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Abstract

:

Fuel beds represent the layer of fuel that typically supports continuous combustion and wildland fire spread. We examine how wind propagates through and above loose and packed pine needle beds and artificial 3D-printed fuel beds in a wind tunnel. Vertical profiles of horizontal velocities are measured for three artificial fuel beds with prescribed porosities and two types of fuel beds made with long-leaf pine needles. The dependence of the mean velocity within the fuel bed with respect to the ambient velocity is linked to the porosity. Experimental results show significant structure to the vertical profile of mean flow within the bed, and suggest that small-scale sweeps and ejections play a role in this system redistributing momentum similar to larger-scale canopy flows.
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1. Introduction


The degree of fire behavior predictability in numerical models strongly depends on the correct representation of the surface wind and its interaction with surface or ground fuels. Here, we examine the vertical structure of horizontal wind within the lowest part of the atmospheric boundary layer—the fuel layer, which typically consists of pine needles, branches, and leaves [1] (Figure 1). The presence of vegetation modifies the conventional logarithmic model of the flow within the boundary layer; in this region, the flow patterns are controlled by the structure of the vegetation including vegetation type (i.e., whether it is composed of pine straws, leaves, or litter), density, and shape of the fuel layer [2,3]. The eddies generated close to the rough boundaries influence the total vertical exchange of mass, momentum, and heat. Moreover, for combustion, oxygen inflow is critical and is also controlled by the eddy dynamics. These dynamics depend, in turn, on the vertical structure of the mean velocity field within and above the surface layer.



Much progress representing the vertical structure of mean wind flow and momentum flux in canopies analytically and numerically has been achieved [4,5,6]. Analytical models such as Massman et al. [4] can be used to estimate operationally relevant wind parameters for empirical fire spread models. Physical models with complex combustion or simplified reaction terms require the wind characteristics within the fuel bed. For example, the role of convective heat transport in fire spread has been investigated in a variety of porous fuel layer models [7,8,9,10,11,12]. In such models, the ambient wind within the fuel layer has no vertical spatial variation and is proportional to the ambient wind velocity above the fuel layer. A key parameter is thus an attenuation factor  ϕ  that multiplies the external ambient wind speed   U ∞  , lowering it to values expected in the fuel bed   U F  . This factor is typically of order 0.1 [7] but varies across diverse fuels and porosities. The aim of this paper is to establish the detailed structure and the basic characteristics of the flow within and above a representative fuel layer in a controlled experimental laboratory setting. One outcome of our study is values of  ϕ  for several examples of natural and artificial fuel beds.



Turbulence is generated both above and within the fuel bed or canopy. Wind tunnel experiments with artificial forests were conducted in the past [13,14] and showed a turbulent kinetic energy peak in the higher frequency range for heights within the canopy, which presumably reflect the abundance of vortices shed by model canopy elements. However, it was later suggested that the dominant turbulence within the canopy is a result of the shearing of the mean flow aloft and not that generated by the canopy elements themselves [15]. The characteristic horizontal length scale of the flow around the canopy top was shown to be at least of the canopy height [16]. In a sequence of papers [17,18], Finnigan further confirmed that momentum in the canopy is transferred by eddies whose spacial scale is larger than the canopy characteristic scales. Quadrant-hole analyses [19] of the canopy flow showed that the momentum transfer within and at the top of the canopy is mainly manifested through sweeps and ejections [17,18,20,21]. Intermittent sweeps, or strong gusts with    u ′  > 0   and    w ′  < 0   (where u is the longitudinal velocity component, w is vertical velocity component, and primes denote the fluctuations from the mean) were shown to dominate within and just above the canopy, whereas ejections dominate in the internal sublayer, much farther above the canopy top. It is interesting to note that the intermittent momentum transport by sweep–ejection cycles can account for approximately 50% of the flux. However, the flux also depends on the flow conditions and canopy type [22]. More recent spectral analyses of time series of the flow within the canopy showed that the eddy size did not change with height (for an overview, see [23]).



We explore a different morphology of the canopy compared to those experiments involving artificial trees [13,14,24]. Instead, we focus on a configuration that resembles a surface fuel layer, that is, porous media, rather than stand-alone elements. The velocity above the fuel layer in the field depends on the type of canopy. In our experiments, we take the background wind tunnel velocity as background velocity above the fuel layer, whether it is an exponential profile as in many canopy types or a logarithmic profile in the absence of vegetation.



