et al., 2021). Combustion can elevate temperatures to 1000°C, accelerating moisture evaporation in nearby fuels. Convective heat transfer from fire-induced winds promotes rapid drying, particularly in fine fuels with high surface-area-to-volume ratios. As fuels dry, their ignition temperature decreases, enhancing combustibility and significantly increasing fire spread rates.
The intense heat of a fire generates strong convective motion and fire-induced winds. As hot air rises, it creates low-pressure zones that draw in cooler surrounding air, producing eddies and turbulence (Morvan and Frangieh, 2018). This turbulent mixing enhances heat transfer to nearby fuels, promoting drying and preheating. Larger fuels like branches and logs, which retain moisture longer due to their low surface-area-to-volume ratios, eventually dehydrate under prolonged heat exposure, becoming highly combustible.
Combustion produces various emissions, including gases and particulate matter (PM10, PM2.5), which often carry toxic substances like polycyclic aromatic hydrocarbons (PAHs) and metals. Bushfire smoke contains hundreds of volatile chemicals such as Carbon Monoxide (CO), Nitrogen Oxides (NOx), Sulphur Dioxide (SO₂), Aldehydes, and volatile organic compounds (VOCs) (Simmons et al., 2022). These emissions influence fuel drying dynamics by altering the thermal and chemical properties of the surrounding air. Carbon Monoxide, VOCs, and particulate matter enhance radiative heat transfer and can create localised micro-environments that accelerate moisture loss in fuels.
[bookmark: _Toc206986827]4.4 Similarities and Differences between Physics-Based Drying Models for Bushfire Conditions and Conventional Drying Models
Despite their unique characteristics, both models share a common foundation in the principles of heat and mass transfer equations. Under heat transfer equations, conduction, convection, and radiation are considered, while diffusion is the primary focus under mass transfer equations. Both models rely on the conservation of laws to model the drying process, and similar numerical techniques, such as the finite element and finite volume approaches, are applied. Both modelling approaches consider the evaporation of moisture on the surface.
However, differences between these modelling approaches can be discussed under different categories, such as environmental conditions, temporal and spatial dynamics, mechanistic focus, and application goals. Figure 3 illustrates the common features of conventional and bushfire-related physics-based drying models, highlighting their differences.
When discussing environmental conditions, it's important to note that the temperature variation of conventional drying systems is steady and moderate, which allows for a more controlled drying process. On the other hand, the bushfire environment experiences high and fluctuating temperatures, significantly impacting the drying process. Drying air conditions are kept steady in the conventional drying system, as it can be kept steady. However, air flow varies with fluctuating temperatures of bushfires, creating turbulency in the air, which cannot be controlled. Hence, constant boundary conditions are considered when taking the boundary conditions for conventional drying. However, due to fire-induced environmental changes, variable boundary conditions are considered in the physics-based drying modeling approaches, which can lead to a more dynamic and unpredictable drying process.
When considering the spatial and temporal dynamics, the bushfire drying environment changes rapidly with fire over time. However, the drying environment of a conventional drying system is controlled and changed gradually.
Application-wise, the models serve distinct but equally important purposes. The bushfire drying models are designed to predict and analyse bushfire spread and behaviour, aiming to enhance safety and risk management. On the other hand, conventional drying models are geared towards optimising product quality, drying efficiency, and energy consumption, thereby directly impacting the industry and consumers.
5. [bookmark: _Toc196656645][bookmark: _Toc206986828]Physics-Based Drying Models Framework
This section outlines the steps involved in developing physics-based drying models for bushfire scenarios. It discusses each step of the framework, focusing on the analysis of existing models. Key considerations include the vegetation structure within the fuel domain, the transport properties for both live and dead vegetation, and the variability of boundary conditions. This approach highlights the significance of each step and identifies the essential elements that should be included in the process. 
[bookmark: _Toc196656646][bookmark: _Toc206986829]5.1 Vegetation Structure
