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The vast majority of wildland fires occur in windy conditions. However, most operational wildland fire models do not account for changes in burning rate or duration due to wind as no simple model exists. To gain some understanding of how wind and fuel bed properties interact to influence the burning rate and duration of wildland fuels, a relatively simple fuel bed, wood cribs, was first considered. The burning rate of 23 crib designs was measured in a wind tunnel under a range of windspeeds from 0 to 0.7 m/s. Fuel element thickness varied from 0.32 to 1.27 cm and fuel bed width from 12.7 to 60.96 cm. A range of crib porosities was tested as well covering the loosely-packed to densely-packed regime. A clear threshold behavior of the burning rate was seen depending on fuel bed geometry. For fuel beds with element length to thickness ratio (l/b) <30, the burning rate increased with wind. However, for fuel beds with element length to thickness ratio larger than 30, the burning rate actually decreased with wind. This change in burning rate was linked to a visual change in burning behavior. When the burning rate increased, the wind and flames were observed to penetrate the internal portions of the fuel bed and the crib would burn uniformly. When the burning rate decreased, the wind and flames did not penetrate the entire fuel bed and the burning front would most often propagate from the upwind edge to the downwind edge. It appeared that for these fuel bed geometries the wind was forced around the fuel, preventing any horizontal or, more importantly, vertical flow through the bed. These results are likely most applicable to isolated, small clumps of elevated fuel where the wind has the opportunity to divert around the fuel bed. Future work will include experiments that force the airflow through the fuel bed.
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INTRODUCTION

Burning and heat release rate are important fire behavior metrics for both structure and wildland fires. Some general insights into burning rate behavior of porous fuel beds can be found from the literature on crib fires from the fire protection engineering field. The burning rate behavior of porous fuel beds has long been understood to be separated into two regimes (Gross, 1962; Block, 1971). In the loosely-packed regime, the burning rate is more closely approximated by the free burning rate of the individual sticks and is governed by heat and mass transfer processes near the surfaces. In this regime, the burning rate is more of a function of the stick dimensions, and is independent of the “porosity” of the fuel bed. In the densely-packed regime, the burning rate is limited by availability of oxidizer within the fuel bed. In this regime, the burning rate increases with the inter-stick spacing or the “porosity” of the fuel bed. There have been several proposed definitions for the porosity (φ) of the fuel bed, but perhaps the most widely used is that of Heskestad (1973):
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where s is the spacing between sticks (cm), b is the stick thickness (cm), Av is the area of the vertical shafts in the crib (cm2), and As is the exposed stick surface area (cm2), with the result that the porosity has units of cm. The transition between burning regimes occurs at a porosity of approximately 0.05 cm, with densely-packed and loosely packed cribs having porosities below and above this threshold, respectively. The fuel bed porosity and the identification of these two regimes not only gives an impression about the appearance of the fuel bed, but also describes the mechanisms that govern the burning behavior.

Unfortunately, the variation of the burning rate with forced ventilation is not well-understood, despite its obvious relevance and importance to wildland fires. In the only study dedicated to answering this question, Harmathy (1978) showed an increase in burning rate of cribs built with charring materials, but an insensitivity in non-charring materials, indicating that char oxidation is an important mechanism. Unfortunately, this was a relatively early paper, and consideration of the crib porosity [such as from Gross (1962), Block (1971), or Heskestad (1973)] was not carefully included so the full range of expected behavior was not elucidated. Other clues exist in the fire protection engineering literature as well. For example, for baskets of unordered wood cubes, Grumer and Strasser (1965) saw an increase in the burning rate of more than six times when air was blasted into the fuel bed. There have also been several studies of the effects of forced ventilation on burning rate for fuel beds in tunnel fires [for example, see (Carvel et al., 2001; Lönnermark and Ingason, 2008; Ingason and Li, 2010; Ingason and Lönnermark, 2010)] and compartment fires [for example, see (Alvares et al., 1984; Beyler, 1991; Chow and Chan, 1993; Peatross and Beyler, 1997)]. However, the interaction of the fire with the tunnel or enclosure adds significant complexity to the problem.

