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a b s t r a c t 

A stagnation-point flow model based in part on the mass transfer B -number was adapted to approximate 

the heat flux and time to ignition of dowel arrays subject to forced convection flame spread. Previous 

work on forced flow flame spread along a dowel array has characterized the existence of discretized 

flame behavior. In deployment-scale wildland fire models, small fuels are smaller than the grid resolu- 

tion. Sub-grid modeling then relies on empirical relationships, such as Nusselt number–Reynolds number 

( Nu-Re ) models, to estimate the fire spread. Current Nu-Re models utilized to calculate the heat flux and 

ignition times predict higher heat transfer and faster ignition times with increasing flow speeds. How- 

ever, analysis of the flame spread revealed that the ignition time has a parabolic relationship with the 

flow speed, with the fastest ignition time occurring around the onset of the discrete flame behavior. Nu- 

Re models cannot capture the upward inflection of ignition times beyond the onset of the discrete flame 

spread, where the ignition times increase with greater flow speeds. A boundary layer solution to the 

plume heat flux impinging on the next unignited dowel was employed to develop a B -number empiri- 

cal model. The B -number model captures the changes to mass and heat transfer induced by differences 

in the flow speed and array spacing. The proposed empirical B -number model together with heat flux 

approximation generates more accurate predictions for ignition times than the existing approach. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

In recent years, wildland fires have increased in frequency and 

umber of acres burned, leading to an average loss of 7.5 million 

cres of vegetation annually [1] . Although wildland fires are a nat- 

ral phenomenon in many ecosystems, preventing or reducing the 

amage to local communities can be achieved by developing a bet- 

er understanding of the processes governing the spread of wild- 

and fires [2–4] . Wildland fires have often been described as the 

onsecutive ignition of discrete fuel elements [5] . Accordingly, re- 

earchers have utilized discrete fuel arrays as vegetation surrogates 

o study wildland fire spread; these arrays have also been used in 

ther studies examining façade, warehouse, and commodity fires 

 6 , 7 ]. In these scenarios, the spread of the flame depends on the

patial distribution of the fuel elements, thus simple arrays can be 
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mployed to quickly and easily modulate the spacing, arrangement, 

nd size of the fuels. In simple arrangements, the fuels are ar- 

anged vertically [6–9] or horizontally [10] with no forced flow. In 

orizontal fuel arrays, the flame spread has been found to be linear 

ith respect to time. Vogel and Williams [10] determined the time 

o ignition based on geometric considerations of the flame front 

mpinging on the next unignited dowel and the heat conduction 

quation for thermally thick fuels. In contrast, these assumptions 

o not hold true for vertically arranged arrays, where the flames 

mpinge on the next fuel element, and natural convection plays 

 larger role in the flame behavior, complicating the heat trans- 

er mechanisms. Experiments on horizontal arrays and the effects 

f an imposed, co-current, flow have revealed an increase in the 

ame spread rate with increasing co-current flow speeds [ 11 , 12 ]. 

rahl and Tien extended the work by Vogel and Williams in de- 

eloping an empirical model that predicted the flame spread rate 

or convective flows of up to 0.9 m/s [11] . Wind was considered a 

ushing mechanism that tilts the flame towards unignited fuel el- 

ments, but no additional effects such as increased mixing or mass 
ransfer were considered. 

. 

https://doi.org/10.1016/j.combustflame.2021.111644
http://www.ScienceDirect.com
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Nomenclature 

a Stretch rate 

B Spalding mass transfer number 

c s Specific heat of wood 

c p Specific heat of air 

D Diffusion coefficient 

d Diameter 

f Normalized velocity profile 

�H R Heat of reaction 

h Heat transfer coefficient 

Pr Prandtl number 

Q g Heat of gasification 

Q c Heat of combustion 

˙ q ′′ Heat flux 

Re Reynolds number 

s Spacing 

k s Thermal conductivity of wood 

T Temperature 

r Stoich. parameter 

Nu Nusselt number 

t i Ignition time 

t ind Induction time 

u Freestream velocity 

x Coordinate 

Y O2 , ∞ 

Mass fraction of Oxygen 

y Coordinate 

Greek letters 

α Flame angle 

δ Boundary layer thickness 

ρ Density 

ν∞ 

Kinematic air viscosity 

νst Stoich. O 2 -fuel mass ratio 

� Damkholer number 

ϕ Coupling function 

η Normalized coordinate 

Subscripts 

∞ Ambient air, freestream 

e External 

g Gas phase 

i Ignition 

r Radiative 

s Solid 

sp Spacing 

Other studies that utilized bulk or continuous fuel structures 

ave highlighted the effects of a co-current wind on flame spread, 

nding that convection is the main heat transfer mechanism 

 13 , 14 ], while induced flow structures and vortices can play a ma-

or role in the forward propagation of wildland fires [15] . With 

olid fuel ignition, increasing flow speeds can affect ignition time 

cales [16] . Generally, the time to ignition of a solid is taken as the

ime to pyrolysis because the mixing and chemical times are sig- 

ificantly shorter. A freestream flow will increase the heat transfer 

nd thus decrease the pyrolysis time. If the flow speeds are rela- 

ively low, as is the case with natural convection [ 8 , 9 ] or in Prahl

nd Tien’s [11] study, the resulting ignition time is faster. How- 

ver, a monotonous decrease in the ignition time with increasing 

ow speeds does not continue indefinitely. At a certain critical flow 

peed, an inflection point occurs after which increasing the flow 

peed further leads to increasing ignition times [ 16 , 17 ]. A high flow

elocity leads to greater mass transfer and turbulence, reducing 

he mixing time. However, due to the increased convective cool- 
2 
ng and shorter residence times, the rate of rise in the gas phase 