Fuel refers to combustible materials; in bushfire contexts, it includes both live and dead vegetation, often termed wildland fuels (Bradstock et al., 2012). Australia has a diverse range of vegetation types posing bushfire risks, including grasslands, spinifex, shrublands, mallee-heath, dry sclerophyll forests, other forests and woodlands, rainforests, and non-fuel areas (Bradstock et al., 2012; Muldavin et al., 2021).
Vegetation structure can be analysed at three scales: the coarsest scale (fuel layers such as ground, surface, and canopy layers), the finer scale (fuelbed components like litter, shrubs, and logs), and the finest scale (individual fuel particles such as foliage and twigs) (Keane, 2015).
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Vegetation heterogeneity, classified into vertical and horizontal categories, significantly influences bushfire behaviour. Vertical heterogeneity refers to different vegetation layers, such as ground, surface, and canopy, that affect fire ignition and spread. Definitions vary, with the ground layer sometimes placed below the litter or duff, and the canopy layer beginning between 2 to 6 meters (Brown and Davis, 1973). Vegetation structure is further divided into overstorey, intermediate, elevated, near-surface, and surface fuels, with the surface fuel and litter layers illustrated in Figure 3 (Gould et al., 2011). Horizontal heterogeneity describes variations in vegetation distribution, patchiness, and density across landscapes (Kumar et al., 2006). 
Accurate representation of vegetation structure is critical for modelling bushfire ignition and spread. A summary of how different models incorporate vegetation heterogeneity is provided in Table 2. 
Fuel Bed 
Wallace (1946) develops three fuelbed models, beginning with an idealised homogeneous structure of rod-shaped particles, later adapted to a natural form with randomly distributed pine needles. This work evolves into a heterogeneous fuelbed of varied uniform fuel types. Rothermel and Harris (1972) introduce the "unit fuel cell" to mathematically represent diverse fuel distributions. Konev and Sukhinin (1977) focus on single-particle combustion, extending Wallace’s fuel dynamics work. Albini (1967) proposes a two-layer brush with a volatile-rich upper layer and a lower layer of twigs and branches.
Multiphase Fuel Domain
The multiphase fuel domain models solid and gaseous phases in 2D or 3D structures. Larini et al. (1998) introduce this concept using a control volume approach for mass, momentum, and energy transfer, assuming uniform solid particle properties. Grishin and Shipulina (2002) develop a continuous porous medium model for forest crowns, incorporating dry organic material, water in liquid and vapour forms, pyrolysis products, and particulate matter. Morvan and Dupuy (2004) numerically define heterogeneity in Mediterranean shrubs, solving conservation equations for mass and energy transfer, and later extending the model to grassland fire propagation. Perminov (2012) models crown fire spread as a spatially heterogeneous reactive porous medium, treating the canopy’s gaseous phase as quasi-solid.
3D fuel domain
Moinuddin et al. (2020) examine fire transitions from surface to crown fires in Douglas fir trees using the Wildfire Dynamic Simulator (WFDS) and Fire Dynamics Simulator (FDS), applying two fuel models: the fuel element (FE) model for large vegetation and the boundary fuel (BF) model for thin fuel beds. WFDS accounts for varying tree components, while FDS classifies them into foliage and roundwood.
Mell et al. (2009) focus on single-tree modelling by simplifying crowns into 10 cm cells, facilitating a detailed study of crown fire dynamics. Linn et al. 2002 develop the FIRETEC model, testing five scenarios under different fuel moisture and wind conditions, including large-scale simulations.
Margerit and Ero-Guillaume (2002) discuss fire modelling across a range of scales, from gigascopic to microscopic, emphasising the interactions among vegetation, topography, and meteorology. They present a three-dimensional combustion model at the mesoscopic scale, treating vegetation as a porous medium that consists of solid, liquid, and gaseous phases.
Leaf configuration
Leaf configuration studies model leaf-like fuel elements with different fuel moisture content (FMC) and orientations. Yashwanth et al. (2016) use horizontally oriented cellulose particles, testing three FMCs (5%, 40%, 80%). Shotorban et al. (2018) also model a thin, porous rectangular fuel element with three FMCs (40%, 76%, 120%), incorporating cellulose, hemicellulose, and lignin. Borujerdi et al. (2020, 2022) orient the fuel vertically, while Edalati-Nejad et al. (2023) examine two horizontally oriented, vertically stacked cellulose leaves separated by 0.005m.
Litter fuelbed