The structure of the paper is as follows. In Section 2, we describe the experimental setup. In Section 3, we provide an overview of the theoretical developments on the flow structure in the porous media, within different types of canopy and the layer above it. Experimental results are discussed in the context of theory in Section 4. The conclusions and discussion are given in Section 5.




2. Materials and Methods


2.1. Experimental Setup


Experiments were conducted in the low-speed wind tunnel located at the Geophysical Fluid Dynamics Institute at Florida State University. It is an Eiffel-type single-pass wind tunnel, with test section visual access from the sides: top view and side view (Figure 2a,b). The dimensions of the test section of the wind tunnel are 0.53 m × 0.25 m × 0.25 m. The wind tunnel has a lid with two openings, located at 17.5 and 31 cm from the left edge of the test section, through which the velocity measurements were taken. The openings were made in the top lid to provide access at various along-stream locations. Measurements at 17.5 and 31 cm distance from the front edge were selected to provide adequate spacing of at least one fuel bed thickness distance, from the front adjustment region and rear edge region affecting the flow around these corners of the bed. When an opening is not in use, it is covered to eliminate the flow through the opening. The free-stream velocities of the wind tunnel with the empty test section were    U ∞  = 2.2   m/s and    U ∞  = 1.5   m/s, corresponding to a Reynolds number of   R e = 7.5 ×  10 4    and   R e = 5.1 ×  10 4   , based on the length of the test section and viscosity of air.



Flow velocity measurements within the tunnel were taken with a manual hot wire anemometer PCE-423 with a telescopic probe that was mounted on a linear guide (Figure 2b). The anemometer is designed for low air speeds and it enables fast and precise measurements within a range of 0.1–25 m/s, with 0.01 m/s resolution. The accuracy of the velocity measurements is 5% and the sampling rate is 1 Hz. The velocity measurements were taken every 5 mm from the bottom within the fuel layer up to the height of the maximum velocity above the fuel layer. Air leakage around the sensing element was avoided by careful placement of fuel and the sensing element. At each height, the measurements were taken for 2 min. We used two types of models for the fuel beds: 3D-printed fuel bed models and pine needle fuel bed models. Both are discussed below.




2.2. 3D-Printed Fuel Bed Models


To replicate porous fuel beds, physical models were designed and 3D printed. The physical model was based on a gyroid lattice that can be approximated by the trigonometric equation


  cos ( α x ) sin ( β y ) + cos ( β y ) sin ( γ z ) + cos ( γ z ) sin ( α x ) = C .  



(1)




The parameters  α ,  β , and  γ  are related to the gyroid cell size in the x, y, and z dimensions, respectively, and C is a constant isovalue related to the physical model’s target porosity [25]. By choosing a gyroid, the model is triply-periodic, resembles a porous fuel bed structure, and desired porosities can be obtained by choosing appropriate values of  α ,  β ,  γ , and C. To ensure successful printing, physical models with overhangs greater than 45 degrees require support structures which would increase the material costs of printing and change the porosity. To avoid such overhangs, the parameters were chosen so that no layer-to-layer overhangs were greater than 45 degrees. We used   α = β = 3 π   and   γ = π  , thus compressing the model cell density in the x and y dimensions relative to the z dimension. Each mathematical model was generated following (1) using the Minimal Surface Lattice Generator [26] with the parameters in Table 1.



The isovalues were determined through an iterative process of successively entering new isovalues until the target porosity was acquired. Once generated, the mathematical models were exported as stereolithography (STL) files and printed on a LulzBot TAZ Workhorse 3D printer using Polyactic Acid (PLA) 3D printing filament (Figure 2c–h). The physical dimensions of each model are 9.5 in × 9.5 in × 3 in (corresponding to 24.1 cm × 24.1 cm × 7.6 cm).



Physics-based fire models, such as FARSITE [27], BEHAVE [28], and FIRETEC [29], require different fuel parameters including the surface-to-volume ratio. For each of the 3D-printed models, we calculated the surface-to-volume ratio. We used two different techniques to validate the calculations, and all results agree to at least four digits. The first technique used a well-tested CAD software. The second technique relied on surface integrals that are decomposed into a sum over individual triangle elements of the mesh. The surface area of individual triangles was determined by dividing the cross-product of the vectors that span the triangle by two. The total volume is reduced to a surface integral using the divergence theorem, and the necessary surface integrals are computed analytically. This calculation was performed using the built-in function get_mass_properties in the numpy-stl library.



