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Physics-based flame models capable of predicting small-scale fire behaviors reduce computational power
needed for predicting fires of large- and giga-scale. However, classical model correlations are often de-
veloped for ‘free fires’ without considering vegetation around. These models may result in inaccurate
fire modeling due to wrong ‘prior’ flame shape estimated from 6 ~ wind speed. To overcome this de-
fect, three-dimensional small-scale fires with fireline intensity of 100 KW/m are numerically simulated
using large eddy simulation. Fire behaviors such as flame tilt angle and heat transfer mechanisms are
extensively studied using a newly proposed configuration space {N¢, CdLAI}. The former one represents
the ratio between fire to wind power, and the latter one considering the vegetation effect is for the first
time introduced in flame models. Using the configuration space, two model correlations for flame tilt
angle and radiative heat power reaching the unburnt fuels are proposed. The flame tilt angle 6 is directly
related to CdLAI (CyasosHp[2), while inversely related to Nc (2gI/,00CpAOT0UO3), in contrast to the model
proposed for radiative heat power. Comparisons with several classical models evidenced the capability
of new flame models in predicting both free and non-free fires. The limits of the validity of the newly

proposed models are also discussed.

1. Introduction

The burning behavior of wildland fuels represents one of the
very complex heat and mass transfer problems because it is greatly
affected by many physical parameters such as the characteristics of
vegetation, the topography, and the environmental conditions [1].
All of these parameters have potentially influenced the mass, mo-
mentum, and energy (heat) exchanges between the solid fuel par-
ticles and the surrounding atmosphere. As a result of these mu-
tual exchanges, fire regime transition and its associated heat trans-
fer mechanisms emerge as two primary factors co-controlling the
burning dynamics of wildland fuels. Depending on dimensionless
numbers such as Froude (F¢), squared Froude (Fcz) or Byram con-
vective number (N¢) [2,3], wildland fires are often classified into
two regimes: a plume-dominated regime and wind-driven regime.
For plume-dominated fire, radiative heat transfer dominates to the
fire front propagation whereas for wind-driven fire, both radiative
and convective heat transfer contributes to the ignition of unburnt
fuels.

* Corresponding author.
E-mail addresses: kai.zhang.1@city.ac.uk (K. Zhang), aymeric.lamorlette@univ-
amu.fr (A. Lamorlette).

Nelson [4] analysed previous experimental data of Morandini
and Silvani [5] based on a triangular flame model and an alterna-
tive way to define flame height and tilt angle. The flame height de-
fined Fc2 (denoted as FCZH) best described the mode of heat transfer
to unburnt fuels. The other two potential indicators of fire regime
transition and heat transfer mechanism are flame height defined
F¢ (denoted as Fy) and the N¢. For Nc < 2, a wind-driven fire
with large tilt angle is dominated by convective heat transfer; for
Nc > 10, a plume-dominated fire with tilt angle smaller than 20°
is governed by radiation. A mixed heat transfer mechanism occurs
when 2 < N¢ < 10. These analyses are in agreement with that re-
ported by Morvan and Frangieh [6] in whose work selected data of
laboratory fires at various experimental conditions are re-visited.

Although the burning dynamics of wildland fires have
been broadly discussed in the literature [7-12] using Nc
(2g1/pon_0T0U3), the role of this dimensionless number is ques-
tioned from a physical point of view especially for small-to-
medium scale fires. In 2015, Lamorlette et al. [13] discussed the
relevance between several dimensionless numbers and the cylin-
drical type particle (solid fuel) ignition time ¢ . Amongst several
dimensionless numbers such as the Prandtl number Pr, the radia-
tive Biot number Bi [14], the particle quasi-static Reynolds number
Res, and the Nusselt number Ny, only two parameters were identi-
fied most relevant for solid fuel ignition under natural convection:
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Nomenclature

Bi Biot number

C4 Drag coefficient

Cp,0.Cp.s Specific heat capacity for ambient air and solid
(Jkg~1K-1)

D spanwise width of burner/flame (m)

Dg flame depth (m)

Fc Froude number

Fp Drag force (N)

g Gravitational acceleration (ms~—2)

AH¢ heat of combustion (Jkg~1)

Hp Vegetation height (m)

Hpgme Height of flame (m)

h, hr Heat transfer and total heat transfer coefficient
(Wm—2K-1)

I Fireline intensity (KW)

J Irradiance (Wm~2)

LAI Leaf area index, ovs0 sHp/[2

" mass burning rate per unit area (mass flux)
(kgm~—2s-1)

Ny Nusselt number

N¢ Byram convective number, 2gI/p0Cp_0T0U3

Pr, Pr¢ Prandtl and turbulent Prandtl number

R; Richardson number

Re,Re;, Res, Reynolds, particle Reynolds and quasi-static
Reynolds number.
S Stochiometric fuel/oxygen mass ratio

T, Ts, To,Tf  Gas, solid, ambient, and flame temperature (K)
Tig. Ts ig Gas and solid ignition temperature (K)
Ug, Ue Wind speed, entrainment velocity (ms~!)