Several studies have modelled the fine fuel litter layer within physics-based frameworks. Wittich (2005) approaches the litter as a bulk layer consisting of various materials, including needles, twigs, bark, and leaves. This layer is characterised by mean moisture diffusivity, particle density, and water-holding capacity. However, vertical small-scale variability is not considered, leading to the assumption of 100% ground coverage and no patchy distribution. Matthews (2006) develops the first process-based model for litter fuel moisture, representing the layer as a one-dimensional system with the atmosphere above and soil below. This model includes solid litter, air, and surface liquid water, assuming horizontal homogeneity with N equally spaced nodes. Dubey et al. (2024) adopt this framework and integrate it into Fire Dynamics Simulator (FDS) simulations. Both models indicate that the drying process involved a phase change of moisture from liquid to vapour, which transferred into the fuel-air spaces. Marshall et al. 2023 investigate wet and dry fuels under varying fuel moisture content (FMC) but did not differentiate between homogeneous and heterogeneous fuel mixtures. Instead, they assume that moisture and temperature were uniformly distributed within each computational cell. 
A thorough understanding of bushfire propagation requires accurate identification of the fuel domain, particularly the vertical diversity of vegetation, fuel layers, and moisture content in live and dead fuels. Vertical stratification influences fire behaviour as fires typically progresses from ground to surface to crown fuels. Vegetation structure also affects drying rates by altering exposure to pyrolysis products, fluctuating temperatures, and airflow. Dense vegetation retains moisture longer, while sparse structures dry faster, impacting ignition probability and fire intensity. Neglecting these complexities risks oversimplifying fuel domains and reducing the accuracy of fire behaviour predictions. Therefore, detailed consideration of vegetation structure is essential for improving bushfire modelling, preparedness, and response strategies.  
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Live and dead vegetation present different water transport mechanisms based on morphology and connection between the soil and atmosphere. Hence, moisture evaporation affects both live and dead vegetation. The following description provides different ways of considering the water transport mechanism in different literature on both live and dead fuels. 
Water Transport Mechanism for Live Fuel
Water transport in living plants occurs through two main mechanisms: cellular and macro-level processes. At the cellular level, osmosis drives water movement across semi-permeable membranes, flowing from lower to higher solute concentrations, while turgor pressure, caused by water influx, maintains cell structure and function (Nelson, 2001; Federer, 1979). At the macro level, water moves vertically via capillary action in the xylem, from roots to leaves, where it evaporates. Reduced water delivery lowers turgor pressure, leading to stomatal closure. These processes regulate the water dynamics in living plants, influencing their physiological state and combustion behaviour (Spolek and Plumb, 1981).
Modelling Water Transport in Live Fuels
Water transport processes, particularly at the macro-scale, play a critical role in the redistribution and evaporation of moisture in living fuels. Modelling approaches for water movement generally fall into three categories: (i) empirical models based on observed relationships, (ii) physical models of water-conducting systems such as soil-root pathways, and (iii) equation-based models coupling soil, plant, and atmospheric systems through conductivity and diffusivity formulations. Integrating these models has led to the development of various approaches, such as soil-root models and leaf-atmosphere models.
Soil-root models describe water uptake from the soil into root systems, while leaf-atmosphere models address water vapour exchange at the leaf surface. A detailed discussion of the soil-root and leaf-atmosphere models is provided in the supporting information (Section S1). Physics-based drying models for live forest fuels should prioritise macro-scale processes like capillary flow and xylem transport, while representing cell-level effects through bulk moisture content. Resistance terms and micro-scale variations, such as stomatal behaviour, can be simplified to improve efficiency. Soil-root and leaf-atmosphere models must adjust for environmental conditions and structural variability to capture essential drying dynamics. 
Water Transport Mechanism for Dead Fuel