emperature and the proceeding reaction rate are slower, result- 

ng in higher induction times and ultimately longer ignition times. 

he trends described are for a single cylinder in cross-flow, and it 

as been found that analogous behavior occurs in cylinder arrays 

 18 , 19 ]. 

Prior work performed by the authors has found that the faster 

ame propagation along arrays was not necessarily linked to faster 

ind speeds [18] . Furthermore, because of the changing time 

cales as the flow speed increases, the behavior of the flame it- 

elf changes. At low flow speeds, the resulting flame is contin- 

ous, with each flaming fuel element contributing to the larger 

ame area. As the flow speed increases, not only do the time scales 

hift but the vorticity and turbulence surrounding the array also 

ncrease [20] . The flame behavior shifts at faster flow speeds, cre- 

ting fragmented and discretized flames. Under this discrete flame 

ehavior regime, each fuel element burns simultaneously but fea- 

ure individual (or discrete) flames anchored to the fuel element 

urface rather than one continuous flame area [19] . 

Because of the low flow speeds typically used in experiments, 

ast studies have not observed this significant shift in flame be- 

avior [ 10 , 11 ]. Furthermore, because of these relatively low flow 

peeds, the ignition time inflection point was not attained. Gen- 

rally, the heat flux is approximated using Nusselt number ( Nu )–

eynolds number ( Re ) correlations [ 8 , 9 ]. These Nu-Re correla- 

ions predict a continuously increasing heat flux with higher flow 

peeds, resulting in fire spread predictions that are faster than 

hat is experimentally observed. The heat flux approximation ap- 

roach needs to be revised in order to capture the full spectrum of 

gnition time behaviors with respect to changing flow speeds. 

In this study, a boundary layer stagnation-point flow model is 

sed to estimate the heat flux [21–23] . Stagnation-point flows have 

een previously used to model the ignition of single cylinders in 

ross-flow [ 16 , 24 ]. The proposed heat flux model based on stagna-

ion flow relies on the mass transfer B -number to account for the 

hange in the mass transfer conditions [21] . The B -number, first in- 

roduced by Spalding [23] to characterize droplet combustion, re- 

ates combustion heat release to combustion losses. By utilizing ex- 

erimental results, an empirical model for the B -number of the ar- 

ay system is developed. Flame behavior and spreading regimes for 

ood cribs have been associated with the B -number [ 25 , 26 ], thus

nformation on the dowel array B -number aids in the understand- 

ng of the physical processes that drive fire spread. Utilizing the 

roposed empirical B -number model as an input for the heat flux, 

he ignition time is predicted and compared to predictions based 

n Nu-Re correlations and to the experimental results. The model 

eveloped in this study is able to predict the experimental results 

nd accurately captures the upward inflection of the ignition time 

ith increasing flow speeds. 

. Experimental setup 

The experiments in this study were conducted in a benchtop 

ind tunnel that allowed for uniform and steady flows of up to ap- 

roximately 5 m/s. The wind tunnel’s cross sectional flow area was 

5.24 cm by 15.24 cm and a total test section length of 81.28 cm, 

s shown in Fig. 1 . The flow field was measured with a combi- 

ation of pitot probes and a hot-wire anemometer. The vertical 

ow profile was found to be uniform. Fluctuations in the mean 

ow were approximately ± 5%. The pilot ignition height was set 

o avoid interference from the wind tunnel boundary layer. 

The dowel arrays were composed of 11 wooden pine dowels 

numbered 0 to 10) and a pilot wick 1 cm in front of the first

owel position. Each dowel was 3.2 mm in diameter. The flow was 

nitialized prior to ignition, after which 0.1 ml of Dodecane was 

ropped onto the pilot wick and ignited. The ignition of the dowel 
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Fig. 1. Schematics of (a) the benchtop wind tunnel and (b) the dowel array setup inside the wind tunnel test section. The dowels utilized were made from pine with a 

diameter of 3.2 mm. The wind tunnel test section featured a square duct with 15.24 cm by 15.24 cm dimensions. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 

Fig. 2. Experimental flame spread data for a 1.00-cm spaced array at three flow 

speeds. The curves represent the quadratic fit of the average of three experiments. 

