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Flame spread has been an important but unsolved problem for decades as its numerical solution requires simultaneous accurate solutions in solid and gas phases.

In the current study, a numerical model involving gas-phase Large Eddy Simulation (LES) and comprehensive solid pyrolysis model was built as the first step of the research with a sufficient resolution for reproducing the flame spread rates in a set of upward flame spread experiments on birch rods. In the current conditions, the flame spread is dominated by the convective heat transfer and the predicted spread rates are thus sensitive to the heat transfer model. The convective and radiative heat fluxes during steady state were then extracted from the model results and used to improve the accuracy of coarse mesh simulations by embedding them as thermal boundary conditions for the solid phase. Three alternative techniques were investigated:

Normalizing the heat flux profile with the length of the pyrolysis zone (fully coupled technique) resulted in accurate spread rates only if the initial pyrolysis zone was specified precisely and the gas phase resolution remained sufficiently fine. In the second, uncoupled technique, the length of the pyrolysis zone was fixed. Accurate steady state flame spread rates were then achieved regardless of the mesh resolution and the initial length of the pyrolysis zone. Finally, the most promising technique involved a normalized heat flux profile within the pyrolysis zone and a generalized heat flux function within the preheating zone. Correct spread rates were achieved with up to ten times increase in cell size regardless of the initial pyrolysis zone properties.

INTRODUCTION

Flame spread leads to fire growth and enlargement and it is a natural consequence of simultaneous heat and mass transfer processes between flames and fuels. Accurate predictive flame spread models for combustible materials in different configurations have been sought for long [START_REF] Jiang | Sample width and thickness effects on horizontal flame spread over a thin PMMA surface[END_REF] and many computational studies have been conducted for various materials with different in-house [START_REF] Blasi | Processes of flames spreading over the surface of charring fuels: Effects of the solid thickness[END_REF]- [START_REF] Bhattacharjee | Structure of downward spreading flames: a comparison of numerical simulation, experimental results and a simplified parabolic theory[END_REF] and open-source codes [START_REF] Kwon | Evaluation of FDS V.4: upward flame spread[END_REF]. Although a better understanding on the flame spread dynamics has been gained in the last few decades, accurate modelling of a bench-scale experiment is still challenging because of the multi-physics and multi-scale nature of the problem. More specifically, the state-of-the-art flame spread models have mostly ignored comprehensive solid pyrolysis modelling [START_REF] Blasi | Processes of flames spreading over the surface of charring fuels: Effects of the solid thickness[END_REF]- [START_REF] Bhattacharjee | Structure of downward spreading flames: a comparison of numerical simulation, experimental results and a simplified parabolic theory[END_REF] and thus the solid phase effects may have been an obstacle to accurate predictions [START_REF] Blasi | Effects of solid-phase properties on flames spreading over composite materials[END_REF]. The problem of the multiple length scales becomes apparent in numerical simulations of fire problems where the model should simultaneously resolve the details of the boundary layer flame and cover a larger domain of the problem.

Understanding of driving mechanism of flame spread is imperative to the model developments. The first objective of the current study is to couple a detailed solid-phase pyrolysis model with the LES solver and to ensure that the model can generally reproduce the dynamics of the flame spread process, with reasonable experimental validations instead of accurate predictions of all the physics. As with common consent, the heat flux from the flame to the virgin fuel is the key parameter that determines the flame spread rate [START_REF] Leventon | A flame spread simulation based on a comprehensive solid pyrolysis model coupled with a detailed empirical flame structure representation[END_REF]. Therefore, the second objective of the current research is to expose the incident heat flux and its effects on flame spread using numerical modelling with the support of experimental comparison. Then, the third objective is to find out if the flame spread can be simulated without actually resolving the near-wall flame structure and heat flux by embedding the predicted flame heat flux from the well-resolved simulation into the simulation with much coarser resolution. The current study can be regarded as a step further of the previous works by Xie and DesJardin [START_REF] Xie | An embedded upward flame spread model using 2D direct numerical simulations[END_REF] and Leventon et al. [START_REF] Leventon | A flame spread simulation based on a comprehensive solid pyrolysis model coupled with a detailed empirical flame structure representation[END_REF] which are reviewed in the next section.

As a typical concurrent flame spread configuration, upward vertical flame spread has long been recognized in the research community as a highly important process. In previous work, Mangs et al. [START_REF] Mangs | Experiments and numerical simulations of vertical flame spread on charring materials at different ambient temperatures[END_REF] measured the rate of vertical concurrent flame spread on cylindrical Finnish birch rod samples with various diameters. Axi-symmetric direct numerical simulations (DNS) with single-step pyrolysis model were further carried out with reasonable predictions on the flame spread rates [START_REF] Mangs | Experiments and numerical simulations of vertical flame spread on charring materials at different ambient temperatures[END_REF]. The current paper focuses on the flame heat flux in the scenario of Mangs's experiments. Axi-symmetric Large Eddy Simulation (LES) with detailed Birch pyrolysis model are conducted with different mesh sizes and heat transfer models. The results of this study will benefit to the understanding and modelling of flame spread behaviours driven by an incident heat flux.