Water movement within dead fuels, such as litter layers, occurs through capillary flow, diffusion, infiltration, and evaporation-condensation processes. Capillary action, commonly modelled using Darcy’s law, drives water among fuel particles, although its assumptions are challenged in heterogeneous beds (Plumb et al., 1985). Moisture diffusion becomes dominant when fuel moisture exceeds the FSP, where water moves primarily along cell walls rather than through open pores. Infiltration plays a key role in wetting litter layers during precipitation events, while evaporation and condensation near the FSP govern moisture redistribution under fluctuating environmental conditions (Nelson, 2001).
Physics-based drying models incorporate these mechanisms with varying levels of complexity. Wittich (2005) introduces water and vapour flux equations for the vertical transport of moisture in litter beds, assuming uniform conditions and neglecting lateral moisture movement. Matthews (2006) expands upon this by coupling energy and moisture transport, considering variables like litter temperature, liquid water content, and air humidity using flux-gradient relationships. However, these models often do not explicitly account for rapid phase changes, turbulent airflow, and radiative heating effects that occur under bushfire conditions, nor do they adequately capture moisture dynamics in mid- and upper-canopy fuels. 
However, existing models do not fully address how bushfire conditions such as intense heat, rapid phase changes, turbulent airflow, and radiative heating affect moisture transport in fine fuels. They also largely overlook moisture dynamics in mid-layer and crown fuels. These limitations reduce their accuracy in predicting moisture behaviour across different vegetation strata, which is crucial for understanding fire propagation. 
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Modelling environmental effects on fuel drying requires well-defined boundary conditions for each surface of the fuel (Tuly et al., 2023). Heat transfer boundaries depend on temperature, heat flux, insulation or symmetry, convection, and radiation, while mass transfer boundaries are based on concentration, mass flow, and convection parameters (Kumar et al., 2016; Khan et al., 2020).
Constant boundary conditions assume fixed heat and mass transfer coefficients, but real conditions fluctuate due to changing airflow and fluid properties (Khan et al., 2020; Joardder et al. 2021). Computational fluid dynamics (CFD) models address this by integrating simultaneous heat, mass, and fluid flow (Akter et al., 2022), often using semi-conjugate or conjugate approaches, as seen in food-drying applications.
In fire contexts, airflow is influenced by two dominant couplings: (i) fire-induced flow from convection columns and convergence zones (Clark et al., 1996; He et al., 2011), and (ii) ambient airflow driven by atmospheric turbulence (Clements et al., 2016). Tilting fire plumes create convergence zones ahead of the fire front, while downdrafts enhance fire spread by drawing high-momentum air downwards. Turbulence in the atmospheric boundary layer (ABL) critically affects fire intensity and spread.
Turbulence modelling in CFD typically employs Reynolds-Averaged Navier-Stokes (RANS) equations with k-Ɛ or RNG turbulence closures, or Large Eddy Simulation (LES). RANS-k-Ɛ models effectively simulate airflow over complex topography (Silva et al.. 2022). Multiphase models like those by Morvan and Dupuy 2004 and Agranat and Perminov (2020) resolve turbulent gaseous phases using RNG k-Ɛ methods, applying wall functions to capture near-ground flow and setting constant inlet velocities (1–3 m/s).
LES techniques (Morvan et al., 2009; Moinuddin & Sutherland, 2020) filter large and small flow structures, using density-weighted Favre filtering for compressible flows. Subgrid-scale turbulence is represented through eddy-viscosity models, though LES requires substantial computational resources. The WALE model improves turbulence predictions near walls within the LES framework ((Edalati-Nejad et al., 2023).
RNG models (Porterie et al., 1998) estimate turbulent kinetic energy and dissipation, incorporating Boussinesq eddy viscosity and modelling exchange terms for drag, heat transfer, and chemical reactions.
Besides gas movement, airflow studies are crucial for understanding fire behaviour within fuel domains. Early models (Weber, 1989
) incorporated wind effects into convection heat transfer and flame behaviour analyses, though most assumed constant wind conditions. Recent CFD models simulate more realistic conditions, with hot air (10 mol% oxygen) entering at 1000°C and 0.6 m/s velocity from the domain base, replicating crown fire scenarios.
6. [bookmark: _Toc196656650][bookmark: _Toc206986833]Challenges and Future Directions