The understanding of the variables effecting the burning rate, and the related flame residence time, in the wildland fire literature is also poor. There are studies that suggest that no effect is seen and others that suggest an increase with wind. For example, Steward and Tennankore (1981) measured the burning rate of a single wooden dowel within a fuel bed consisting of vertical rods arranged in a uniform matrix. While the burning rate of the dowel was proportional to the diameter to the 3/2 power, no effect of wind speed was seen. On the contrary, Beaufait (1965) saw an increase in the residence time with wind speed for heading fires in beds of ponderosa pine needles. Beaufait (1965), however, noted that there was no effect of wind on the residence time for backing fires. Nelson (2003) argues in his model development that there is only a weak dependence of residence time with wind speed through the convective heat transfer coefficient. Many of these studies were performed for spreading fires which complicates the measurement and even the definition of these parameters (Nelson, 2003).

Our own previous work on the matter (McAllister and Finney, 2016a) was also inconclusive. Published as part of the proceedings of the Operation Tomodashi—-Fire Research workshop, the work was merely a preliminary investigation that raised more questions than it answered. In that work, seven crib designs were tested in a wind tunnel under a wind ranging from 0 to 0.7 m/s. It was seen that the burning rate of cribs with thicker (1.27 cm) sticks increased with wind speed, whereas the burning rate of cribs with thinner (0.64 cm) sticks decreased. Possible mechanisms were discussed, but it was clear that more experimentation was needed to fully understand the results. Our current work presents the results of significantly more testing and a clearer picture of the controlling mechanisms.

EXPERIMENT DESCRIPTION

Twenty three crib designs were tested to examine the combined effect of forced ventilation and fuel bed properties. The full list of crib designs is shown in Table 1. The cribs were built out of square ponderosa pine sticks that were free of knots and other obvious defects. Three stick thicknesses were used (0.32, 0.64, and 1.27 cm). The length of the sticks, the number of sticks per layer, and the number of layers were varied to provide a wide variety of geometries and porosities (φ). Though no particular experiment design scheme was followed, the fuel bed parameters were varied in an exploratory manner, probing for any unexpected or non-linear behaviors.


Table 1. Crib designs tested.
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The moisture content of the cribs was controlled by conditioning them in a conditioning chamber set to 35°C and 3% relative humidity for at least 3 days before testing. The equilibrium moisture content was ~1%. Simultaneous ignition of the crib was achieved by quickly dunking the entire crib in 99% isopropyl alcohol and allowing it to drain. The total mass of alcohol used was 10% or less of the crib weight.

The weighing platform consisted of a 91.4 cm square, thin aluminum sheet that was supported by three 6-kg capacity load cells as in Figure 1. The load cells were calibrated to 0.1 g. Heat transfer to these load cells was minimized by covering the aluminum sheet with multiple layers of ceramic paper insulation, and by using 1.3 cm diameter ball bearings as contact points between the aluminum sheet and the load cells themselves. Because previous work indicated that the burning rate could be very sensitive to the spacing between the bottom of the crib and the weighing platform (McAllister and Finney, 2016b), two 7.62-cm-tall steel spacers were used to eliminate this effect. This weighing apparatus was placed inside of a 3 m by 3 m wind tunnel which was large enough for the flames to not interact with the walls. A gentle ramp was built ahead of the platform to compensate for the height of the load cells and platform so as to smooth out and guide the airflow. Wind speeds of 0, 0.24, 0.37, and 0.7 m/s were tested with the primary set of 15 crib designs, designated in Table 1. The remaining eight crib designs were only tested with 0 and 0.7 m/s, as these cribs were designed to help clarify the threshold behavior observed. The reported wind speeds are the free-stream value, measured at a height of 2.2 m above the wind tunnel floor. Boundary layer thickness at 0.7 m/s has been measured to be ~0.3 m at the location of the test section with freestream turbulence intensities of <2% (Rothermel, 1967). Because the height of the platform and load cells is about 0.2 m, the fuel beds sit just at the top of the boundary layer and are largely exposed to the freestream velocity.
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FIGURE 1. Sketch of apparatus for a crib with 3 sticks per layer (n = 3) and 10 layers (N = 10).



The mass data from the load cells was recorded at 10 Hz. A sample of the raw mass and mass loss rate data are shown in Figure 2. The rate data was calculated here as the derivative of the mass data with time using a spline fit with ten degrees of freedom. In this particular example, ignition occurs at approximately 10 s, giving rise to considerable noise in the data. Because of this noise in the data, the spine fit to obtain the mass loss rate is unreliable for the short period around ignition. Even so, three phases of burning are seen in this data. The first phase, characterized by a short and steep drop in the mass, is the alcohol burning off which occurs relatively quickly. The second phase is the steady burning portion. The reported data is taken as the slope of the best fit line through this second phase of burning. The final phase is when the crib collapses and flaming ceases. All test combinations are repeated at least three times (for a total of 228 tests) and the results averaged.
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FIGURE 2. Raw mass and rate of change data for crib design #4 in 0.24 m/s wind. Ignition occurs at about 10 s, alcohol burnoff and stick ignition is complete by around 40 s, and steady burning occurs between about 40 and 100 s.