The three curves shown correspond to the different flame behavior regimes, both 

continuous (2.21 m/s) and discrete (3.87 m/s) regimes are shown, as well as a case 

in the transition band (3.03 m/s). 
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ight after the pilot flame (position 0) was eliminated from the re- 

orted results in order to remove the influence of the pilot flame 

n the data. The flame spread was recorded from the front and 

op views at 60 Hz with a GoPro Hero 5 camera and a Sony DSC3,

espectively. Each spacing/flow- velocity combination was repeated 

hree times. 

. Experimental results 

The flame spread behavior along the discrete dowel array de- 

ends on the flow speed and the spacing between the fuel ele- 

ents. The flame behavior can be categorized into three regimes: 

ontinuous, discrete, and quenching [19] . The late-stage fire spread 

esults (dowel positions 4 to 10) for a 1.00-cm spaced array 

ith three flow speeds are presented in Fig. 2 . The two spread- 

ng regimes, continuous and discrete, can be observed, with the 

.03 m/s flow falling within a transitional zone between the be- 

avior regimes. 

At the slowest flow speed (2.21 m/s), the flame is continuous 

nd the speed of the flame spread is intermediate. At a fixed spac- 

ng, imposing a freestream flow initially tilts the flame towards 

he unignited cylinders in the array. At this stage, the flow mo- 

entum and buoyancy are comparable, and the flames form one 

ontinuous flame area, leading to a greater burning height along 

ach dowel. As more array positions ignite, the flames merge into 

 larger flame area. 

As the flow speed increases further, the flame tilt continues to 

ncrease until the flames flatten (i.e., their angle to the horizon- 

al becomes very low). Thus, the upward buoyancy is overcome by 
3 
he flow momentum and, at these faster flow speeds, the flames 

egin to exhibit discrete flame behavior. As shown in Fig. 2 , at a

ow speed of 3.03 m/s, the flame spread quickens, and the flame 

ehavior falls within a transition zone between continuous and 

iscrete regimes. At a flow speed of 3.87 m/s, the flame behav- 

or is now fully discretized. The discrete flames are characterized 

y a shallower flame angle ( α), a lower burning height, and a gap 

etween the flame and the surrounding dowels. The fire spread 

t this speed is initially very rapid. However, at around the mid- 

oint of the array, the flame begins to slow down, and the result- 

ng flame spread is slower than with a flow of 2.21 m/s. Eventu- 

lly, the flow speed becomes detrimental to flame spread, halting 

ame propagation. A flow speed of 3.87 m/s reaches this propaga- 

ion limit, with flow speeds any faster than this leading to blow-off

nd the extinguishment of the array. 

For the case of 1-cm spacing shown in Fig. 2 , continuous flame 

ehavior is observed from 1.0 to 2.5 m/s, and the onset of dis- 

retized flame behavior occurs at approximately 3.3 m/s. Between 

.5 m/s and 3.3 m/s, both continuous and discrete flame spread 

ehavior is observed, and this is classified as a transition zone 

19] . The implications of continuous and discrete propagating flame 

ehavior on the flame spread rate itself are not straightforward. 

or instance, although discrete flame behavior generally features 

 smaller overall flame area than continuous flame spread, un- 

er certain conditions it can propagate faster. Conditions for the 

ransition to discrete flames occur at different Re depending on 

he array spacing, with the onset of discrete flames occurring at 

igher Re for smaller array spacings. A previous study [19] showed 

hat a Stanton number – Damkholer number relationship describes 

he onset of discrete flames at a Stanton number of approximately 

.028. The Stanton number incorporates the increase in convective 

eat transfer with flow speed but additionally balances it with the 

ropensity of the flow to take away heat. Similarly, the Damkholer 

umber accounts for changes in the mixing and chemical time 

cales for the range of flow conditions tested. 

.1. Flame spread 

If the flame spread along an array is considered as a series of 

onsecutive ignitions, then the spread can be modeled based on 

he time to ignition for each fuel element. The time to ignition for 

 solid is given by Fernandez-Pello [27] as 

 i = 

π

4 

ρs c k s ( T i − T ∞ 

) 
2 (

˙ q ′′ e + 

˙ q ′′ r 
)2 

︸ ︷︷ ︸ 
t pyro 

− 1 

4 a 
ln 

(
1 − �

�o 

)
︸ ︷︷ ︸ 

t ind 

. (1) 

The first grouped term is classified as the time to pyrolyze the 

olid ( t pyro ), where ρ , c , and k s are the density, specific heat, and

hermal conductivity of the fuel, respectively, T i and T ∞ 

are the 

gnition and ambient temperatures, respectively, and q˙e 
’’ and q˙r 

’’ 
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Fig. 3. Representative plot of the experimental trends compared with expected Nu- 

Re predictions. At a fixed spacing condition, the experimental data showed a de- 

creasing ignition time as Re was increased up to the onset of discrete flame spread. 