LITERATURE REVIEW

In upward flame spread, the spread rate depends on the coupled time-dependent heat and mass transfer processes in the gas and solid. In 1978, Fernandez-Pello [START_REF] Fernandez-Pello | A theoretical model for the upward laminar spread of flames over vertical fuel surfaces[END_REF] used a boundary layer approximation to solve the vertical upward flame spread on infinitely wide fuel surfaces. Models including fuel burnout and the consequent steady-state flame spreading have been developed by Markstein and de Ris [START_REF] Markstein | Upward fire spread over textiles[END_REF] for textiles and by Grant and Drysdale [START_REF] Grant | Numerical modelling of early flame spread in warehouse fires[END_REF] for building materials. While it was concluded that the heat transfer from the bottom flame controlled the spread rate, the conclusion is different from the theory proposed by Annamalai and Sibulkin [START_REF] Annamalai | Flame spread over combustible surfaces for laminar flow systems part I: excess fuel and heat flux[END_REF] where the "excess fuel" and "excess flame length" are believed to be the dominant factors.

Unfortunately, the standard tests that are commonly used to investigate material flammability typically provide only qualitative observations of material response to specific test conditions and consequently show limited ability to predict material performance in other fire scenarios [START_REF] Quintiere | The application of flame spread theory to predict material performance[END_REF]. Therefore, although the fundamentals of flame spread governing dynamics have been initiated [START_REF] De Ris | Spread of a laminar diffusion flame[END_REF] and studied for decades, the detailed understanding of upward flame spread and its driving mechanism is still developing. It has been widely accepted that the flame spread is controlled by the positive feedback between coupled processes of solid degradation and gas phase combustion [START_REF] Gollner | Experimental study of upward flame spread of an inclined fuel surface[END_REF] [START_REF] Bhattacharjee | Radiative, thermal, and kinetic regimes of opposed-flow flame spread: A comparison between experiment and theory[END_REF]. A fraction of the combustion heat release is transferred back to the solid through both convection and radiation, causing further degradation and production of flammable gases [START_REF] Pizzo | A transient pyrolysis model based on the B-number for gravity-assisted flame spread over thick PMMA slabs[END_REF]. In upward flame spread, this process is relatively strong because the flame heat flux effectively pre-heats the undecomposed region of the solid.

The ultimate goal of studying flame spread is to predict the flame spread rate and thus determine how quickly a fire grows. However, challenges that continue to limit the attempts at producing accurate flame spread rates include the inherent difficulties in experimentally measuring the key properties of the system [START_REF] Fernandez-Pello | Controlling Mechanisms of Flame Spread[END_REF], the complexity involving simultaneous material properties, chemical kinetics and turbulence effects [START_REF] Fernandez-Pello | Flame spread modeling[END_REF], maintaining computational feasibility by including only those features of primary importance [START_REF] Huang | Ignition-to-spread transition of externally heated electrical wire[END_REF] and demand of extreme fine resolution for resolving the different turbulence length scales in boundary layer and main flame body [START_REF] Ren | Large eddy simulation of turbulent vertical wall fires supplied with gaseous fuel through porous burners[END_REF].

Analytical models [START_REF] Sibulkin | The dependence of flame propagation on surface heat transfer II. Upward burning[END_REF]- [START_REF] Olson | Upward flame spread in large enclosures: Flame growth and pressure rise[END_REF] have offered simplified descriptions of the system, however these descriptions rely upon a number of assumptions such as constant flame height, uniform profile of flame to surface heat flux, and simplified solid degradation kinetics (first-order, single reaction) and heat transfer.