RESULTS AND DISCUSSION

Before discussing the results in detail, some mention of the scaling of these experiments should be made. Several non-dimensional parameters can be used to provide some context. One such parameter is the non-dimensional heat release rate, or Q* defined as (for example see Quintiere, 2017 or Zukoski, 1995):
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where [image: image] is the heat release rate (kW), ρ∞ is the density of the ambient air (kg/m3), cp is the specific heat of the ambient air (kJ/kg-K), T∞ is the ambient air temperature (K), g is the acceleration due to gravity (m/s2), D is the characteristic length (m), ṁ is the burning rate (g/s), and Δhc is the heat of combustion (kJ/g). For our purposes, we assumed that the heat of combustion was 14.1 kJ/g (Heskestad, 2006) and the properties of air were evaluated at 300 K. Using the average burning rate values from Table 2, Q* values ranged from 0.60 (crib design #5 at 0.7 m/s) to 12.72 (crib design #20 at 0 m/s). Q* for outdoor fires typically ranges from 0.5 up to 100 (Quintiere, 2017). Most fires will have Q* < 10 and, because Q* is related to the ratio of the flame height to the fire diameter, larger area fires have Q* < 2 (Zukoski, 1995). Given this range, the fires in these experiments are representative of the flame and plume regime expected for wildland fires.


Table 2. Burning rate results averaged over three replicates.
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Another scaling consideration to keep in mind is the relation of the wind speed to the amount of heat that is released. This can be done a number of ways. In some flame tilt literature (see for example Thomas, 1965 and Beyler, 2008), the ratio of the wind velocity (uw) to the buoyant velocity (ub) can be useful. This non-dimensional velocity is defined as,
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where ṁ″ is the burning rate per unit area. If u* < 1, the buoyant velocity dominates and the flames remain upright. If greater than one, the inertia of the wind becomes important and the flames tilt. Using the burning rates from Table 2, u* for the experiments here ranged from 0.33 (crib design #4 at 0.24 m/s) up to 1.75 (crib design #22 at 0.7 m/s), covering a wide range of behaviors. In the engineering literature, the Froude number is regularly used to quantify this balance between inertia and buoyancy forces. Using the flame length given by Quintiere (2006), the Froude number is defined here as (for example Pagni and Peterson, 1973):
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Using data from Table 2, the Froude number ranged from 0.013 (crib design #4 at 0.24 m/s) to 0.2191 (crib design #22 at 0.7 m/s) using the wind speeds at the fuel level. In wildfire situations, wind speeds are often reported at a particular height above the ground (10 m or 20 ft), so the reported wind conditions are not necessarily the conditions experienced by the flames. In calculating wind speeds in operational fire spread models, often a logarithmic wind profile is assumed and the wind speed is reduced to the mid-flame height (Albini and Baughman, 1979). For comparison purposes, the range of Froude numbers tested here would correspond to 1.5 m tall shrubs with 3 to 8.5 m flames in 0.7 to 4.5 m/s mid-flame winds (see for example Scott and Burgan, 2005, shrub fuel model SH9).

As discussed in earlier work, distinct changes in the burning pattern were observed. In still air, loosely-packed cribs burned very uniformly with equal consumption rates throughout the entire fuel bed (see Figure 3). Densely-packed cribs in still air burned symmetrically from the outside edges inward, with the center core as the last portion to be consumed (see Figure 4). In wind, however, the burnout patterns were asymmetric. With only a couple of exceptions, most of the cribs burned faster on the windward side as the wind speed was increased. One of the most exaggerated cases is shown in Figure 5, where the burning resembled a propagating flame front from the front, windward side of the crib down wind. Additionally, some of the densely-packed cribs, when exposed to wind, seemed to burn out a bit faster on the bottoms, such that the crib appeared to decrease in height over the course of the test.
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FIGURE 3. Loosely-packed crib (crib design #11) burning in a quiescent environment showing the entire fuel bed burning uniformly throughout.
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FIGURE 4. Densely-packed crib (crib design #22) from the side (A) and from above (B) burning in a quiescent environment. The crib burns primarily from the outside inward, with lots of unburnt, white gases being emitted from the top of the fuel bed.
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FIGURE 5. Crib design #22 in 0.7 m/s wind at various times after ignition: (A) approximately 30 s, (B) approximately 70 s, (C) approximately 195 s, (D) approximately 360 s.