Accurately modelling fuel is a major challenge in developing physics-based bushfire models. Vegetation is highly heterogeneous, comprising distinct layers—ground, surface, and crown fuels—each with diverse components like leaves, branches, bark, and grasses. This structural complexity increases modelling difficulty, as each element interacts differently under bushfire conditions.
A major challenge lies in modelling heat and mass transfer during vegetation drying. Water content is influenced by chemical composition, internal structure, soil conditions, atmospheric factors (humidity, temperature), and physical properties like porosity and density. These interconnected factors must be understood to accurately predict moisture and temperature distributions.
Accurately estimating moisture evaporation and temperature distribution requires distinct governing equations for live and dead fuels. Live fuel moisture dynamics depend on soil-plant-atmosphere interactions, while dead fuels are influenced by humidity and soil moisture but governed by different internal structures. These differences necessitate separate modelling approaches within the same computational domain.
One additional challenge arises from the lack of complete data on vegetation structure. Heterogeneous vegetation consists of different types of plants, each with its own specific material properties. Modelling these variations requires extensive datasets, but data pertaining to heterogeneous vegetation structures under bushfire conditions is still limited. Moreover, the drying of vegetation is heavily influenced by atmospheric conditions, which can be variable and often unpredictable in bushfire environments. Collecting this data requires experimental setups that are difficult to implement in real-time conditions.
Moisture evaporation in vegetation under bushfire conditions differs from food and wood drying due to variable air properties driven by flame dynamics, including flame dimensions, properties, and spread rate. Boundary conditions must adapt to these dynamics by coupling flame, fluid, and fuel domains. Future work should integrate physics-based drying models into bushfire simulations to better capture moisture and fire interactions. Robust datasets on vegetation properties and drying behaviour, gathered through field measurements, laboratory experiments, and remote sensing, are essential to support model development and validation.
Developing multiscale models that capture spatial and temporal variations in drying across different fuel layers is essential. Such models can bridge small-scale drying processes with large-scale fire dynamics, improving our understanding of bushfire behaviour and enhancing predictive capabilities.
Using machine learning techniques, particularly physics-informed neural networks (PINNs), offers notable benefits for modelling bushfire drying processes. Traditional methods often struggle to capture the complex interactions that occur in various fuel types under dynamic bushfire conditions. In contrast, PINNs effectively incorporate physical laws into their frameworks, allowing them to integrate empirical data with theoretical principles. This leads to improved accuracy, scalability, and adaptability. Therefore, machine learning is a vital tool for enhancing bushfire drying models and creating predictive frameworks that address uncertainties in uncontrolled bushfire environments. 
7. [bookmark: _Toc196656651][bookmark: _Toc206986834]Conclusion
This paper provides a comprehensive review of the development of physics-based drying models specifically for bushfire conditions. It discusses how drying affects bushfire propagation and behaviour, along with an examination of existing models that address drying in these scenarios. The review analyses and evaluates the current status of physics-based drying models to establish a framework for further development. The paper highlights the similarities and differences between conventional drying processes and bushfire drying. It also applies to the existing modelling framework, including necessary updates, to better suit the bushfire environment. To enhance the current physics-based drying model for bushfire conditions, the review suggests improvements that take into account the heterogeneous structure of vegetation in the fuel domain, the mechanisms for transporting live and dead fuel, and the boundary conditions present in uncontrolled drying environments. Building on these insights, the review proposes a conceptual framework to guide the development of more robust physics-based drying models. These advancements can improve current bushfire prediction tools and aid in broader initiatives for environmental modeling, ecosystem resilience planning, and risk-informed fire management.
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Tables
[bookmark: _Ref196773289]Table 1- Empirical models in bushfire drying models
	Category
	Method/ Model
	Equation/ Principle
	References