The computed surface-to-volume ratios (Table 2) of each model are consistent with those reported for various fuel types. In the case of the 50% model, our value of 106 ft    − 1    is consistent with a 10 h fuel type (109 ft    − 1   ) reported by Albini [30] and implemented by Burgan and Rothermel [28]. For the 95% model, 501 ft    − 1    is consistent with a 1 h fuel type (500 ft    − 1   ) reported by Prichard et al. [31]. The 80% model falls in the range between 1 and 10 h fuels with a surface-to-volume ratio of 206 ft    − 1   .




2.3. Pine Needle Fuel Bed Models


Pine needles were used to replicate fuel beds found in nature. Two different packing densities were used to model different situations occurring within nature. The lightly packed model represents an undisturbed pine needle fuel bed that would build up from falling pine needles; the mass of the pine needles is 75 g, occupying the same volume as the 3D printed model. The packed model of pine needles represents a fuel bed that has been packed down by external forces; the mass of the pine needles in this case is 150 g, occupying the same volume as the 3D-printed model. Both models have the same dimensions as the 3D-printed models and were secured to the base of the wind tunnel using polyvinylpyrrolidone solution.





3. Theoretical Overview


In this section, we discuss previous results regarding the flow interaction at the interface of the permeable beds (see the full overview in Wood et al. [32] and Venditti et al. [33]). Fundamental processes occurring at such boundaries influence mass and momentum exchange between the bed and the free flow above.



In the flow over vegetation, there are at least three regimes of turbulent mixing resulting from canopy wake: an (emergent zone), the Kelvin–Helmholtz instability (mixing-layer zone), and the bed shear (log-law zone) representing the classical boundary-layer problem. The existence of such regimes was first suggested by Poggi et al. [34] and Nezu and Sanjou [35] based on laboratory experiments. These regimes were postulated not to overlap in space as the physical balances describing each regime are principally different, and the production mechanism of vortices in one zone would inhibit the generation of vortices from the other zone.



More recent studies use Large-Eddy Simulations (LES) [36] to show that near the canopy top (i.e., in the mixing-layer zone), the emerging spanwise-oriented coherent structures resemble hairpin vortices [2,37]. As the flow evolves the vortices dominate the vertical transport in and out of the canopy. Furthermore, the hairpin vortices may break down and generate a wide range of vorticity scales. A more recent LES numerical study by Monti et al. [38] examined the role of a different type of vortices—those generated through the Kelvin–Helmholtz (KH) instability at the top of the canopy, which are then modified by the outer flow. The authors showed that these KH vortices redistribute the local momentum within and outside the canopy layer.



These developments emphasize the need to explore and test parameterizations for turbulent fluxes in the surface boundary layer. Translating the results into quantities useful for wildland fire modeling is a challenge not only due to the complexity of the turbulent flow in and above canopies and fuel beds but also the vast range of models for fire spread, with different requirements [39,40]. Turbulence and other unresolved heat flux components have been described and incorporated into models for fire spread in fuel layers; their representation is particularly clear in reaction-diffusion models [10,12]. But even high-resolution LES meteorological and combustion models nevertheless require subgrid-scale parameterizations of small-scale turbulent fluxes of heat, momentum, and oxygen within the fuel bed which can take the form of a turbulent diffusion coefficient [5,41].



Building on this notion of a turbulent diffusion coefficient in the fuel bed (Bebieva et al. [42]) and to explore the structure of the lateral diffusivity   K h   in the fuel layer, we follow the simplest model


   K  h L   = L  u ′  ,  



(2)




where L is the length scale of the dominant flow structure and   u ′   is streamwise velocity fluctuations. In light of the recent findings that the flow within the canopy is controlled by the large-scale eddies originating aloft, we use the plane mixing layer theory [43] to estimate the large-scale eddy size. A plane mixing layer forms when two regions of parallel flow with different magnitudes of horizontal velocities are brought in contact. The vertical profile of the resultant flow exhibits an inflection point that is observed in the canopy flows [37,44]. The thickness of the plane mixing layer is    δ w  = Δ  u ¯  /   ( d  u ¯  / d z )   m a x     and we will use this scale for L. In this formulation,   Δ  u ¯    is the velocity difference across the transition from the fuel bed to the layer above, and    ( d  u ¯  / d z )   m a x    is the maximum vertical gradient of horizontal velocity measured across the transition zone.