Beyond the onset of discrete flames, the ignition times increased with higher Re un- 

til flame propagation ceased. A Nu-Re correlation, in comparison, calculates a con- 

tinuously faster ignition time as Re increases. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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re the external and radiative heat fluxes, respectively. The second 

erm is the induction time ( t ind ), where a is the flow velocity gra-

ient in the radial direction (stretch rate), � = 4 c ( E/RT ∞ 

)[(2 – β)

 e 2 ( 1 - β2 )] and β = T ∞ 

c p /Y F �H R , and �o is the Damkholer number

or the combusting system. Because the induction time incorpo- 

ates changes in the mixing ( 1/4a ) and chemical time ( � and �o )

cales arising from the changing flow field, it becomes increasingly 

mportant at faster flow speeds, as demonstrated by Niioka [ 16 , 17 ].

owever, due to its strong dependence on the thermochemical 

roperties and velocity gradient, measuring the induction time is 

ifficult. Because the pyrolysis time is considered much larger than 

he other time scales, the ignition time is usually taken as the py- 

olysis time [ 8 , 9 , 11 , 28 ]. For a thermally thick solid, and ignoring

he radiation from the flame, the time to ignition is estimated as 

28] 

 i = 

π

4 

ρs c k s ( T i − T ∞ 

) 
2 (

˙ q ′′ 
)2 

(2) 

Generally, ρ , c, k s , and the ignition temperatures are assumed 

o be constant; as such, the heat flux becomes the driving factor in 

etermining the ignition time. Nu-Re correlations for cylinders in 

ross-flow [29] have been used to determine the heat flux in simi- 

ar studies examining flame spread along vertically oriented arrays 

 8 , 9 ]. These correlations take the form of a power-law relationship

etween Nu and the freestream Re : 

u = A ( Re ) 
p (3) 

here Nu and Re are defined as 

u = hd/k, 

e = ud/ν . 

Here, h is the heat transfer coefficient, d the dowel diameter, k 

he thermal conductivity of air, u the freestream flow velocity, and 

the kinematic viscosity of air. From these Nu-Re relationships, 

he heat transfer coefficient can be calculated. The time to ignition 

an then be estimated using Eq. (2) , with a common method for 

epresenting the heat flux as follows [8–11] : 

˙ 
 

′′ = h ( T g − T i ) . (4) 

Due to the Nu-Re relationship, increasing flow speeds lead to 

igher heat fluxes and thus faster ignition. However, this does not 

ully capture the experimental results presented in Fig. 2 . As the 

ame spread process enters the discrete behavior regime, the ig- 

ition times increase with flow speed until flame propagation be- 

omes unsustainable. 

A qualitative plot of the experimental time to ignition is pre- 

ented in Fig. 3 . A similar ignition time inflection point trend that 

as observed for a single cylinder by Niioka [ 16 , 17 ] is also ob-

erved for the flame spread propagation in the array. Furthermore, 

he critical flow velocity at which the ignition time begins to in- 

rease with flow speed aligns with the onset of discrete flame be- 

avior. Fig. 3 also presents the expected Nu-Re model predictions 

or the same conditions, and past experiments with discrete fuels 

or no flow (Vogel and Williams [10] ) and slow flow speeds (Prahl 

nd Tien [11] ) are shown for context. These past experiments fall 

ithin the continuous flame spread regime, where freestream flow 

ncreases flame spread. Previous research has used 1D conduction 

quations and geometric approximations for flame contact to pre- 

ict the flame spread. In the continuous regime, prior to the onset 

f discrete flame spread, the Nu-Re model predicts the time to ig- 

ition ( t i ) well. However, as Re increases, the predicted t i decreases 

nd deviates from the experimental trends once the flame transi- 

ions to discrete flame spread. Eventually, the flow effects are so 

trong that continued flame spread becomes unsustainable. 

Thus, Nu-Re heat flux estimation produces reasonable results 

or only a portion of the Re conditions tested. As flow speeds in- 
4 
rease, the heat flux calculated using the Nu-Re correlation contin- 

es to increase, producing an ignition time that is much faster than 

bserved experimentally. The heat flux estimation fails to capture 

he higher convective effects due to the vortex shedding and other 

ow structures, which slow ignition. Furthermore, due to the ex- 

lusion of the induction time, changes in the chemical and mass 

ransfer processes with increasing flow velocity are also ignored. 

ventually, this deviation from the experimental results yields an 

mpossibly low time to ignition even past the flame propagation 

imit of the experiments. 

The different flame behavior regimes and a qualitative plot of 

he heat flux impinging on the next unignited cylinder for each 

cenario are depicted in Fig. 4 . At a fixed spacing ( s ), it is observed

hat, as the flow speed increases, the flame behavior regimes 

hange [19] . Furthermore, the trend in ignition time is such that 

he resulting heat flux is higher with increasing flow speeds up to 

 point (as seen in Fig. 3 ), after which the heat flux decreases until

eaching the blow-off conditions (as evidenced by the increasing 

gnition times). In terms of modeling the fire spread, if the heat 

ux can be accurately predicted, then the flame spread from dowel 

o dowel can be determined. To achieve this, the changes in flow 

nd flame behaviors must be incorporated into the heat flux esti- 

ation. 