As time progressed numerical models allowing simultaneous gas phase and solid phase solutions using Computational Fluid Dynamics (CFD) and pyrolysis models were involved in flame spread processes. Most recently, in these models the gas phase solvers have evolved from Reynolds-averaged Navier-Stokes equations (RANS) to Large Eddy Simulation (LES) while the solid phase pyrolysis models have been updated from single first-order formulations to multi-reactions solvers with detailed pyrolysis kinetics and temperature-and composition-resolved thermophysical properties [START_REF] Mcgrattan | Fire Dynamics Simulator Technical Reference Guide Volume 1: Mathematical Model[END_REF]- [START_REF] Lautenberger | Generalized pyrolysis model for combustible solids[END_REF]. Besides, as the primary boundary conditions in flame spread, flame height and heat flux models of wall fires have also been improved from constant heat flux with approximated flame height to varying heat flux with threshold values determining the actual flame height [START_REF] Brehob | Numerical model of upward flame spread on practical wall materials[END_REF]- [START_REF] Consalvi | On the flame height definition for upward flame spread[END_REF]. As a result, valuable data were obtained by applying LES to modelling of turbulent wall fires [START_REF] Ren | Large eddy simulation of turbulent vertical wall fires supplied with gaseous fuel through porous burners[END_REF], DNS to modelling of laminar wall flames [START_REF] Xie | An embedded upward flame spread model using 2D direct numerical simulations[END_REF] and even flame spread [START_REF] Xie | An embedded upward flame spread model using 2D direct numerical simulations[END_REF] [START_REF] Mangs | Experiments and numerical simulations of vertical flame spread on charring materials at different ambient temperatures[END_REF]. Nevertheless, the high computational costs of resolving near-wall flame and boundary layer are still challenging the practical use of numerical models. Besides, problem of applying non-local properties, such as "flame length" and "pyrolysis length" in the definition of flame heat flux was pointed out by Xie and DesJardin [START_REF] Xie | An embedded upward flame spread model using 2D direct numerical simulations[END_REF]. Their solution was to present the time dependent heat flux in flame pre-heating region using a set of local reaction progress variables. They tabulated the heat flux as a function of surface temperature, mixture fraction, gas phase total enthalpy and their local gradients, and demonstrated the potential to reduce the computational cost with a factor of two in a 2D DNS simulation. A downside of the complex state variable-based tabulation is that the potential reduction of the computational cost is limited because the inputs of the embedded flame model are strongly dependent on the gas phase resolution. In the meantime, recent works conducted by Leventon et al. [15][40] have triggered the possibility of using prescribed heat flux fields in numerical modelling. They applied a highly spatially resolved empirical model of flame heat feedback as a boundary condition and used solid phase pyrolysis model so called ThermaKin2D to simulate the early stages of upward flame spread. The heat feedback model was constructed using a set of upward vertical flame spread experiments on PMMA [START_REF] Pizzo | Experimental observations on the steady-state burning rate of a vertically oriented PMMA slab[END_REF] and expressed as an analytical function of the distance from the base of the flame and the fuel mass loss rate. However, the research only covered the early stage of flame spread without reaching steady state. More importantly, the absence of gas phase modelling will limit the application of the model.

The difficulty of defining non-local variables for the basis of the flame modelling has, at least partially, been caused by the transient nature of the problems investigated.

It may be impossible to generalize the flame properties from the initial transient period where the flame spread is affected by the initiation procedure, such as the burner in an experiment. In this work, we want to investigate if the flame heat flux profiles can be extracted from quasi-steady state flame spread solutions, and expressed as similarity solutions using a non-dimensional spatial position. This should enable a flame heat flux presentation that is independent of physical dimensions, such as the material thickness. By avoiding the use of local gas phase quantities, an order of magnitude reduction of the computational cost should be achieved.

EXPERIMENTS

Two sets of experiments are used for model validation: the ones conducted in a concealed flame spread apparatus were reported in [START_REF] Mangs | Experiments and numerical simulations of vertical flame spread on charring materials at different ambient temperatures[END_REF] and [START_REF] Mangs | Vertical flame spread on charring materials at different ambient temperatures[END_REF]. Another, previously unpublished set of experiments was carried out in free space at room temperature.

The tested samples were 2.0 m long birch rods of different diameters. Figure 1 shows the experimental setup where a propane burner was used to ignite the samples.

In the free space experiments when the initially dry samples were assembled in the test rack and ignited, the sample moisture content increased to approximately 1% while both dry samples and 6% moisture samples were tested in the flame spread apparatus. The flame spread was found turbulent while its rate was deduced from visualisation, photograph and a measured temperature of 300 °C criterion in the experiments. More details on the experiments and comparisons to DNS are provided in [16][42]. 

NUMERICAL MODELLING

Approach

In the paper, the flame spread experiments are firstly modelled using a fine mesh which is capable of leading to the steady state flame spread. Then, the model results are compared to the experimental measurements to make sure reasonable flame heat flux fields can be extracted meanwhile the effects of flame heat flux on steady state flame spread are presented by comparing the spread rates of different flame heat fluxes. Finally, the flame heat fluxes extracted from the fine mesh simulations are embedded in the coarse mesh simulations with different simplification levels to reveal the possibility of modelling flame spread with an engineering grid size by fixing the near wall heat flux.

Given the spreading flames at steady state are found mainly turbulent, as shown in Figure 2, the effect of flow field turbulence is modelled using LES. After evaluating the work load and model efficiency, the simulations are decided to run on a 2D mesh with 1 mm resolution. It should be noted that a 2D mesh cannot fully resolve the turbulence field as the turbulence is definitely a 3D spatial flow behaviour, although 2D LES has been widely used for different applications [43][44]. Therefore, the current paper focuses on identifying the effects of flame heat flux on the steady state flame spread and the technique of embedding the heat flux field in coarse mesh simulations, while the comparison to the experiments justifies the reasonability of the generated heat flux fields. 

Governing equations

The fluid flow is modelled by solving the conservation equations for mass, mixture fraction, momentum and energy in a low Mach number form [START_REF] Mcgrattan | Computational fluid dynamics modelling of fire[END_REF] 
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where ρ, u, Z and T are the density, velocity vector, mixture fraction and temperature.

D is the diffusivity, p ~ the perturbation pressure, τ the viscous stress tensor, k the thermal conductivity, and q& ′ ′ ′ the source term due to the chemical reactions and radiation.