We compare the estimates of the lateral diffusivity following (2) with those derived from Taylor’s frozen turbulence hypothesis [45]. According to this hypothesis turbulent eddies are advected by the mean flow, and


   K  h T   = T  〈   u ′  2  〉  ,  



(3)




where T is the integral timescale computed from the velocity auto-correlation and angle-brackets denote averaging over time T.




4. Experimental Results


We present experimental results focusing on the properties of mean streamwise velocity profiles and fluctuations as a function of different fuel beds (i.e., material and porosities). The vertical profile of the streamwise velocity at the bottom boundary layer of the wind tunnel is well-described by the conventional log-layer model, e.g., see an overview in [46]


   u ¯   ( z )  =   u *  k  ln   z  z 0    ,  



(4)




where   u *   is the friction velocity,   k = 0.4   is the Von Karman constant,   z 0   is the roughness parameter, and z is height above the ground surface. Given that we only measure the streamwise velocity component, the friction velocity cannot be estimated and   u *   and   z 0   are taken as parameters. Using a standard error minimization technique,    z 0  = 0.1   mm and    u *  = 0.12   m/s are found to be the best fit parameters for the observations taken in the empty wind tunnel with two different background velocities. To compare the empty wind tunnel boundary layer properties with the boundary layer above the fuel models, the “empty wind tunnel” profiles (Figure 3a,b,d,e; blue solid lines) are shifted up by the thickness of the fuel models.



The vertical profiles of horizontal velocity within the fuel layer and aloft resemble those obtained within different types of canopy. Many studies report an inverse “S”-shaped profile [47,48,49], with the details of the profiles depending on vegetation morphology and plant densities [50]. Here, we do not resolve the friction layer immediately above the floor (  z / H < 0.1  ). However, a relatively homogeneous velocity structure within the fuel layer and an inflection point above it are clearly observed (Figure 3a,b,d,e). The profiles taken within the pine needles display additional structure, for example the peaks near   z / H = 0.7   (Figure 3e). Such a structure may be related to fuel element wake effects but is beyond the scope of the current work.



The thickness of the plane mixing layer   δ w   for most of the profiles (Figure 3) is approximately   7.5   cm. Lateral diffusivity computed following (2) and (3) shows slightly elevated turbulent levels at the canopy top, with an essentially uniform profile within the fuel ranging around   10  − 3    m   2  s    − 1    (Figure 4c). There is no significant dependence of diffusivity on porosity (Figure 4a). On the other hand, the ratio   ϕ =  U F  /  U ∞    increases with porosity (Figure 4b) with   ϕ ∼ 0.05   for the 50% model and   ϕ ∼ 0.3   for the 95% model, which appears consistent with previous estimates [7]. Note that  ϕ  within the pine beds is approximately 0.4, similar to 95% porosity.




5. Discussion


The present study describes the flow structure within fuel beds of several different porosities. In terms of a simple fuel layer, we showed that the average velocity within the fuel layer can be approximated by multiplying the mean velocity aloft by the scaling parameter  ϕ , which depends on porosity. However, there is substantial vertical structure within the bed, and the fuel beds composed of the pine needles show a more complicated vertical structure of the along-stream velocity that should be addressed in greater detail in further studies.



In their numerical model, Bebieva et al. [42] interpreted the heat diffusion term as representing fluctuations in wind that move the hot gases back and forth within the fuel matrix, igniting unburnt fuel due to the eddying motion of the wind. In this model, the diffusion coefficient represents the turbulent diffusion of heat in the porous fuel layer. In our series of experiments, we do not have measurements of the vertical component of the velocity to fully characterize the momentum transport within the fuel layer. However, we can draw some conclusions by examining the streamwise velocity fluctuations   u ′  .