Wy Characteristic buoyancy velocity (ms=1)
Wiame Width of flame (m)

Greek symbols

Og, s Volume fraction of gas and solid

o Stefan-Boltzmann constant

s Surface to volume ratio (SVR) (m~1)

v, Vg Dynamic, kinematic, and turbulent kinematic
viscosity

Treact, Tres, Ty Chemical reaction, fire residence, and kernel
characteristic time (s)

As Solid thermal conductivity (Wm~1K-1)
Dsurf Surface heat flux (KWm~2)

n fraction of impinging air

0, o, Ps Gas, ambient air, and solid density (kgm~3)

) Kronecker delta

Flame tilt angle (degree)

i

the CdLAI(Cqats0 sHp/2) and the v (a2v?/gHE). The former one ac-
counts for induced momentum and in-depth radiation effects, and
the latter one represents an induced sublayer hydrodynamic effect.

Apart from these two parameters, the minor effect of Reg,
was also highlighted. Within the fuel layer, the ¥ = a2v?/gHr and
Ty = (T — To)/T together defined particle Reynolds number Res, =
\/1/¢CdLAI(T—T0)/T). By roughly considering that ignition oc-
curs at T = 0.5 and fuel ignition temperature T; ;, equals to the
surrounding temperature Ty, ie, T ; ~ T, a physical limit of
(CdLAID); = 2 x 1076 was obtained that away from this value, Rey,
effect on the particle ignition time ¢, ;, is negligible. This is be-
cause away from the limit, sublayer flow is far from the point
of vortex shedding transition [15,16] at which heat transfer from
gas to solid phase (and hence t; ;) is modified. In the present
study, because i is roughly 0.027 and 0.01 < CdLAI < 0.5, giving

WCdLAI > 2 x 1075, the particle quasi-static Reynolds number has
negligible influence on the fuel particle ignition time.

Therefore, the only two dimensionless numbers which affect
the fuel particle ignition by heat transfer are indeed the CdLAI
and . Because i accounts for induced sublayer flow, its effect
can also be replaced by a Byram convective number Nc, which
measures the competition effect between wind and fire power.
The Nc is known to control fire behaviours such as the rate of
spread, mass loss rate, flame residence time, heat transfer mech-
anism etc. in cases when an external forced flow exists [17-19]. To
show the relevance between ¥ and N, one may start with how N¢
(281/poCp0ToU3) is defined. This parameter modifies sublayer flow
by imposing an atmospheric boundary layer (ABL) via an implicit
wind speed dependency on Yy and Hg. The former is the burnt
fuel roughness layer and the latter is the vegetation height, i.e.,
Ne ~ Yy~ ~ Hp~'. It can be used to replace v because it has sim-
ilarities to ¥ = a2v?/gHr that ¥ ~ H;'as well. Moreover, the in-
termediate relationship of Ne ~ Y,~!, with Y, approximately three
times the Hf, is affected by Kelvin-Helmholtz instability [20] that
the relevant turbulent length scale Iy is also strongly related to Hr
[21,22].

As a result of above observations, it is reasonable to conclude
that fire global behaviors are not solely dependent on N¢, but are
governed by a configuration space {N¢, CdLAI}. These two parame-
ters are internally coupled to affect local fuel ignition time by heat
and mass transfer. However, none of previous studies has tried
to correlate fire regime transition and heat transfer mechanism
with this configuration space, i.e., previous flame model was only
built based on N alone. An accurate small- to medium-scale flame
model considering the role of vegetation characteristics CdLAI is es-
sential to extend the limit of validity of large-scale fire models.

Furthermore, the importance and relevance of this new configu-
ration space {N¢, CdLAI} on solid fuel burning behavior can also be
explained by the fact that fire global behavior has a dependency
on two kinds of flows: an atmospheric boundary layer flow and a
mixing layer flow. Ahead of the fire propagating front, the bound-
ary layer to mixing layer transition occurs roughly at CdLAI = 0.1
[23], whereas behind the fire propagating front, ash layer modi-
fied atmospheric boundary layer effect [24] is non-ignorable and is
implicitly governed by Nc,. The local fuel ignition time and global
fire behaviors are hence a result of the competition between two
kinds of flows governed by the configuration space {N¢, CdLAI}. It
was observed by Lamorlette et al. [13] that for fire under no-wind
condition with near zero rate of spread, the sublayer smouldering
or pyrolysis process is influenced solely by CdLAI, while the cou-
pling effect of Nc and CdLAI remain unclear.