	FMC Estimation
	Fieldwork
	Sample collections and applying thermogravimetric analysis
	
Yebra et al. (2018)


	
	Calibrated Sticks
	Analyzing the mass changes in wooden rods 
	Schunk et al. (2016)

	
	Meteorological Danger Indices
	Weather conditions
	Aguado et al. (2007)

	
	Remote Sensing
	Empirical relationships (e.g., NDVI, NDII) derived using hyperspectral and multispectral systems
	
Guha and Govil (2021)

	Empirical equations
	Newton model
	A
	Zeng et al. (2019)
Yan et al. (2022)

	
	Page model
	A
	

	
	Modified page model
	A
	

	
	Henderson & Pabis Model
	A
	

	
	Logarithmic model
	A
	

	Semi-empirical equations
	Hertz-Knudsen law- free water evaporation
	
	Grishin et al. (2001)
Grishin et al. (2003)

	
	Free water and bound water evaporation
	Free water:


Bound water:

	Grishin et al. n.d.


A and 

[bookmark: _Ref196773463]Table 2- Literature analysis on the development of fuel domain
	Main fuel configuration
	Fuel domain
	Fuel Type
	References

	Fuel mixture
	Idealized homogenous fuelbed
Natural homogeneous fuelbed
Idealized heterogeneous fuelbed
	Pine needles
	Wallace (1946)

	
	Unit fuel concept
	Fuel mixture of litter, grass, brush, needles, and logging slash
	Rothermel and Harris (1972)

	
	Single fuel particles
	Fallen needles fuelbed
	Konev and Sukhinin (1977)

	
	Layered fuelbed
	Upper layer: brush leaf structure
Lower layer: twigs and branches (dead part) of brush
	Albini (1967)

	Multiphase
	Solid phase and gaseous phase (3D and 2D structure)
	Litter fuelbed
	Larini et al. (1998) Porterie et al. (1998) Porterie et al. (2000)

	
	Porous medium for the crown layer
	Crown layer
	Grishin and Shipulina (2002)
Perminov (2012)

	
	Singl fuelbed
	Mediterranean shrub
	Morvan and Dupuy (2004)

	
	Homogeneous fuelbed
	Grassland
	Morvan et al. (2009)

	3D fuel domain
	Conical shape crown layer
	Douglas fir trees
	Moinuddin and Sutherland (2020)

	
	Homogeneous crown and grass layer
	Tree crown and tall grass
	Mell et al. (2009)
 Linn et al. (2002)

	Leaf configuration
	Single leaf
	Manzanita
	Yashwanth et al. (2016) Shotorban et al. (2018)
Borujerdi et al. (2020), Rahimi Borujerdi and Shotorban (2022) 

	
	Two-leaves
	
	Edalati-Nejad et al. (2023)

	Litter fuelbed
	2D fuelbed
	Litter layer
	Wittich (2005)
 Matthews (2006)
 Dubey and Yaghoobian, (2024)