. Modeling 

.1. Approach 

The approach proposed in this study relies on a more accurate 

epresentation of the heat flux in the thermally thick time to igni- 

ion equation ( Eq. (2) ). To do so, the heat flux estimate developed

y Annamalai and Sibulkin [21] is used. Fig. 5 presents a section of 

n array, showing an ignited cylinder in cross-flow upstream of an 

nignited cylinder. In order to predict the flame spread, the heat 

ux ( q˙’’ ) impinging on the unignited cylinder must be calculated. 

The proposed model is based on the boundary layer stagnation- 

oint flow of a single cylinder in cross-flow. When the freestream 

ow impacts a cylinder, a boundary layer forms on the surface 

here the flow must slow to satisfy the no-slip condition. A ther- 

al boundary layer is formed for the temperature field, with the 

urrounding temperature field equaling the surface temperature of 

he solid at the solid surface. Although these two boundary lay- 

rs are not necessarily the same thickness, they serve similar func- 

ions and, in this case, are represented by δ in Fig. 5 . As the sur-
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Fig. 4. Schematics of the three fire behavior regimes found in wind-driven fire spread along arrays and a qualitative plot of the heat flux over the distance between cylinders. 

The depicted heat flux trends are what is required in order to achieve a faster ignition time initially as the freestream flow increases, followed by a slowing down in the 

ignition times after the onset of discrete flame behavior. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.) 

Fig. 5. Schematic of the flow over an ignited cylinder. The configuration shown was 

utilized by Spalding [23] and Annamalai and Sibulkin [21] , an additional, unignited 

cylinder, which has been added downstream of the flaming cylinder to represent a 

subset of an array. 
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ounding temperature increases, in this case from the flaming up- 

tream cylinder, an increased heat flux is delivered to the cylinder 

urface. The dowel surface temperature rises in response, which 

ventually causes the dowel cylinder to ignite. The resulting flame 

orms around the dowel surface and envelops the cylinder, the 

ame plume extending downstream and heating the next unig- 

ited cylinder [19] . 

The proposed model is derived from the integral energy con- 

ervation equations for a boundary layer flow at the stagnation 

oint of a bluff body. By assuming a two-dimensional flow, the 

oundary layer approximation, no-slip conditions, an incompress- 

ble flow, Fickian diffusion, Le = 1, a non-charring fuel, no viscous 

issipation, a thin flame model, and using the Schwab-Zeldovich 

ormulation, the normalized energy–species coupling equation is 

efined as [ 21 , 30 ] 

 

∂φ

∂x 
+ v 

∂φ

∂y 
= 

∂ 

∂y 

(
ρ2 D 

ρ2 
w 

∂φ

∂y 

)
, (5) 
5 
here φ is the coupled species and enthalpy function. If similarity 

ethods are used, then the coupling function ( φ) can be repre- 

ented by a 3rd order polynomial: 

= a 0 + a 1 ηφ + a 2 η
2 
φ + a 3 η

3 
φ, (6) 

φ = y/ δφ, 

ith coordinates η defined as the y -direction normalized by the 

hermal boundary layer thickness ( δφ). The coefficients of the poly- 

omial ( a i ) are obtained by applying no-slip and no-penetration 

oundary conditions. The coefficients are [21] 

 0 = 1 , 

 1 = 2 /B 

[
1 − ( 3 B/ 2 + 1 ) ( 

1 / 2 ) 
]
, 

 2 = −2 a 1 − 3 , 

 3 = a 1 + 2 . 

Using similarity variables with η, the energy equation can then 

e written as 

 φδφ
d 

dx 

[
u δφ

]
= −( a 1 ) ρ

2 D [ B + 1 ] , (7) 

 φ = 

∫ 1 

0 
( 1 − f ) φdη, (8) 

here δφ is the thermal boundary layer thickness, u is the 

reestream flow velocity, and f is the normalized velocity profile. 

n the right-hand side of Eq. (7) , a 1 is the first coefficient in the

oupling function polynomial, and ρ and D are the fuel density and 

ass diffusivity, respectively. The adiabatic mass transfer number 

s defined as 

 = 

( Q c /r ) Y O 2 , ∞ 

− c p 
(
T ig − T ∞ 

)
Q g 

. (9) 

The adiabatic B -number is a material property, with the first 

erm in the numerator ( (Q c /r)Y O2 , ∞ 

) representing the ratio of the 

nergy released by combustion, where Q c is the heat of combus- 

ion for the fuel, r is the stoichiometric oxygen-fuel mass ratio, 

nd Y O 2 , ∞ 

, is the mass fraction of Oxygen, assumed to be 0.23 for

ir. The second term in the numerator ( c p (T ig – T ∞ 

) ) is the energy

equired to raise the gas from ambient ( T ∞ 

) to ignition temper- 

ture ( T ig ), where c p is the specific heat of air. The numerator is

alanced by the heat of gasification ( Q g ), which represents the en- 

rgy required to gasify the solid fuel which was initially at ambient 

emperature. The adiabatic B -number assumes no losses, meaning 
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Fig. 6. Experimental B -numbers obtained for an array with a spacing of 1.25 cm and corresponding power-law regression line. At this spacing, the 2.21 m/s flow (left) is 

characterized as continuous flame spread while the 2.63 m/s (center) and 3.27 m/s (right) flows exhibit discrete flame behavior. 
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Fig. 7. B -number trends for 0.75-, 1.00-, and 1.25-cm spacing at low (left) and high 