In LES the large scale eddies are computed directly and the sub-grid scale dissipative processes are modelled. The current LES uses a variation of Deardorff's model for turbulent viscosity, which provides more dynamic range to the flow field for coarse resolution and converge to the correct solution at fine resolution
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where sgs k is the sub-grid kinetic energy, u is the average value of u at the grid cell center (representing the LES filtered velocity at length scale Δ) and u ˆ is a weighted average of u over the adjacent cells (representing a test-filtered field at length scale 2Δ). The model constant is set to the literature value Cv= 0.1.

Combustion and radiation

The combustion model is based on the mixing-limited, infinitely fast reaction of lumped species and the mean chemical source term for fuel is modelled using the Eddy Dissipation Concept (EDC) [START_REF] Magnussen | On mathematical modeling of turbulent combustion with special emphasis on soot formation and combustion[END_REF][47]:
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Here, ZF and ZA are the lumped mass fractions of fuel and air, respectively, and Sm is the mass stoichiometric coefficient for air. The quantity tmix is a time scale for mixing and for an infinitely-fast reaction, reactant species in a given grid cell are converted to product species at a rate determined by a characteristic mixing time, tmix:
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where td is the molecular diffusion time scale, tu the turbulent advection time scale, tg the buoyant acceleration time scale. The advective time scale constant is set to Cu = 0.4. The acceleration time scale tg is the time required to travel a distance Δ starting from rest under a constant acceleration, g = 9.81 m/s 2 .

A global one-step gas phase reaction of fuel and oxygen was assumed with 1% soot yield and 14.35 MJ/kg heat of combustion. The fuel was specified as C3.4H6.2O2.5, as suggested by Ritchie et al. [START_REF] Ritchie | Effect of sample size on the heat release rate of charring materials[END_REF], corresponding to a reaction
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The Radiative Transport Equation (RTE) for a non-scattering gray gas is
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where ( ) s x I , is the radiation intensity, s is the unit normal direction vector and ( )

x κ is the absorption coefficient ∑ = i i i Z ρ κ κ (13) 
where i κ are the mass specific mean extinction coefficients of fuel, soot, H2O and CO2. The source term is due to the blackbody radiation
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The boundary condition for the radiation intensity on the gray diffuse wall is given as
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where ε is the emissivity, and Ibw is the black body intensity at the wall.

Convective heat transfer models

In coarse mesh LES, the convective heat transfer coefficient, hcov, is specified a combination of natural and forced convection correlations:
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where Ch is an empirical coefficient for convection (1.31 is used for the current rod cylinder [START_REF] Holman | Heat Transfer[END_REF]), L is a characteristic length scale (cylinder diameter), k is thermal conductivity of the gas, Tw is the wall surface temperature and Tg is the first grid cell gas temperature. The Nusselt number (Nu) depends on the geometric and flow characteristics. For many flow regimes, it is expressed as
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For cylindrical surfaces, the default values are C1=0, C2=0.683, nr=0.466, mp=0.33 [START_REF] Holman | Heat Transfer[END_REF]. The above approximation is named as "heat transfer correlation model" while in well-resolved fine mesh LES, the convective heat transfer can be calculated through the conduction at the near boundary grid, similar as the DNS mode, which is ( )
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where dn is the grid cell size. Equation ( 17) is here called "heat conduction model".

Solid phase

Governing equations

A pyrolysis model dealing with complex kinetics and multiple reactions is used.

The model solves the pyrolysis process for charring materials using a 1D mesh for the heat conduction and chemical kinetics simultaneously. The governing equations in the solid include:

Pyrolysis rate:
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Energy conservation:
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Heat of pyrolysis:
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where 0 s ρ is the initial density of birch wood and , s α ρ is the density of the α'th component, A is the pre-exponential factor, E the activation energy and n the reaction order. cs is the specific heat and Hr is the heat of reaction. Subscripts α and β refer to the α'th component of the mixture and its β'th reaction, respectively, and subscript s refers to "solid phase".

Kinetic and thermal-physical properties

Based on a set of thermogravimetric (TG) experiments, a non-first-order (n≠1) kinetic model with multiple parallel reactions was proposed for birch wood. Four parallel pyrolysis reactions of four components (water, hemicellulose, cellulose, and lignin) in birch sample were adopted, yielding chars with different mass fractions. A Genetic Algorithm (GA) [START_REF] Matala | Estimation of pyrolysis model parameters for solid materials using thermogravimetric data[END_REF] was used to estimate the kinetic coefficients, initial mass fractions and char yields, meanwhile, the thermo-physical properties were obtained by measurements and applying GA to cone calorimeter experiments in both nitrogen and air atmospheres [START_REF] Hostikka | Pyrolysis Model for Predicting the Heat Release Rate of Birch Wood[END_REF]. The model parameters are listed in Table 1. 

Simulation domain and boundary conditions

The computational domain was 1.8 m high and 0.12 m wide sector of a cylinder.

The wood sample occupied the volume from cylinder central axis to the rod radius.

The inner vertical surface was defined as a solid (wood) and the outer vertical surface as a wall at ambient temperature. The bottom surface had constant inflow of 0.3 m/s and the top boundary was open.

The simulations were initiated from still state at room temperature by specifying a small diffusion burner to the bottom part of the wood sample. The height of this "ignition flame" was less than about 20 mm and the flame is turbulent initiating the turbulence of the spreading flame.