Overall, this study is motivated by the lack of understanding
of the effect of configuration space {N¢, CdLAI} on controlling the
burning dynamics of the wildland fuels via the two key factors: the
fire regime transition and the heat transfer mechanism. As far as
the authors are aware, the only work which has discussed the ef-
fect of LAI, similar as CdLAI on the fire regime transition is the one
by Morvan and Lamorlette [25]. They reported that for a plume-
dominated fire under moderate wind speed (Nc ~ 23), LAI has a
notable influence on the amount of radiation reaching the unburnt
solid fuel. With LAI increasing from 0.35 to 4.2, fuel temperature
ahead of flame front approaches the gas temperature indicating
an extra contribution of radiative heat transfer. This may suggest
that the effect of canopy is to prevent the fire regime transition
from plume-dominated to wind-driven. Studies based on different
Nc and CdLAI need to be performed to advance the knowledge of
the wildland fuels burning behaviors and promote the basic under-
standing of heat and mass transfer across the vegetation.

This paper is organized as follows. Section 2 describes the
3D numerical configuration of the representative fire and in-
troduces the mathematical models employed for the simulation.



Section 3 discusses the fire behaviors under different N¢c and CdLAI
values which compose the configuration space {N¢, CdLAI}. Finally,
conclusions of the present study are given in Section 4.

2. Methods
2.1. Numerical details

In this study, 3D small-scale wildfires stabilizing on vegetation
layers of different characteristics (CdLAI) are numerical simulated
using an inert vegetation version of a compressible solver Forest-
FireFoam (FFF), an extension of FireFoam solver developed at M2P2
lab, Aix-Marseille University. It was previously demonstrated that
the multiphase solver FFF is able to capture wildland fire behav-
iors in both no-wind and wind conditions with the sub-model im-
provements [26,27]. The inert version FFF solver is primarily based
on the standard Gaussian finite-volume integration method and as-
sumes an inert vegetation layer without considering the processes
such as pyrolysis, char combustion, etc. to simplify the analysis. To
represent the key processes for wildland fire, a burner is used to
inject CO into the computational domain to mimic the main prod-
uct of pyrolysis and char oxidation. The gas phase chemical reac-
tion rate is then driven by the competition between the CO-air tur-
bulent and molecular diffusion rates, i.e., an improved model based
on Eddy Dissipation Concept [28].

For high-wind speed induced wall-bounded flames, a wall-
adaptive local eddy-viscosity (WALE) model is employed to return
the correct wall asymptotic behavior [29] and to calculate the tur-
bulent diffusion rate by solving an improved sub-grid scale kinetic
energy equation [30]. The solid fuel temperature is essentially gov-
erned by both convective and radiative heat transfer from the gas
phase, while an imposed cold gauge of Ts=295 K on the vegetation
layer prohibits the solid temperature to increase for the purpose of
measuring surface heat flux. The radiative intensity I,,4 obtained
from solving radiative heat transfer equations using a discrete or-
dinate method (fvDOM) [31] is integrated for a finite number of
solid angles in order to calculate the total irradiance J from which
the radiative source term Q7 , is defined by considering the radi-
ation extinction coefficient ;o 5/4 for convex particles [32]. Detail
descriptions of the employed models are available in [26,27].

The computational domain is 7.8 m long in the streamwise x-
direction, 2.5 m high in the vertical y-direction and 0.5 m wide
in the spanwise z-direction partially given in Fig. 1. A vegetation
layer of 5 m long, 0.05 m high and 0.5 m wide is imposed from
the leading edge of the CO burner sitting at x = 0.0 m. For the
present study, a small-scale fireline intensity of 100KW/m corre-
sponding to a CO injection velocity of 0.173636 m/s and the burner
size 0.05 x 0.5m? is used. Periodic boundary conditions are ap-
plied on the walls in the spanwise direction to reduce the required
computational power without losing too many 3D flame front fea-

Periodic boundary

Vegetation

Adiabatic wall
Trip wire Leading edge at x=0m

Fig. 1. Visualization of the computational domain using instantaneous isocontour
of Q-criterion at 150 s=2, clipped t0 Xgx = 2.5M, Ymay = 1 M.

tures of wildfires [33] such as the flame tower induced convective
heating/cooling of solid particles [34]. A trip wire of 0.005 m long,
0.5 m wide and 0.005 m high is placed at x= (—0.105)m to perturb
the incoming boundary layer flow given by,

Y+Yo>
Y,

(1)

Where the surface roughness Y, is approximated as one tenth
of the vegetation height Hr = 0.05m to mimic the ashes left from
burning wildland fuels [35]. The constant A is calculated using an
open wind speed often defined at 10 m reference height [36,37],

Uso (Y) = A x Upef x ln(

Uso(Y = Yyer = 10m) = A x Uyg x In (YXO + 1); A = 0.1315546732
(2)

To accurately capture the in-depth radiation and the
ABL/canopy turbulence, the grid spacing used along stream-
wise x-direction is 0.005 m for x<1.0 m (main flame region) and
vertical y-direction is 0.002 m on average for y<0.05 m, smaller
than the cell size (A) requirement following the criterion [10],

Hr 2Hp
3° LAl

With 0.1 < LAl < 5 for the present study.