Table 2 shows the average burning rate for all tests conducted. Also included in Table 2 is the standard deviation as a percent of the mean value to give an indication of the repeatability. The average standard deviation over all tests was 5.4% of the mean value, with a maximum value of 21.1%, demonstrating good consistency between tests.

Figures 6–8 plot the normalized burning rate results as a function of wind speed for the 1.27, 0.64, and 0.32 cm thick sticks, respectively. All data are scaled by the exposed surface area (As) and the inverse square root of the stick thickness (b−0.5) as in Block (1971) and Heskestad (1973). Each point represents the average of three tests, and though it may not be visible in all cases, the error bars show one standard deviation for each condition. Also shown in the figures is the ideal burning rate for each stick thickness according to Tewarson and Pion (1976). The ideal burning rate is defined as the burning rate where the additional heat flux (such as from nearby burning surfaces) is just balanced by the heat losses. Some difference in the ideal rate may be expected due to differing wood species. The values from Tewarson and Pion (1976) are for Douglas-fir while ponderosa pine was tested here.
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FIGURE 6. Scaled burning rate as a function of wind speed for cribs with 1.27 cm thick sticks. Ideal burning rate is from Tewarson and Pion (1976). See Table 1 for details on fuel bed parameters.



As shown in Figure 6 through Figure 8, the burning rate either increases or decreases with wind speed. Contrary to what was observed in previous work (McAllister and Finney, 2016a), this trend is not dependent upon stick thickness, but seems to depend on other factors that will be discussed further below. The maximum increase in burning rate was 69.9% percent from crib design #9, one of the most densely-packed cribs tested (φ = 0.0057 cm). In general, the largest increases in burning rate were seen for the densely-packed cribs. These cribs are generally considered to be ventilation limited, so logically, forcing air through these densely-packed cribs will lean out the gaseous air and fuel mixture internally, allowing for greater reaction rates and thus heat release rates. Interestingly, even some loosely-packed cribs (#s 1, 4, and 13) also showed modest increases in the burning rates of 13 to 23%. As pointed out by Harmathy (1978), char oxidation can be an important contributor to the overall burning rate. With forced ventilation, the char oxidation rate is increased, resulting in increased burning rate even in fuel beds that aren't ventilation limited.

In the case of crib designs #4 and 13, the addition of wind allowed the burning rate of the fuel bed to approach or exceed the estimated ideal of Tewarson and Pion (1976) (see Figures 6, 7). In general, for loosely-packed and transition-regime cribs, such as crib designs #4–7 (Figure 6), 10–17, 19 (Figure 7), 20, and 23 (Figure 8), the burning rate in no wind was already within about 20% of this ideal (or exceeded it). However, the burning rate of many of these crib designs dropped considerably as wind was added, indicating a shift in the balance between heat generated and heat lost. In general, this balance is what governs whether the burning rate will increase or decrease, but how this balance is achieved in all cases here is not obvious.


[image: image]

FIGURE 7. Scaled burning rate for cribs with 0.64 cm thick sticks. Ideal burning rate is from Tewarson and Pion (1976). See Table 1 for details on fuel bed parameters.
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FIGURE 8. Scaled burning rate for cribs with 0.32 cm thick sticks. Ideal burning rate is from Tewarson and Pion (1976). See Table 1 for details on fuel bed parameters.



Though all cribs burned with some level of asymmetry in the wind, the cases with decreased burning rate had increasingly asymmetric burning patterns. In some cases, the downwind half of the crib chars but is nearly completely unconsumed before the upwind half burns out and collapses (see Figure 5). Visually, it appears as if the crib geometry is preventing the airflow through the crib. As the flow resistance through the crib increases, the path of least resistance for the flow is around, not through, starving portions of the internal area of the fuel bed of air. This, however, does not seem to be related to the porosity of the fuel bed, at least as defined by Heskestad (1973) or as bulk density (volume of fuel per fuel bed volume), as even loosely-packed cribs exhibit this behavior as well (for example, crib designs #5, 6, 7, 11, 19, 20, and 23). Interestingly, this transition from flow through to flow around occurred for cribs with large aspect ratios (long sticks relative to the stick thickness, or l/b). Figure 9 shows the burning rates at the highest wind speed tested (0.7 m/s) normalized by the quiescent case as a function of the aspect ratio (l/b). Despite one exception (crib design #13), there is a rather sharp threshold at an l/b ratio between about 25 and 30. Some exploratory statistical analysis was conducted to find an alternate explanation, but no other fuel bed property was found that explained this behavior in any meaningful way.
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FIGURE 9. Burning rate under 0.7 m/s normalized by quiescent case as a function of the aspect ratio of the crib (l/b).