Numerical method

The solutions were forced axisymmetric due to the calculation economics.

Discretized forms of the gas-phase governing equations (1)-( 12) were solved on a uniform 2D mesh using a second-order accurate predictor-corrector scheme. For thermal radiation, an axisymmetric version of the Finite Volume Method of radiation was used with 100 control angles [START_REF] Murthy | Radiative heat transfer in axisymmetric geometries using an unstructured finite-volume method[END_REF]. The spatial resolution for the main simulation was set as 1 mm which was small enough to resolve the main characteristic length scales of the flow field, while the grid cell size was increased to respectively 5 mm, 18)-( 20) were solved using 1D finite differences associated with each wall cell of a wood surface.

The simulations were carried out using the Message Passing Interface (MPI) and

Open Multi-Processing (OpenMP) techniques for parallel computing. For this purpose, the computational mesh of the 1.0 and 0.5 mm resolution simulations was divided into 18 blocks of equal size in vertical direction and for each block 3 CPUs with shared memory were used for computation. The simulations were run using Intel Haswell E5-2690v3 processors (2.6 GHz). One second of simulated flame spread took typically 2500 s of computational time. The coarse mesh simulations (resolutions greater than 1 mm) were run as a single process with an Intel i5-4200U mobile processor with a frequency of 1.6 GHz. The typical computational times for one second of real time were 39, 4, and 0.5 s, for 5, 10 and 20 mm resolutions, respectively.

RESULTS AND DISCUSSION

Fine mesh (1 mm) results

Comparison to experimental data

When the flame spreads up, a pyrolysis zone, in which the virgin material decomposes, forms from the flame root to the edge of preheating area. The pyrolysis zone moves up with the flame and generates gases to sustain the flame during spread.

Hence, the flame spread rate can be determined from the movement of the pyrolysis zone. Instantaneous locations of the ignition and extinction fronts (denoted as respective "front" and "back" in the legends) were determined as heights where the pyrolysis mass loss rate was greater than a threshold of 0.0001 kg/m 2 s (sensitivity analysis on this value can be found in the Appendix). apparatus and free space is minor due to the simultaneous compensating effects of the heat confinement of flame spread apparatus and the relatively low moisture content in free space. Moreover, the simulations also showed that the heat transfer correlation model (Eq. ( 15)) leads to 20-50 % lower flame spread rates than the heat conduction model (Eq. ( 17)), indicating lower heat transfer to the solid phase. In the following, the flame spread apparatus simulations were used for further analysis. Predicted surface temperatures, Figure 5(b), within the pyrolysis zone are very similar between the different rod diameters. In particular, the temperatures at ignition front are very close to each other as expected because the chosen co-ordinate system was based on the pyrolysis rate, depending mostly on the material temperature. 

Convective and radiative heat fluxes at solid surface

Sensitivity to numerical resolution

The sensitivity to the gas-phase resolution was evaluated by performing a simulation with 0.5 mm cell size for the 2 mm rod. The comparison of the 0.5 mm and 1.0 mm cell size results showed that the finer grid resulted in 4.2 % higher spread rate from the sample bottom. This is the region of significant change in flow field due to the transition from initiation to steady state flame spread. In the simulations with 1 mm resolution, the y + values were consistently in the order of less than 3, as shown in Figure 7(b), while the y + of 5 mm mesh could be as high as 30. Therefore, it is reasonable to use the heat conduction model in fine mesh while the heat transfer correlation model should be used for meshes coarser than 1 mm. 

Embedded heat flux technique

The problems of predicting flame spread rates in large-scale CFD are To resolve the flame spread difficulty in CFD, an embedded heat flux technique is proposed. The incident heat flux from 1 mm resolution consists of the convective and radiative components
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and they are saved as time-averaged functions of the normalized height ζ. The incident heat flux of 5 mm resolution (same technique to 10 and 20 mm) is now assumed erroneous in the vicinity of the pyrolysis region, and forced identical to
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where ζmin and ζmax are appropriate bounds of the region where the heat flux is dominated by the flame convection and radiation. Extending the technique to different heating and geometrical conditions would require considering the maxima of local (flame) and global (far field) fluxes, which is beyond the scope of the current paper.

Finally, three alternative techniques of normalizing the heat flux profile are investigated in the following sections.

Fully normalized heat flux profile

The heat flux correction was applied to the coarse mesh simulations according to Eq. ( 23) with ζmin = -1 and ζmax = 5. In the simulations, once the burner was turned off, steady state flame spread was observed with an initial pyrolysis zone of length Lp. The Lp was found to depend on the ignition duration, increasing as the burner lasted longer.

Figure 9 presents typical results of 2 mm rod with different grid resolutions and Lp.

Comparing Figures 8(a) and 9(a), we notice that the embedded heat flux clearly enhances the flame spread predictions in coarse meshes, especially for the 5 mm mesh.