Considering the overall expansion ratio of the mesh in the less
important plume regions responsible for little radiation, the total
number of cells is 3.5 million with more details available in [12].
Statistical data is collected using the last 15 s out of 30 s of the
total simulation time. The Courant-Fredrichs-Lewy (CFL) number
[38] is restricted to be smaller than 0.5 using automatic time step
adjustment. Each simulation requires CPU time of about 2500 h
using 48 processors on high-performance computing (HPC) cluster
of Aix-Marseille University.

A < min ( ) — min(0.0167 m, 0.02 m) 3)

2.2. The cold gauge, inert vegetation assumption

Because of the high computational power required for inves-
tigating the 3D propagating wildland fire behaviors, the present
study assumes an inert vegetation on which a cold gauge of Ts =
295K is imposed to measure the radiative heat transfer from the
stationary fire body confined by T = 500K. As mentioned above, a
detail description of the chosen sub-models is available in [26,27],
while the inert version FFF does not take evaporation, pyrolysis
and char oxidation rates into account leading to the following T
equation:

dT;
G, SQSUST; = Qrsad + chonv (4)

The equation indicates that the time evolution of solid temper-
ature (energy balance) is controlled by heat transfer between gas
and solid via radiation Q4 =s0s/4x (] - 40T#) and convection
Q¢ony = haisos x (T —Ts).

Despite the ease of retrieving radiative heat transfer from J~
4Q; 4/s0s, the cold gauge, inert vegetation assumption [39] brings
a question of to what extent does the T; = Ty ~ 295K influence the
fire dynamics compared to that of a propagating fire. In a real
propagating case, the heat flux reaching the vegetation is respon-
sible for the solid temperature elevation and decomposition of the
fuel following the three steps: evaporation, pyrolysis, and smoul-
dering [40-42]. The evaporation process can be neglected consid-
ering the chosen dead pine needles as fuel, i.e., zero fuel moisture
content, while the pyrolysis and smouldering rates may be influ-
enced by the cold vegetation assumption since solid temperature
is not allowed to rise. In fact, without imposing the cold gauge, the
inert vegetation temperature will finally rise to the fluid tempera-
ture T, =T ~ 1900K for a stationary flame, equivalent to a quasi-
static propagation fire, i.e., at any time during propagation, the veg-
etation is at steady-state. Neither the cold nor the hot vegetation



Table 1
Relevant parameters for calculation.

o os (m1) Hg (m) Cq CdLAI
533 x 104 ~ 2.66 x 102 7500 0.05 0.1 0.01-0.5
ps (kgm=3) Cp, s (Jkg K1) hy (Wm~=2K-") As (WmTK) Ts i (K)
831.7 2069.7 10-20 0.12 600

case may be representative of a real propagating fire without con-
sidering the competition between the fire residence time s and
the solid particle reaction time T reqct.

For Tres < Treacr: Vegetation has no time to adapt to the prop-
agation of the flame front and it is reasonable to assume Ts = Ty ~
295K until ignition occurs, equivalent to a cold vegetation case.

For Tres > Treqer: Vegetation has enough time to reach steady-
state Ts =T ~ 1900K before the flame front moves leading to a
quasi-static propagation fire, equivalent to a hot vegetation case.

Following the study of Burrows [43], the fire residence time for
a round wood particle having o5 = 7500m~! can be calculated as,

Tres = % ~34s (5)
O.S

In terms of solid fuel chemical reaction time, the best rep-
resentation may be the characteristic time of a thermal ker-
nel according to the study of Lamorlette and Candelier [44].
The Biot number B; = hyL/As and the dimensionless number ¢ =
GsurfL/As (T, ig — To) co-determine the validity of either the ther-
mally thick or thermally thin approach. For the present study, the
total heat transfer coefficient hr, which considers both convection
and radiant-emission ranges from 10 to 20 Wm™2K"! according to
several studies [45-47], the characteristic length L = 2/05 = 2.67 x
10~%m, the solid heat conductivity As =0.12Wm~1K-! and the
solid ignition temperature T ;, ~ 600K. In the solver, a suited Nus-
selt correlation is used to calculate the hy, while radiation is fully
resolved as explained in [26,27]. The value of h;=10-20 Wm2K"!
is then chosen only to evaluate B; and the solid chemical reac-
tion time. With the ¢, s ~ 42KWm~2 obtained from simulations
(ahead of flame front), the B; ~ 0.044 and ¢ ~ 0.31 correspond
to a thermally thin behavior of pine needle fuels. Hence, the solid
chemical reaction time can be represented by the thermally thin
kernel characteristic time 7 [48], giving,

PsCp, s
hTUS

Where ps = 831.7kgm~3 and Cps = 2069.7 Jkg~ 1K~

Following the above calculation where Tres < Treget, it is rea-
sonable to retain a cold gauge, inert vegetation assumption because
the vegetation has no time to adapt to the propagation of the flame
front in a real case. Relevant parameters used for the above calcu-
lation and the below simulations are summarized in Table 1.