Appendices A
Water transport modelling approach in live fuel
Soil-Root Model
Water movement in the soil, as described by the Richards equation, is governed by the principles of mass continuity and momentum conservation (as expressed by Darcy's law). There are two primary approaches to modelling water absorption by roots: a single root surrounded by a cylindrical layer of soil. Furthermore, a comprehensive root system that acts as a reservoir, with water infiltrating the soil to a specified depth. Both methods assume uniform cylindrical roots of consistent length, which facilitates a quantitative analysis of water uptake.
Leaf-Atmosphere Model
The interaction between a leaf and the atmosphere during water transport can be evaluated by examining the rate of evaporation from the thin water film on the leaf's surface. This rate, known as the potential evaporation rate, is calculated using Ohm's law:
		Eq. (A.1)
Where  is the potential rate of evaporation,  is the concentration or density of water vapour at the leaf surface under saturated conditions and  the vapour concentration in the ambient air and  is the resistance offered by the air to vapour diffusion from the leaf surface (Schonherr 1976)
Water transport mechanisms and models for dead fuels
Capillary Flow
Capillary flow is a key mechanism in the movement of water among fuel particles and layers, driven by surface tension forces, and is effectively described by Darcy’s law, although its assumption of a homogeneous capillary structure may not apply to heterogeneous fuel beds (Plumb et al. 1985). 
Moisture Diffusivity
Moisture diffusivity also plays a critical role in water transport within the cellular structure of dead fuel particles, particularly when moisture content surpasses the fibre saturation point, where cellular walls are fully saturated, yet no liquid water is present in capillary structures. This confined water movement is influenced by both surface diffusion and variations in spreading pressure, highlighting a gap in existing models that often overlook the interaction between surface and vapour diffusion in non-uniform environments.
Infiltration
Infiltration, the process of water penetrating fuel particles and layers, is also vital, especially in horizontally distributed litter layers, yet it is frequently neglected in moisture models for forest litter.
Evaporation and Condensation
The processes of evaporation and condensation, which involve liquid water's transition to vapour and vice versa, significantly affect moisture dynamics; the transition at the fibre saturation point alters water transport properties, but current models lack the resolution to adequately capture these microstructural changes (Nelson 2001).
Water transport models in dead fuel
Wittich 2005 introduces transport equations for liquid water and water vapour in litter beds:
		Eq. (A.2)
Where,  is the bulk value of the volumetric moisture content with  the density of liquid water and  is the depth of the litter bed, and  is the liquid-water and vapour flux density at the top and bottom of the litter layer, which takes precipitation, evaporation, and drainage into account. Lateral runoff and upward moisture movement at the bottom of the litter layer are ignored. 
The prognostic equation for the bulk temperature of a thin, porous litter layer is given by,
		Eq. (A.3)
This study establishes external and internal water budget equations in order to accurately simulate the moisture dynamics in forest litter. The external water budget equations consider the water that is on the surface of litter items, taking into consideration factors such as precipitation, drainage, absorption, and evaporation rate. Internal water budget equations pertain to the water content within the cell cavities and cell walls of the litter. The procedure takes into account phenomena such as the absorption of water from the surroundings and the release of water through evaporation or the intake of water vapour from the atmosphere through adsorption.  
Matthews 2006 expands on these principles by including energy and water exchange in litter layers. It tracks six variables: - litter temperature (, - the temperature of free liquid water on the litter surfaces (, - air temperature (,  - litter moisture content (kg water per kg of dry litter), - amount of liquid water (kg of water per of litter layer), - specific humidity (kg of water vapour per kg of air. The model applies flux-gradient relationships for water vapour  and heat transport :
		Eq. (A.4)
		Eq. (A.5)
With  is the turbulent diffusivity, which is the function of litter layer depth and wind speed, is air density,  is the specific heat of dry air.





















Figures Captions:
[bookmark: _Ref192694258]Figure 1- Processes involved in bushfire
Drying is the initial stage that decreases fuel moisture and increases flammability. This is followed by pyrolysis, ignition, and combustion, which together contribute to the spread of bushfires. 

[bookmark: _Ref192694406]Figure 2- Summary of the drying process and its effects on bushfire processes
Drying reduces oxygen concentration, flame temperature, and alters chemical reactions, as well as influencing microclimate. These effects delay pyrolysis and ignition, ultimately altering bushfire behaviour and propagation. 

[bookmark: _Ref192694543]Figure 3- Comparison of conventional and bushfire-oriented physics-based drying models
Conventional physics-based models describe drying under controlled conditions, whereas bushfire-oriented models account for extreme heating and airflow fluctuation. 

[bookmark: _Ref192694597]Figure 4- Different fuel layers in a vegetation structure
Vegetation heterogeneity is represented by overstorey, intermediate, elevated, and surface fuel layers, each with distinct moisture content and drying behaviour under bushfire conditions. 
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