Though a surprisingly simple criteria, this ratio has physical meaning. In a quiescent environment, cribs with small aspect ratios are able to entrain air into the fuel bed from the sides efficiently enough so that the burning rate does not change significantly when flow from the bottom is completely blocked, for example by placing the crib directly on the ground (McAllister and Finney, 2016b). Because the sticks are relatively short, the horizontal distance to the center of the crib is relatively small. As cribs are built by stacking the sticks, the gap the air must pass through is a function of the stick thickness, so the thicker the stick, the less flow resistance encountered. In contrast, cribs with large aspect ratios rely heavily on airflow from underneath the crib. In these cases, the burning rate can decrease dramatically if the flow from underneath is blocked or restricted at all (McAllister and Finney, 2016b). When the sticks are long and thin, the air must travel further horizontally to the center and encounters a larger flow resistance. Additionally, though the fuel elements here are in arrays, Hoerner (1965) shows that the drag coefficient for a rectangular plate in cross flow doubles as the aspect ratio increases from 10 to ∞ as the flow transitions from three dimensional flow to two dimensional flow. Note that the drag coefficient for aspect ratios less than this is nearly constant at the minimum value. It is unsurprising then, that the air flow in from the sides of the cribs is much reduced as the aspect ratio increases.

However, the large aspect ratio cribs never relied on flow from the sides, so this horizontal flow diversion around the fuel bed shouldn't have a large effect on the burning rate. Thus, a second factor limiting the airflow in the crib may be at play here as well. In the wind, the flames are blown over so that they hug both the top and bottom of the crib as demonstrated in Figure 10A. The flames act to block air from diffusing into the fuel bed, but also are a great visible flow tracer indicating that there is very little flow entering the bottom of the crib. This perhaps could be because the flow going underneath is forced through a relatively small gap, generating an increased horizontal momentum that is difficult to redirect vertically. Additionally, by tipping the plume over, the driving force pulling air up through the bottom of the crib is significantly reduced. Because the plume is tilted in even the lowest wind speed tested here (see Figure 10B), this absence of flow from underneath could not only explain the decreasing burning rate but also why it is nearly constant with wind speed for several of these diminished cases (crib design #s 7, 16, 17, 18, 21, and 23).
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FIGURE 10. Crib design #22 in 0.7 m/s (A) and 0.24 m/s (B) wind from behind demonstrating flames hugging the top and bottom sides of the fuel bed, blocking airflow from below.



SUMMARY

The burning rate and residence time of porous fuel beds are important fire behavior metrics relevant to both structure and wildland fires. Unfortunately, the effect of wind is largely unknown. This work set out to understand how the fuel bed properties interact with the wind to dictate the burning rate. Twenty three crib designs were tested in a range of wind speeds and it was seen that the effect of wind was dependent on the fuel bed structure. For cribs with a small aspect ratio, defined as the ratio of the stick length to the thickness (l/b), the burning rate increased with wind speed. This increase was more pronounced for densely-packed fuel beds that are, by definition, ventilation limited. Loosely-packed fuel beds also had a modest increase in the burning rate due to increased char oxidation. For cribs with a large aspect ratio (l/b > 30), the burning rate decreased with wind. This decrease was likely due to flow patterns that limited flow through the sides, but primarily up through the bottom of the crib.

These results are likely most applicable to isolated, small clumps of elevated fuel (trees and shrubs) where the wind has the opportunity to divert around the fuel bed and would ordinarily flow vertically up into the fuel. Future work will include experiments that will force the airflow to actually pass through the fuel bed. To understand the effect of wind in surface fires, these experiments will include tests that block the flow from below.
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3 16 254 0.0390 6.16(4.6) 6.60(3.2) 6.25(2.0) 656 (3.1)
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The values in the parentheses indicate one standard deviation as a percent of the mean. Cribs in bold were tested at all four wind speeds.
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