=11.5~23s (6)

Treact = Tk =

3. Results and discussion
3.1. Fire regime transition

To understand the effect of the configuration space {N¢, CdLAI}
on the fire regime transition, one important aspect might be to ex-
plore how does the configuration space change the flame tilt angle
6 and whether the controlling mechanism using the configuration
space can provide a better estimation of the tilt angle compared to
previous models considering the role of N¢ alone. Fig. 2 shows the
role played by CdLAI for a low wind speed case with N¢ = 20. In-
creasing CdLAI from 0.01 to 0.5 has clearly led to an increase of tilt
angle from 52.7 to 70.94° representing the change of fire regime
from plume-dominated to wind-driven. The tangent of the flame

— e =+ —+ e —+ —+ —+ —+ —s —-

e —+ — — — — — — — — —

Bl — > >+ = —— — —

e — —= — — — o~ —. ~— "

Ym = - = - - = - - —

0X6(m) 0.8

(a) CdLAI = 0.01, sparse vegetation.

Y (m)

(b) CdLAI = 0.5, dense vegetation.

Fig. 2. The time-averaged velocity vector for Nc = 20 with length of arrow indicat-
ing velocity magnitude. Flame body (grey) is confined by T = 500 K.

tilt angle is defined as the ratio of flame width wggy, to the flame
height Hgqpe given in Fig. 3.

Complete data points collected from prediction are shown in
Fig. 4 for Nc ranging from 2 to 20 and CdLAI ranging from 0.01
to 0.5. The chosen values for Nc and CdLAI are based on two judg-
ments: first, the fire data should cover two fire regimes [4], the
plume-dominated N- > 10 and wind-driven N¢ < 2; second, the
CdLAI must cover the ABL to ML flame transition point at CdLAI =
0.1 [23] (see Section 1). Because it is observed that flame is com-
pletely wind-driven for Nc = 2 and the flame angle is hardly cal-
culated due to irregular flame shape, no prediction for Nc < 2 is
performed.

From Fig. 4a, it is observed that (a) for small N, the flame tilt
angle is almost independent of CdLAI; (b) for small CdLAI (sparse
vegetation), flame tilt angle seems to be linearly proportional to
N¢: the smaller the Nc, the larger the flame tilt angle correspond-
ing to flame regime transition from plume-dominated to wind-
driven; (c) the effect of large CdLAI (dense vegetation) on chang-
ing flame tilt angle is non-ignorable for low wind speed, high N¢
conditions that (d) the larger the CdLAI the larger the flame tilt an-
gle implying a tendency of the fire regime transition from plume-
dominated to wind-driven.



Table 2
Two representative model correlations.

Eq. Model correlations Fuel Ref.
(7) tan(d) =C x (%)1/5 x Ka=1/ Heptane, Ethanol, and Acetone [50,51]
_ G x a'2NP (N < 10) . -
(8) tan(0) = { G nZNgm (Ne > 10) Long leaf pine, slash pine litter, etc. [3]
Table 3
A summary of parameters used to calculate flame tilt angle.
j‘ po (kgm=3)  Cpo (Jkg'K™)  To(K) Tp (K) D(m) 1(KW)
/ 1.19 1000 295 1000 0.5 100
U() Up (ms—1) N¢ R; Kq Ka_l/5 Nc_l/3
; / / 0.65356 20 8.0875 161.75 0.3616  0.368
/ H 0.8234 10 5.0952 50.952 0.4556 0.464
/ flame 0.97629 6 3.6243  21.7458  0.54 0.55
/ 1.408 2 1.7425 3.485 0.779 0.7937
8
o / n( H » CdlAI=0.01 —— tan(6) =5.13328N."13, R2=0.97
s 2 THp = CdLAI=0.05
l Dy /2 | 6{ x CdLAI=0.10
. s CdLAI=0.25 .
L W ) +  CdLAI=0.50 :
flame =4
8
Fig. 3. Representation of flame tilt angle definition. Variables Uy, Do, Wpame, Hfiame»
and H represent wind speed, flame depth, flame width, flame height, and vegeta- 2
tion height respectively.
¢ 0.3 0.4 0.5 0.6 0.7 0.8
= CdLAI=0.0 N3
. =0.01 c
«  CdlAI=0.05
80/ . x  CdLAI=0.10 Fig. 5. The predicted flame tilt angle vs. N;'/ for different CdLAL
[ % s 5 s CdLAI=0.25
95), a ¥ N «  CdLAI=0.50
. » .
g 70 . two representative model correlations proposed recently with the
by . equation (8) not discussed in [49].
601 ) The Equation (7) was originally defined by Hu et al. [51], given
. as,
50* y - 1/5
2 6 10 20 C. AT T 2
Nc tan (0) =C x '0.0 POZS 0 9
©) m”D? AHc gAT; )
(a) @ vs. N, . . . . .
o Considering the fireline intensity I =m"AH:D, Byram con-
90 vective number N = 2gI/(p0U3Cp_ oTp), Richardson number R; =
gATfD/TfUZ, and assuming K; = Nc x R;, Eq. (9) can be simplified
_80 . to,
o o . . 1/5
] . ’ 3 2
< x * 0C .0TOU UsT, Tt
5170 ) : tan (9) = C x 2x'0"21 T
E B 5 Ne=2 8 g(Tf_ To)D f
@ o R : «  Nc=6 2T 1/5
N x  Ne=10 _ <lo -1/5
s s Nc=20 =Cx ( Ty ) X [Ka] (10)
50
0.010.05 0.10 (_(‘)dZLSA | 0.50 Table 3 provides a summary of the properties used to calculate