(right) flow speeds. At a spacing of 1.25 cm, flame spread quenches at flow speeds 

higher than 3.27 m/s. At a spacing of 1 cm, the fastest flow speed at which flames 

could propagate was 3.87 m/s, which is plotted for reference. 
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hat the heat generated through combustion is used to heat the 

xidizer and evaporate the fuel at the surface. The heat flux un- 

er zero mass transfer, i.e., the heat flux that would impinge on 

he next unignited fuel cylinder in the array, is estimated by An- 

amalai [21] and Spalding [23] as 

˙ 
 

′′ = 

[
B 

2 

ln ( 1 + B ) 

]
ρD Q g ( −a 1 ) x 

k (
δφ/x 

) . (10) 

The heat flux then depends on the adiabatic B -number, material 

roperties ( ρ and Q g ), the spatial distance ( x ), where k is a simi-

arity exponent (–1/2), and the boundary layer thickness ( δφ). The 

nergy integral equation ( Eq. (7) ) is then rearranged and integrated 

o extract the boundary layer thickness ( δφ): 

φ/x = 

√ 

( −a 1 ) ( B + 1 ) 

2 I φP rRe 
. (11) 

Solving Eq. (11) requires knowing the normalized velocity pro- 

le f due to the dependence on the coupling integral I ϕ ( Eq. (8) ).

imilar to the coupling function polynomial, the form of the veloc- 

ty profile polynomial is given by Spalding [23] as 

f = c 0 + c 1 ηu + c 2 η
2 
u + c 3 η

3 
u , (12) 

u = y/ δu . 

The coefficients are outlined by Annamalai [21] and take a sim- 

lar form to those for φ. Once I ϕ is evaluated, the heat flux in the

mpinging plume can be determined using Eq. (10) [ 21 , 23 ]. 

.2. B-number analysis 

In this study, a B -number model will be developed to act as in-

ut for the stagnation-point heat flux ( Eq. (10) ). This model acts 

s a surrogate for the changes in the mass-transfer conditions 

ue to different spacings and flow speeds. Although the theory 

n Section 4.1 relies on the adiabatic B -number, which is con- 

tant, it is replaced by the proposed empirical B -number model. 

o start, the experimental ignition times are used to calculate the 

eat flux based on Eq. (2) . This experimental heat flux is then used

s the heat flux in Eq. (10) to calculate the B -number. In this man-

er, the B -number is obtained for each dowel position for a given 

pacing/flow-velocity condition. 

Fig. 6 presents the B -number results for an array with a spacing 

f 1.25 cm at three flow speeds. This process was repeated for each 

pacing/flow-velocity condition. A power-law regression was fit to 

ach data set in the form of B = Ax p . The power-law regression

s used to develop the B -number model and to aid in the analysis

f the B -number trends for different flow and spacing conditions. 

ecause the B -number is calculated from the ignition time data, it 

epresents the integrated B -number evolution of the dowel array 
6 
ystem, which incorporates losses, up to ignition at that dowel po- 

ition. 

As the flame spreads down the dowel array, the B -number con- 

inues to increase as more dowels burn simultaneously. The addi- 

ional flaming dowels lead to higher cumulative heat flux, resulting 

n the acceleration of the flame spread and an increase in the B - 

umber with respect to the dowel position. 

As the flow conditions approach the quenching boundary, as 

een with the 3.27 m/s flow in Fig. 6 , the B -number curves flat-

en and approach a constant value across the dowel array. Under 

hese high flow speeds, the flame is highly discretized, so that each 

owel burns independently. Thus, the cumulative heat flux, which 

s associated with a growing flame within the continuous (i.e., low 

ow speed) regime, is reduced. Although the flame resists merging 

n the discrete regime, some influence from the burning upstream 

owels is apparent. 

The trends for other spacings follow similar behavior. Fig. 7 

hows the B -number power-law regression as the flame propa- 

ates down arrays with a spacing of 0.75, 1.00, and 1.25 cm at low 

2.21 m/s, left) and high (3.27 m/s, right) flow speeds. It is impor- 

ant to note that, at a speed of 2.21 m/s, a continuous flame spread 

egime is observed for all spacings, while only the 0.75-cm spac- 

ng exhibits continuous flame spread at a flow of 3.27 m/s. Plotted 

longside the B -number curves in Fig. 7 is the adiabatic B -number 

or a wood fuel (1.34) calculated using Eq. (9) [ 8 , 9 , 21 ] and the crit-

cal B -number (0.63). The critical B -number can be expressed as 

 c = 

( Q c /r ) Y O 2 , ∞ 

− c p 
(
T ig − T ∞ 

)
Q g + L 

, (13) 

here the variables are the same as in Eq. (9) but with the ad- 

ition of a loss term ( L ). The loss term was taken to be approx-

mately 2070 kJ/kg for wood as provided by Quintiere [28] . The 

ritical B -number is a combination of material properties and the 

ow scenario, representing the point at which flames cannot prop- 
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Fig. 8. Average dowel array scaled B-numbers plotted against the spacing-based Reynolds number. The plot on the left presents the data used for the regression and that 