Yet, the steady state spreading still cannot be achieved using 20 mm mesh, and the 10 mm mesh spread rate is much lower than on the fine mesh, even if Lp is equal to the fine mesh. The steady state flame spread was not reached at all if the Lp, was too small, e.g. with Lp =10 cm in Figure 9(b).

The positive coupling between the pyrolysis length and the flame spread rate can be investigated by examining the pyrolysis time tp, i.e. the duration of pyrolysis in each location. From Figure 6 we saw that constant ( / ) /
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where (m/Arod) is the available combustible mass per surface area, and thus tp ∝ -1 .

The same result follows from a steady state approximation of surface regression rate ,
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During tp the pyrolysis region propagates a distance Lp at flame spread rate
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As the heat flux is assumed independent of Lp, we can see from Eq. ( 26) that the flame spread rate has to increase as the length of pyrolysis zone or the heat flux increases, which is consistent with the current results.

The results show that it is possible but difficult to achieve steady flame spread with embedded heat flux profile that is based on fully normalized coordinates.

Successful simulation seems to require delicate specification of the ignition situation to maintain Lp exactly the same as the in the fine mesh. This is against the experimental observation that the flame spread process "forgets" its history in steady state. From the applications viewpoint, this is neither economical nor practical. 

Normalized heat flux with fixed length of pyrolysis zone

As a next attempt to improve the coarse mesh predictions and to understand the relationship between pyrolysis front properties and flame spread, Lp was enforced identical to the fine mesh values, ranging from 0.25 m to 0.43 m as the rod diameter increases from 2 mm to 10 mm. Figure 10(a) shows the model results of 2 mm rod where it can be seen that, by fixing Lp, the flame can spread in all mesh sizes with similar pyrolysis zones and spread rates as the fine mesh. The spread rate varies slightly with the mesh size while the 20 mm resolution leads to the closest value 

Normalized pyrolysis zone and fixed pre-heating zone

We define the velocities of ignition front and extinction front at steady state. The flame spread rate Vf is equal to the speeds of the ignition and extinction fronts, Vfront and Vback. 

pre pre I front L q f V , , & ′ ′ = (27) 
Combining with the analysis of Eqs. ( 24)-( 26), once the preheating zone is prescribed, the velocity of ignition front becomes determined. For a certain incident heat flux in the pyrolysis zone, I q& ′ ′ , two possible scenarios can be identified: 1) Vfront > Vback where the length of pyrolysis zone keeps increasing until the energy density of the preheating zone decreases and Vfront starts to decrease, 2) Vfront < Vback where the length of pyrolysis zone will keep decreasing and a higher fraction of flame energy will be available for preheating, thus increasing Vfront.

Various mathematical functions [START_REF] Gong | Approximate analytical solutions for transient mass flux and ignition time of solid combustibles exposed to time-varying heat flux[END_REF] have been used to reproduce the incident heat flux of preheating zone including the linear [START_REF] Lin | Numerical analyses for radiative autoignition and transition to flame spread over a vertically oriented solid fuel in a gravitational field[END_REF] and power-law [START_REF] Fernandez-Pello | A theoretical model for the upward laminar spread of flames over vertical fuel surfaces[END_REF] functions.

The current study finds that the exponential function fits to the heat flux

[kW/m 2 ] distributions , 1 2 
( ) exp ( )

I pre e e f q z C C z z ′′   = - -   & ( 28 
)
where zf is the height of the ignition front in meters and Ce1 and Ce2 are two coefficients listed in A full heat flux distribution is now generated by combining Eq. ( 28) for the preheat zone and the normalized heat flux for the pyrolysis zone (without fixing Lp)

for 5 to 20 mm meshes. Figure 11(b) shows the model results together with the fine mesh results. The 5 and 10 mm resolutions lead to comparable predictions in both flame spread rate and length of pyrolysis zone whereas noticeable discrepancies can be found as the cell size increases to 20 mm. We believe that this is due to the errors introduced in interpolating the heat flux profile. The sensitivity of the predicted flame spread rates to the shape of the preheat function was investigated by introducing two less accurate approximations: a linear function ( ) 75( ) 23.75

I f q z z z ′′ = - - + &
and a constant value of 13.5 kW/m 2 , maintaining the same total incoming energy as the exponential function. The results for the 2 mm rod are shown in Figure 12(a). The exponential and linear preheat functions seem to produce very similar spread rates, but the constant value leads to a fluctuating situation, and is hence excluded from the further analyses. The exponential and linear functions are compared for all rod diameters using 5 mm mesh Figure 12(b).

As the rod diameter increases, the difference between the predictions given by the two functions increases. This can, at least partially, be explained by the fact that the role of the solid phase heat transfer is smaller in thermally thin materials, and thus the exact heating history becomes less important, as long as the correct amount of energy is provided to the surface. We see that to accurately model the upward flame spread, both solid and gas phase physics should be delicately solved.