(b) 6 vs. CdALAI

Fig. 4. The predicted flame tilt angle 0 for different Nc and CdLAI.

From Fig. 4b, it seems that other than the data points for N =
2, flame tilt angle changes exponentially with CdLAI i.e., § ~ el
For Nc = 2, there is little effect of CdLAI on changing the flame tilt
angle.

Lam and Weckman [49] reviewed several tilt angle model cor-
relations for pool fire and wildland fire, the inner relationships for
13 models were examined and reason for different behaviors of
these models were highlighted. Based on that study, Table 2 lists

0, N¢, R;, K, and their exponential values. Surprisingly, it is seen
that the K; /> and Ngm share almost the same value indicating
that Equation (7) may only be suitable for Nc < 10. Indeed, after
careful examination of the experimental data in [51], the present
authors notice that the flame tilt angles predicted with Equation
(7) deviate from experimental tilt angles mainly for large N¢ values
(the N¢ is about 800 for inaccurate fittings).

Nevertheless, Fig. 5 shows a plot for the predicted flame angles
vs No 13 A good agreement between the model correlation and
predicted data can be clearly observed for CdLAI = 0.01, N¢c < 10.
Because of the similarity between N> and K, '/, this has also
evidenced the effectiveness of the model correlation proposed by
Hu et al. [51]. The constant C in Equation (7) for heptane and
ethanol was 9.1 [51], and the value for acetone was 4.16 [50]. In



0.1

— -
Y (m) 0.05

(b) CALAI = 0.5,N; = 2

Fig. 6. The velocity vectors close to the vegetation height Hr = 0.05m; Length of arrow indicates velocity magnitude.

the present study, this constant is roughly 5.70. From the deriva-
tion of Equation (8) by Nelson et al. [3], the different values of that
constant might be a result of different fraction of the impinging
air entering the flame partially affected by the drag force from the
vegetation and the pool [49]. Despite the relative effectiveness of
the N-'/? and K;'/* correlations for low CdLAl, the effect of high
CdLAI on flame tilt angle was essentially not considered by any of
the available models in the past.

Besides, Fig. 5 has also shown that when wind speed is large
corresponding to Nc = 2, the effect of CdLAI on changing flame tilt
angle is small as observed in Fig. 4a. This is not because the CdLAI
has no effect on changing the wind profile in the vegetation layer
considering the wind is very strong but is because of the full en-
trainment of air into the flame above the vegetation (see Fig. 6). In
other words, for Nc = 2, the effect of ML flow in the vegetation on
flame behavior is negligible compared to that of the rapid devel-
opment of ABL flow above the vegetation (Hr = 0.05m).

Because of the difficulty to consider the data points at N¢ = 2,
the Equation (8) is further examined for N- > 10. According to Nel-
son et al. [3], the model correlation was built upon the considera-
tion of the competing effect between the drag force F; ~ CypoUZHL
and the buoyancy force F, ~ pw%HL where the C; is the drag coef-
ficient for the inclined flame and the 1 = U, /U, represents the frac-
tion of the impinging air entering the flame. The involvement of C,
and n provides a good starting point to consider the role of CdLAL
From Fig. 6, it is very obvious that the role of CdLAI is to suppress
the sub-layer flow while improve the air entrainment above the
vegetation. Because 7 is defined for the fraction of impinging air
above the vegetation, it is reasonable to write n ~ CdLAI. While,
considering that only the natural log part of the entrained air par-
ticipates in the combustion due to the log wind profile given in
Eqg. (1), the correlation may be further written asiInn ~ CdLAI giv-
ng,

Inn = C;CdLAI or 5 = e1CdLAD (11)
The entrainment velocity is then written as,
U, = ecdlabyy, (12)

The tangent of the flame tilt angle is the ratio of drag force to
buoyancy force,

tan (6) = Fy _ poUZHL _ PoeCCCAADYZH], _ P acca
F,  pwiHL pW2HL 0

xNG*? = Ge?acdlAl o N2/ (13)
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Fig. 7. The best fit model correlation for different Nc and CdLAIL

Where Ug/wg = N 173 because the characteristic buoyancy ve-
locity wq [52] can be written as,

13
wo = _ 2 and Nc = 8 5 (14)
P0Cp0To 00Cp,0ToU;

The Eq. (13) is then used to fit the predicted flame tilt angle
data for N =6, 10 and 20 though the equation seems to work
only for Nc > 10. The comparison between the best fit equation
with the constants C; = 0.5366287, C; = 10.76685369 and the col-
lapsed data is shown in Fig. 7. A good matching is obtained for
N¢ > 10, while predicted data slightly deviate from that predicted
using the model Eq. (13) for Nc = 6 and the model fails for N¢ = 2.
In fact, our previous study [35] showed that the flame regime
transition from plume-dominated to wind-driven occurs roughly
at Nc = 5.6 by observing the flame shapes for the case of CdLAI =
0.01. It is therefore concluded that the proposed model Equation
(7) works primarily for plume-dominated fire.