on the right shows the regression predictions for a spacing of 1.00 cm. The filled markers represent discrete flame behavior. Also shown are the correlations of Eq. (14) . (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

a

h

a  

o

n

p

t

n

t

p

h

l

e

o

c

a

l

e

u

s

c

i

fl

fl

p

f

w

s

s

f

t

a

a

fl

a

F

e

f

R

c

l

m

n  

4

B  

p

t

Fig. 9. Experimental and predicted time-to-ignition results for arrays with a spac- 

ing of 0.75, 1.00, and 1.25 cm for the full range of flow speeds tested. The filled-in 

markers represent discrete flame behavior. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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gate along the surface due to losses [31] . The B -numbers observed 

ere are much lower than those typically used in other studies and 

re able to sustain fire spread when they are as low as 40 to 50%

f the free convection critical B -number. Generally, fire spread can- 

ot be sustained at less than critical B -numbers. However, in the 

resent study, the array configuration of the fuel combined with 

he forced flow allows for the flame spread to persist at low B - 

umbers. For a continuous fuel that is in the process of igniting, 

he preceding space where the flame exists contains fuel that is 

yrolyzing or already ignited. With a discrete fuel configuration, 

owever, that space preceding the fuel is empty. This spacing al- 

ows additional heat flux and oxygen to be delivered to the discrete 

lement rather than absorbed by the preceding fuel in a continu- 

us configuration; a similar phenomenon is observed in the va- 

ancies of wooden crib fires [ 25 , 26 ]. Furthermore, because multiple 

rray positions will be on fire simultaneously, the forced flow de- 

ivers additional heat from these upstream elements to the igniting 

lement position, sustaining flame spread at what were previously 

nderstood as sub-critical B -numbers. 

With larger spacings, because the flame must work harder to 

ustain fire spread under the same flow conditions due to the in- 

reased distance between fuel elements, the B -number generally 

ncreases compared to smaller spacings towards the end of the 

ame propagation. As observed in Fig. 6 , the curves flatten as the 

ow speed increases. As the flow speed blow-off boundary is ap- 

roached, the trend in the B -number reaches a similar asymptote 

or multiple spacings. This asymptote can be seen in Fig. 7 (right), 

here the 1.25-cm spacing is at the fastest flow speed that will 

ustain propagation, and the same condition is shown for 1.00-cm 

pacing at a speed of 3.87 m/s. 

The power-law regressions for the B -number data obtained 

rom the experimental ignition times ( Fig. 6 ) were then evaluated 

o obtain the average B -number for dowel positions 5 to 10 for 

 fixed spacing/flow-speed condition. Because the B -numbers here 

re based on an average of the experimental ignition times as the 

ame ignites consecutive dowel positions, it is more analogous to 

n array or system B -number than to that of an individual dowel. 

urthermore, by averaging the B -number, the average cumulative 

ffect of the burning upstream dowels is embedded in the results. 

Fig. 8 (left) displays the average dowel array system B -number 

or spacings of 0.75 and 1.25 cm plotted against the spacing-based 

eynolds number ( Re sp ).The spacing is used instead of the typi- 

al diameter as the length scale. The spacing was chosen for the 

ength scale in Re because it represents the distance the flame 

ust overcome in order to heat the next dowel. Likewise, the B - 

umber is scaled by the spacing to diameter ratios ( s/d = 3.36 and

.94 ). Discrete flame behavior is denoted by the filled plot markers. 

y collapsing the data, the trends in Figs. 6 and 7 are explicitly ap-

arent for changing flow speed and spacing conditions, including 

he gradual decrease in the B -number as flow speeds increase. Fur- 
7 
hermore, as the array approaches blow-off conditions, the critical 

caled B -number is in the range of 0.085–0.090. 

A quadratic regression based on the data from the spacings of 

.75 and 1.25 cm is shown to fit reasonably well (R 

2 = 0.72): 

B 

( s/d ) 
= −

(
1 . 5 × 10 

−9 
)
Re 2 sp −

(
3 . 898 × 10 

−5 
)
R e sp + 0 . 208 . 

(14) 

Using the empirical B -number regression as an approximate B - 

umber model predicts the 1.00-cm spacing well ( Fig. 8 , right). 

his B -number model ( Eq. (14) ) serves as input for heat flux es-

imation ( Eq. (12) ) rather than the adiabatic B -number, thus ac- 

ounting for changes in the fire spread caused by different spacing 

nd flow conditions. 

.3. Results and discussion 

Utilizing Eq. (14) as the B -number input to the heat flux 

stimation ( Eq. (10) ) and evaluating the thermally thick time 

o ignition ( Eq. (2) ), flame spread is modeled for a range of 

reestream Reynolds numbers ( Re ) covering the discrete flame be- 

avior regimes. The model was not extended to the continuous 

ame behavior regime at lower Re due to the increased influence 

f buoyancy at slower flow speeds. Because the model is based on 

he stagnation point flow of a single cylinder, these conditions are 

eached at higher Re where the discrete flame behavior was ob- 

erved. 