These observations give us some insight on the dominant mixing processes within and above the fuel layer. Figure 3c,f show   u ′   corresponding to the maximum PDF of   u ′   at each height. Near   z / H = 1   and above the fuel layer the fluctuations are positive suggesting sweeps. Within the fuel layer    u ′  < 0  , suggesting that ejections might dominate the vertical transport in this region. This finding agrees with recent LES results [38], showing the momentum control by ejection events within a stem-type canopy (their Figure 10) in a confined channel. Moreover, earlier work by Blois et al. [51] found that near-wall flow structures of permeable boundaries are best characterized by intense sweep events, as opposed to impermeable boundary flow structures which are best characterized by high and low-speed streaks and intense ejection events. A more comprehensive study involving Particle Image Velocimetry (PIV) technique is underway to investigate this conjecture in fuel bed conditions.



Our study suggests that the low-momentum flow within the fuel layer is being transferred upward and the high momentum flow above the fuel layer is being transferred downward across the top of the fuel bed (  z / H ∼ 1  ), similar to turbulent canopy flows. Diffusion is similar across a range of fuel bed characteristics. In the presence of fire, the evolving morphology of the fuel layer over time would certainly contribute to the dynamics. This has important implications for the supply of oxygen into the fuel layer and fuel combustion, as well as for heat transfer within the bed.
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Figure 1. (a) A typical mixed fuel composition of the fuel layer in a pine forest, with prescribed fire in the background. (b) A schematic showing the vegetated fuel layer with respect to a typical pine tree. 
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Figure 2. (a) Wind tunnel setup and (b) a close up view of the test section and the sensor. (c–h) The 3D-printed models observed from the top (the top row) and side (the bottom row). (c,f) At 50% porosity; (d,g) 80% porosity; (e,h) 95% porosity. 
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Figure 3. Mean streamwise velocity measured within the test section of the wind tunnel at (a) 17.5 and (b) 31 cm from the leftmost position (see in Figure 2a). The mean wind profile in the empty wind tunnel (solid blue line) is shifted upward by the thickness of the fuel models (0.075 m). (c) Streamwise velocity fluctuations (  u ′  ) corresponding to the maximum probability density function (PDF) of   u ′   at each height from all measurements within the fuel layer (black dots); the red line indicates the mean values of the PDF of   u ′   at each height. The background maximum velocity in the empty wind tunnel is    U ∞  = 2.2   m/s. (d–f) are the same as in (a–c) but for    U ∞  = 1.5   m/s. 
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Figure 4. (a) Averaged lateral eddy diffusivity   K h   within the fuel layer (  z / H < 1  ) computed following (2) and (3). All data are shown (4 data points for each porosity, two background speeds, and two locations within the wind tunnel; some points overlap). Porosity of 100% corresponds to the empty wind tunnel. (b) The ratio of the averaged streamwise velocity within the fuel layer   U F   (  z / H < 1  ) and the background velocity   U ∞  . (c) Vertical profile of the lateral diffusivity estimated for all observations following (2) (black stars) and (3) (red squares). 






Figure 4. (a) Averaged lateral eddy diffusivity   K h   within the fuel layer (  z / H < 1  ) computed following (2) and (3). All data are shown (4 data points for each porosity, two background speeds, and two locations within the wind tunnel; some points overlap). Porosity of 100% corresponds to the empty wind tunnel. (b) The ratio of the averaged streamwise velocity within the fuel layer   U F   (  z / H < 1  ) and the background velocity   U ∞  . (c) Vertical profile of the lateral diffusivity estimated for all observations following (2) (black stars) and (3) (red squares).



[image: Fire 04 00030 g004]







[image: Table] 





Table 1. The parameters used to construct models of varying porosities using the Minimal Surface Lattice Generator. X, Y, and Z are the number of lattice cells in each dimension. The mesh density refers to the number of points per cell. The isovalue C controls the porosity of the model.
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	Relative Porosity (%)
	X
	Y
	Z
	Mesh Density
	Isovalue C





	50
	9.5
	9.5
	3.0
	100
	−0.0007



	80
	9.5
	9.5
	3.0
	100
	0.8426



	95
	9.5
	9.5
	3.0
	100
	1.21855
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Table 2. Surface-to-volume ratio of the 3D-printed models.
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	Relative Porosity (%)
	Surface-to-Volume Ratio (ft     − 1    )
	Surface-to-Volume Ratio (m     − 1    )





	50
	106
	347



	80
	206
	677



	95
	501
	1643
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