The model correlation tan(f) = 10.76685369¢!-0732574CdLAl
N=2/ is, in some extent, agrees well with the findings from Fig. 4b

C
that 6 ~ eCdLAl,

3.2. Radiative heat power

The effect of the configuration space {Nc, CdLAI} on the radia-
tive heat power to the unburnt vegetation layer in front of the
fire front is demonstrated in Fig. 8. The radiative heat power is
defined as the CdLAI weighted total radiation written as Py =
S Qrsaddv/CdLAI. The chosen of the radiative heat power is for the
purpose of considering the in-depth radiation effect caused by the
characteristic of vegetation, i.e., the CdLAI.

From Fig. 8, it is found that (a) the effect of CdLAI on radiative
heat power is large for both plume-dominated and wind-driven
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Fig. 9. The predicted radiative heat powerP,,; vs. tanf for different Nc and CdLAL

fires, while its effect is small for transitional fire roughly at Nc = 6
(or 5.6 from a previous study [35]); (b) wind (or N¢) has little
effect on radiative heat power for large CdLAI, while it plays an
important role when vegetation is sparse (CdLAI =0.01); (c) ex-
cluding the data points for N = 2, there seems to exist a rela-
tionship between P,,; and the proposed configuration space, i.e.
Pyaq ~ fiN, CdLAI.

To correlate the configuration space with the radiative heat
power, the first step might be to consider the effect of flame tilt
angle 6 on the radiative heat power P,,4. Fig. 9 is hence provided
in order to correlate these quantities. Because a model correlation
has been proposed for the tangent of the tilt angle 6 and the con-
figuration space {N¢, CdLAI}, tan(0) rather than € is considered in
the figure. The proposed model is again given as,

tan () = 10.76685369¢-0732574CdLAl N -2/3 (15)

A good fitting of Eq. (15) with the predicted data was obtained
for Nc > 10, while data slightly deviated from the prediction for
Nc =6 and the model failed for Nc = 2. Indeed, from Fig. 9, the
black color circled data points for Nc =2 are far from the main
trend of the other points that a best fit model proposed excluding
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those points is given as,
Praq = 5148.793tan"2(0) with R* = 0.89 (16)

The fitting curve is then given separately in Fig. 10 for clarity.
It is noteworthy that the model correlation does not fit the data
mainly for the cases of high {N¢, CdLAI} and low {N., CdLAI} rep-
resenting the two extreme conditions: the {low wind speed, dense
vegetation} and the {high wind speed, sparse vegetation}. These
observations might becaused by the assumption of a constant ¥ 44,
the ratio of thermal radiation to the theoretical heat release rate,
which is more influenced by the two extreme conditions. A proper
calibration of y,,q ~ fiN¢, CdLAI) from experiments may provide
more accurate mathematical correlations since the value of x,qq
changes for the combustion of different fluid/solid fuel type at dif-
ferent conditions [53,54].

Consequently, substituting Eq. (15) into Eq. (16) leads to the re-
lationship between P,,4 and {Nc, CdLAI} given as,

Prad — CzeZCICdLAINg/?: (17)

With C; = —-1.0732574 and C, = 44.41481 following the format
of the derived equation (7).

Indeed, this model correlation P,y ~ f (Ng/3, CdLAl) is not far
from the observation in Fig. 8 that P,y ~ f(Nc, CdLAI). The fitting
curve is then shown in Fig. 11 with completely wrong fittings for
the cases in extreme conditions due to amplified error from sub-
stitution. For moderate {N, CdLAI}, good fitting is obtained.