The experimental results for the 0.75-, 1.00-, and 1.25-cm spac- 

ngs are plotted in Fig. 9 alongside the B -number heat flux model. 

he experimental ignition times shown are the average of the ex- 

erimental times to ignition for dowels 5 to 10, with the filled 
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[

[

arkers representing the discrete flame behavior regimes. Addi- 

ionally, predictions based on a Nu-Re model for cylinder banks in 

ross-flow [32] for the same conditions are displayed. 

In the experimental data, the time to ignition decreases slightly 

s the flow speed initially increases. Just before the onset of dis- 

rete flame behavior, the time to ignition achieves a minimum. 

nce discrete flame spread begins (at approximately Re = 700 and 

e = 660 for spacings of 0.75 and 1.00 cm, respectively), the flow 

o longer accelerates the flame spread as ignition times increase 

ith increasing flow speeds until reaching the blow-off limit. The 

nset of discrete flame spread coincides with the fragmentation of 

he flame due to the cylinder wake flow structures interacting with 

he flame [18] . Increasing the spacing causes the flow structures 

o further influence the inter-cylinder region, resulting in discrete 

ame spread beginning at a lower Re . Furthermore, a larger spac- 

ng reduces the Re at which the flame ceases to propagate [19] . 

or instance, the 1.25-cm spacing ceases to propagate at around 

e = 700, whereas, at a spacing of 0.75 cm, the flame propagates 

p to Re = 900. The stronger influence of turbulence and mixing 

ue to faster flow speeds and larger spacings [ 19 , 20 ] leads to the

nduction time playing a larger role in the time to ignition, as de- 

ermined by Niioka et al. [16] . 

Prior to the onset of discrete flame spread, the Nu-Re model ac- 

urately predicts the flame spread for spacings of 1.00 and 1.25 cm. 

owever, once the flame behavior transitions to a discrete regime, 

he Nu-Re model deviates and calculates an increasingly faster 

ame spread as Re increases. Even though the Nu-Re relationship 

sed here is based on a cylinder bank heat transfer [32] , it cannot

apture the decrease in heat flux associated with discrete flame 

pread. 

In contrast, the proposed B -number model captures the igni- 

ion times increasing with higher Re and follows the slowing flame 

pread trend. Furthermore, the predictions for the 1.00-cm spac- 

ng are in good agreement with the experimental data. By incor- 

orating the B -number model into the heat flux estimation, the 

ffects of turbulence and increased mixing on the combustion effi- 

iency are represented. Additionally, because the B -number estima- 

ion is based on the experimental time to ignition, the cumulative 

nfluence of the upstream burning dowels is implicitly embedded. 

n comparison, most Nu-Re models are developed based on non- 

eacting scenarios and, as demonstrated in Fig. 9 , may not be suit- 

ble for all conditions. 

It is apparent, however, that this method performs compara- 

ively worse at a spacing of 0.75 cm. The increasing accuracy as 

he spacing increases could be attributed to the applicability of 

he heat flux model. As the gap between fuel elements increases, 

he fuel arrangement conditions approach that of a single cylinder. 

he flow structures that are formed behind tandem cylinders in 

ross-flow are dependent, in part, on the spacing-to-diameter ratio 

 33 , 34 ]. Below a certain spacing, the influence of these flow struc-

ures may be reduced due to greater flow blockage. At the smallest 

pacing (0.75 cm), the conditions may be such that the fire spread 

s better represented by a flat plate model than cylinders in cross- 

ow. 

onclusion 

Existing Nu-Re heat transfer relationships for single cylinders 

nd cylinder banks have been demonstrated to be accurate only 

p to a certain point for flame spread predictions for dowel arrays. 

fter the onset of discrete flame behavior, the flame spread begins 

o slow down with increasing flow speeds. By contrast, the Nu-Re 

odels predict an increasingly rapid flame spread. This discrep- 

ncy can be attributed to the combustion reaction and increased 

ow effects, such as vortex interactions, at a higher Re induced 

y the dowel cylinders. Heat flux estimation based on the single- 
8 
ylinder stagnation-point flow that incorporates the B - number was 

dapted for dowel array predictions. The B -number represents a 

ractical means for incorporating complex flow–flame interactions 

nto heat flux predictions. Successful flame-spread modeling re- 

ies heavily on an accurate representation of the heat flux. It was 

hown that, by using the B -number approach, the deviations exhib- 

ted by the Nu-Re disappeared, and the flame spread was predicted 

easonably accurately. 

However, it seems that the applicability of the adapted stag- 

ation flow model is limited to larger spacings. At a spacing of 

.75 cm, the gaps between cylinders may be at a width that pre- 

ents flow entrainment and mixing, rendering the conditions more 

imilar to a flat plate than cylinders in cross-flow. Furthermore, un- 

er all spacing conditions, the current approximation neglects cu- 

ulative heating effects from upstream cylinders that may still be 

urning and contributing to the fire spread. 
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