The proposed approach for the embedded heat flux function is thus to combine the normalized function within the pyrolysis region, and the physical coordinate -based preheat function. Unlike the method of Xie and DesJardin [START_REF] Xie | An embedded upward flame spread model using 2D direct numerical simulations[END_REF], this method relies on some global features of the simulation, which is not a desired feature of a CFD submodel. However, by generating global heat flux functions from experiments [START_REF] Lin | Numerical analyses for radiative autoignition and transition to flame spread over a vertically oriented solid fuel in a gravitational field[END_REF] or fine mesh simulations with different flame spread scenarios and creating a "heat flux library", this method can be used for wider applications. Therefore, the shown existence and potential of the globally defined heat flux function should be utilized in the future when seeking for new, generalized sub-grid scale models for the near-field flame heat flux. The current study proposes a new numerical strategy of modelling vertical flame spread with CFD simulations. The strategy makes use of the heat flux fields obtained from well-resolved mesh to overcome the difficulties of modelling near-field heat fluxes with different mesh resolutions. It is applied to a set of vertical upward flame spread experiments using birch rod. The numerical predictions with 1 mm gas phase resolution were found to agree with the experimental results. The convective and radiative heat fluxes at the rod surface at steady state were extracted, and the current flame spread process was found to be dominated by convective heat transfer.

To enable the flame spread predictions with coarse gas phase resolutions, the incident heat fluxes from the 1-mm mesh are used as a virtual heat flux boundary condition, normalized by the pyrolysis zone length. The modelling results indicate that accurate coarse-mesh predictions are possible when the total heat flux is enforced to follow the prediction of the fine-mesh simulation. Three different alternatives for transferring the fine-mesh heat flux profile were studied. If the heat flux profiles were fixed in terms of magnitude and absolute vertical profile, the coarse-mesh simulations accurately reproduce the fine-mesh results. This, however, means breaking the coupling between the gas-and solid phase phenomena. If the heat flux magnitude was retained and the profile normalized by the pyrolysis length, i.e. simulation outcome, the steady state flame spread was accurate only if the initial length of the pyrolysis region was initialized (enforced) to a correct value. Finally, a compromise solution was proposed where the heat flux within the pyrolysis region is prescribed using the normalized coordinates, thus making it coupled to the simulation outcome, but the preheating zone heat flux profile is prescribed using the physical coordinates.

Embedding this type of heat flux to the coarse mesh computation was shown to reproduce the fine mesh flame spread rate and pyrolysis length with a factor of ten increase of gas phase cell size. In 3D LES this might indicate a factor of 10 4 saving in computational time. Moreover, different preheating zone functions were compared, showing that different preheating zone functions lead to different flame spread rates, especially at thicker materials, although the total incoming energy can be the same. 
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 1 Figure 1. Experimental setup of concealed flame spread apparatus with burner detail enlarged.
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 242 Figure 2. Typical experimental and 2-D modelling turbulent flow fields of rod

10 mm and 20

 20 mm for the embedded heat flux experiments. The estimated Kolmogorov scales were mostly longer than 1 mm but values as low as 0.2 mm could be found in the boundary layer close to the sample surface. The temporal resolution was determined by the Courant and von Neumann numbers. The condensed phase equations (

Figure 3 (

 3 a) shows the locations of ignition and extinction fronts from the simulations using heat conduction model Eq.[START_REF] Fernandez-Pello | A theoretical model for the upward laminar spread of flames over vertical fuel surfaces[END_REF]. From Figure3(a), we can observe three noticeable stages. At the first stage, the rod sample ignites and the pyrolysis zone starts forming with the ignition front moving up fast under the effect of ignition source. Once the ignition source is turned off at the second stage, the speed of ignition front slows down and the extinction front starts forming due to the burnout of solid fuel. Extinction front moves up with increasing speed until a steady state pyrolysis zone is established. At the third stage, the formed pyrolysis zone moves up stably leading to the quasi-steady state flame spread. The flame spread rates are determined as the steady state slopes of the ignition fronts and compared to the experimental results in Figure3(b). Overall, the numerical model predictions are in agreement with the experimental results, considering the experimental and input uncertainties. In general, the flame spread rate decreases with increasing rod diameter however in the free space experiments it increases from 8 mm to 10 mm rod, due to the transition of dominant heat transfer mode from convection to radiation[START_REF] Zhang | Effects of altitude and sample width on the characteristics of horizontal flame spread over wood sheets[END_REF]. The numerical model predicts this trend in Figure3(b). The comparison shows that the difference of flame spread rates between the flame spread

Figure 3 .

 3 Figure 3. Model results for the movement of the pyrolysis zone (a) and a comparison of modelled and experimental flame spread rates (b).
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 42234 Figure 4. The convective heat flux has its maximum at the flame root and the value

Figure 5 .

 5 Figure 5. Predicted steady state profiles of incident radiative heat flux (a) and surface temperature (b) (heat conduction model).

Figure 6 .

 6 Figure 6. Convective heat fluxes normalized by mean pyrolysis mass flux.
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 30 5 mm/s vs. 29.2 mm/s) and 4.0 % longer pyrolysis region (0.26 m vs. 0.25 m), which justifies that reasonable grid independency has been reached. Figure 7(a) shows the comparison of different grid sizes where the offset is mainly caused by the difference in the ignition process. The feasibility of convective heat transfer model was evaluated by calculating the dimensionless boundary layer resolution y + from various vertical positions of the 2 mm rod simulation with the spatial resolutions of 1 mm and 5 mm. The resolution metric is defined as δv the local viscous length scale. In order to use the heat conduction model, the first grid cell should be within the thermal boundary layer which is usually thinner than the hydrodynamic viscous boundary layer of which the thickness is in the range 5 < y+ < 10 [54][55]. In Figure 7(b), y+ values are shown at four locations up to 1.0 m

Figure 7 .