3.3. Radiative heat flux and general behaviors

Other than discussing the behavior of the radiative heat power
to the entire vegetation layers ahead of the flame front, the radia-

tive heat flux or the irradiance J on the top surface of the vegeta-
tion is presented in Fig. 12. From Fig. 123, it is observed that N¢
has a strong influence on the radiative heat flux across the sparse
vegetation surface (CdLAI = 0.01), while its effect rapidly decreases
for denser vegetation (CdLAI = 0.5). The minimal effect of N¢ for
the case of CdLAI = 0.5 leads to the overlapping of the curves im-
plying that N alone can be used to predict radiative heat flux from
flame body to the majority types of the forest fuel layers as it was
reported that the most forest fuel layers such as needles or shrubs
exhibit CdLAI > 0.5 [13,55]. Moreover, it was widely accepted that
N¢ may be used independently to classify the fire regime transi-
tion defined by the ratio of radiative to convective heat transfer.
For CdLAI = 0.5 in Fig. 12a which is a typical case for forest fire
study, the little effect of Nc on the radiative heat flux indicates that
the N¢ is mainly responsible for changing convective heat transfer
to the vegetation, and therefore changing the ratio of radiative to
convective heat transfer. For CdLAI < 0.5 often for small scale litter
fires, both radiative and convective heat transfer are influenced by
Nc.
On the other hand, Fig. 12b explicitly demonstrates the effect
of CdLAI on the radiative heat flux across unburnt vegetation un-
der different wind conditions. For N = 20 representing low wind
power, increasing CdLAI leads to the shift of the peak irradiance
to the right (downstream); while as N decreases, this observation
is reversed that the peak irradiance shifts more to the left (up-
stream) following the decrease of N¢ from 10 to 2. It might be
interesting to know what do the peaks represent and does it in
some extent relate to the validity of the model correlations pro-
posed in Sections 3.1 and 3.2. A first implication is that the posi-
tion of the peaks is a result of local heat release rate within the
flame body, and hence it may also be related to the stochiometric



fuel/air ratio and further the fraction of impinging air entering the
flame.

Fig. 13 shows the temperature contour plots of the fires. The
stochiometric fuel/air ratio and the vegetation are labeled with
the white solid line. The former one has an irregular shape and
is referred to as a stochiometric line in the following discussion,
and the latter one has a rectangular shape with the top sitting at
Y = Hr = 0.05m. Interestingly, the intersection points between the
stochiometric line and the vegetation top reflect almost exactly the
position of the irradiance peaks observed in Fig. 12.

However, it is also noticed that the stochiometric line can-
not always go beyond the surface top that for cases such as
{Nc = 6, CdLAI = 0.01} and {Nc = 2, CdLAI = 0.01}, no intersection
points can be observed. These configuration spaces are the low
{Nc, CdLAI} cases discussed in Figs. 10 and 11 where most inac-
curate fittings were found. Practically speaking, whether the sto-
chiometric line can go beyond the vegetation surface or not relates
strictly with the fraction of impinging air into the flame. Because
the fraction of entrainment within the vegetation layer is not con-
sidered into the model correlation of Eq. (17) due to the fact that
the equation inherits the features of Eq. (15) for the flame tilt angle
defined above the vegetation, the above observation has essentially
explained why the two proposed mode correlations does not fit all
available fire data.

4. Conclusion

This study was motivated by the lack of knowledge on how
does vegetation characteristic (defined as CdLAI in the present
study) may affect the small-scale fire regime transition and heat
transfer mechanism. Previous studies have highlighted the role of
Byram convective number N¢ on describing the behavior of ‘free’
fires, i.e., fires without vegetation around (for pool fire) or with-
out vegetation property distinguished (for wildland fire) [4,6], the
responsibility of vegetation property on fire behavior were hence
remain unclear. The flame models established based on these fires
may result in inaccurate large- and giga-scale fire modeling due
to wrong ‘prior’ flame shape estimated from 6 ~ wind speed [56].
An accurate flame model considering the role of vegetation char-
acteristics is essential to extend the limit of validity of large-
scale fire models. Therefore, the present work first discussed the
non-ignorable effect of the vegetation characteristics on the flame
tilt angle and the radiative heat transfer, and then proposed new
model correlations for predicting these two quantities using a con-
figuration space {Nc, CdLAI}. The main results are summarized as
follows:

o Two previous experimental based flame tilt angle models by Hu
et al. [51] and Nelson et al. [3] are found to have similar per-
formance for Nc < 10. For Nc > 10, the model correlation by
Nelson et al. fits with the predicted flame tilt angle mainly for
small CdLAI Neither of the models can be extensively used for
different types of vegetation characteristics due to lack of con-
sidering CdLAL

e For Nc > 6, a new flame tilt angle model is proposed as
tan(6) = C,e2CiCdLAl ><NC‘2/3 with C; being positive, ie., flame
tilt angle is directly related to CdLAI while inversely related to
Nc.

o A new model for radiative heat power reaching the vegetation
ahead of the flame front is proposed as P4 = Czezclc"L"‘INg/3
with C; being negative, i.e., radiative heat power is reversely
related to CdLAI while directly related to Nc.

o The radiation model is valid for moderate {Nc, CdLAI} primarily
due to the role of CdLAI on changing the fraction of impinging
air into the flame above the vegetation layer, and may also be
a result of the constant x4 used for prediction.

e Overall, the present work showed the importance of consider-
ing the vegetation characteristic in the flame models that the
proposed model correlations based on the configuration space
{Nc, CdLAI} should be used for large- or giga-scale flame mod-
eling instead of the more classical free fire model correlations.
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