 7 Grid independence (a) and y+ (b)

R

  =30.5 mm/s (dn=0.5 mm) R =29.2 mm/s (dn=1 mm) demonstrated here by enlarging the grid cell size of the 2 mm rod simulation from 1 mm to 5, 10 and 20 mm. The coarse mesh results (Figure 8) indicate that the flame does not reach steady state although the ignition source has lasted for the whole simulation. With 5 mm resolution, the vertical flame spread starts but suppresses quickly and extinguishes at approximately 0.85 m above the ignition source. Using 10 and 20 mm resolutions, the flame barely spreads above the direct zone of influence of the ignition source and finally extinguishes. From Figure 8(b) we can see that the incident heat flux with 5 mm resolution is noticeably lower than with 1 mm resolution, while the heat fluxes of 10 and 20 mm resolutions are high only near the ignition source. These heat fluxes cannot sustain a stable flame spread.

Figure 8 .

 8 Coarse mesh spread rates (a) and incident heat fluxes

  mm, L p =25 cm) Back (dn=5 mm, L p =25 cm) Front (dn=10 mm, L p =25 cm) Back (dn=10 mm, L p =25 cm) Front (dn=20 mm, L p =25 cm) Back (dn=20 mm, L p =25 cm)

Figure 9 .

 9 ) Front (dn=5 mm, L p =25 cm) Back (dn=5 mm, L p =25 cm) Front (dn=5 mm, L p =10 cm) Back (dn=5 mm, L p =10 cm) Front (dn=5 mm, L p =35 cm) Back (dn=5 mm, L p =35 cm) Effects of grid resolutions (a) and initial pyrolysis zones (b) on pyrolysis front positions of 2 mm rod with normalized heat flux only.

Figure 10 .

 10 Figure 10(b) where the error bar denotes the variation in different grid sizes. From

Figure 5 (

 5 b) confirms that pyrolysis is initiated at a surface temperature of ~ 300 C hence Vfront is determined by the heat transfer in the preheating zone where pyrolysis does not yet take place. For a characteristic length of the preheating zone Lpre, a characteristic preheating time at steady state can be defined tpre = Lpre/Vfront. Vfront is now a function of Lpre and heat flux ( )

2 )Figure 11 .

 211 pre =C e1 exp[-C e2 (z-z f )] Incident heat flux (kW/m Preheating zone heat fluxes (a) and the resulting predictions for the flame spread rate and pyrolysis length (b).

Figure 12 .

 12 Comparison of predictions with different preheat functions for the front propagation on a 2 mm rod (a) and spread rates of all rod diameters (b).

  Attempts should be made to utilize the normalized heat flux functions in the definition of local (state) variable -based embedded heat fluxes. The current study mainly focuses on the steady state flame spread, and the next step is to study the developing (ignition) period. Additional research is also needed to investigate the shape and implementation of the embedded heat flux in 3D simulations and the means to combine these close-field heat fluxes with far field radiation present in most compartment fire scenarios.
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 123456789101112 Figure 1 Experimental setup of concealed flame spread apparatus with burner detail

Table 1 . Condensed phase pyrolysis kinetic and thermo-physical properties for birch wood simulations [51].

 1 

	Pyrolysis species	lgAs (lg(s -1 ))	Es (kJ/mol)	ns (-)	Y (%)	ν (%)	Hr (kJ/kg)	ks (W/mK)	ρs (kg/m 3 )	cs (kJ/kgK)	ε
	Water	23.0	135	3.31	0~6	0.0	2410	0.58	1000	4.19	0.8
	Hemicell ulose	11.7	147	1.50	0.24∼0.25	5.0					
	Cellulose	11.6	168	0.47	0.48~0.51	3.0	400	0.21 (20 °C) 0.23 (300 °C) 0.25 (600 °C)	600	1.20 (20 °C) 1.45 (600 °C) 1.25 (200 °C) 1.35 (300 °C)	0.8
	Lignin	10.1	158	6.66	0.22~0.24	54.0					
										0.50 (200 °C)	
	Char	-	-	-	-	-	-	0.18	100	0.90 (300 °C)	1.0
										1.10 (450 °C)	

Table 2 .

 2 Moreover, it is found that Ce1 can be correlated with the

	rod diameter in mm as

Table 2 . Coefficients of Eq. (28) and R 2 is the goodness of fit.

 2 

	Diameter (mm)		Ce1	Ce2		R 2	
	2		51.6	12.45		0.9919	
	4		43.0	12.52		0.9818	
	6		36.8	12.32		0.9905	
	8		32.6	12.93		0.9825	
	10		27.4	12.53		0.9737	
	0.00	0.05	0.10	0.15	0.20	0.25	0.30
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