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ABSTRACT

This paper is one of a series on brand lofting and propagation. Here, spherical brand
propagation in a constant ambient wind is addressed. Maximum propagation distances
are calculated for wooden brands with diameters up to 0.18 m, which are lofted above
axisymmetric pool fires with heat release rates, Qo, between 1 MW and 3 GW. Winds of
1.8 m/s &le; Uw &le; 92 m/s are considered. A maximum propagation distance equation is

developed as a function of Qo, Uw and wood type, or &beta;. Cedar brands (&beta; = 1), lofted by
fires with Qo = 1 MW, 50 MW and 1 GW, travel a maximum of 49 m, 290 m and 1100 m,
respectively, in 10 m/s winds before landing at burn out. Brands between a "collapse"
diameter, dcol = 0.49 Q00.269 &beta;0.782, and a maximum loftable diameter, do,max = 0.454 &beta;
Q00.04, propagate the same maximum distance, since the larger brands move slower and
therefore have more time to combust. Hence, only brands with 0 &le; d &le; dcol need be
studied for given Qo, Uw and &beta;.

INTRODUCTION

Spot ignition by burning brands far ahead of the
flame front of large fires is an important mecha-
nism for fire spread in post-earthquake and
urban/wildland intermix fires1. The
20 October 1991 Oakland Hills Fire quickly over-
whelmed fire-fighting efforts, in part due to the
propagation of flaming brands hundreds of
meters ahead of the fire front. Brand propaga-
tion from large fires is a complex problem. Impor-
tant issues include time-dependent wind and
plume velocity fields, brand size and shape distri-
butions and combustion rates, and terrain
effects. Although spotting has received consider-
able attention in the forest fire community,&dquo;
little research quantifies brand transport from
burning structures. This paper provides maxi-
mum propagation distances for spherical brands
lofted from large, single-plume fires above burn-
ing structures. Ambient wind, the propagation
medium, is assumed to be constant and horizon-
tal and the terrain is assumed flat. Equations
for the upper limit of brand sizes and propagation
distances are determined as functions of heat
release rate, wind velocity, and brand and air
properties. This is a companion paper to the
authors’ previous article’ on brand lofting, which
appeared in the Proceedings of the 2nd Interna-
tional Conference on Fire Research and Engi-

neering (ICFRE2). Previous studies by Tarifa, et
al.,1,a and Lee, et al.,9,lO assume a constant vertical
velocity for lofting calculations with particles
released at arbitrary heights. A more accurate
axisymmetric pool fire plume flow fieldll has
been used to determine the optimum lofting
height for downwind propagation .6 The limita-
tions in brand shape enable comparison to the
literature;7,1 subsequent work will explore multi-
dimensional shapes and large-eddy-simulation
plume models. This paper is divided into four
sections: Analysis, Results, Numerical Examples
and Conclusions. In Analysis, the lofting, com-
bustion and propagation equations are developed
from a brand momentum balance. Dimensionless
Results of these equations are presented in the
next section. Numerical Examples provides both
curve fits of the predictions and dimensional cal-
culations for representative fire cases. The Con-
clusions section summarizes the results and sug-
gests future work.

ANALYSIS

Force Balance
Conservation of brand momentum&dquo; is

where V is the particle velocity with respect to
ground, Fi are the forces on the particle, and m
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is the mass. A spherical body in a velocity field
is affected by two forces: drag and gravity. The
gravity force is

where g is the acceleration due to gravity and
k indicates that the force acts in the vertical
direction. The drag force is

where A~ is the cross-sectional area of the brand,
p. is the density of air, Cd is the drag coefficient,
and W is the velocity of the flow relative to the
particle, W m U - V. The drag force acts in the
direction of W with a strength proportional to
the square of IWI. With the above, in cartesian
coordinates, Eq. (1) becomes a 3-D extension
from previous analyses:6

In Eq. (4), the change in momentum for the
z-direction offsets the drag and gravity forces;
momentum change balances drag in the horizon-
tal plane. If the prevailing winds are assumed
to be steady and irrotational, prudent selection
of axes reduces the problem to two dimensions
in x and z. Schematics of the brand, coordinates
and forces can be found in Fig. 1.

With time-dependent particle mass and velocity,
the particle acceleration is

with the wind acting in the x-direction. In this
study, the brands are modeled as spheres to
employ the available literature for both Cd and
temporal size change. The mass and cross-sec-
tional area of a sphere, m = (,ndlp.)/6 and Ac

Figure 1 a. Force balance on a brand in a velocity field
along the plume centerline, where horizontal velocities
are assumed to be zero.

= (vd2)/4, are introduced into Eq. (5), where p.
is the homogenized density of the particle and d
its diameter. The accelerations become

The first term on the right-hand side of Eq. (6)
is the acceleration of the particle due to drag.
The second term expresses the acceleration from
the change in particle mass with respect to time
(dd/dt < 0), assuming constant brand density.
The additional term in the z-direction accounts
for deceleration due to gravity.

Velocity Field
Several models quantify the fire plume velocity
field,ll,la-ls each applicable to different conditions.
This study uses a slightly modified version of the
Baum and McCaffrey plume model. 6,11,13 In this
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Figure 1 b. Force balance on a brand in a constant ambi-
ent wind acting along the x-axis only.

model, the plume is divided into three vertical
sections, corresponding to burning, intermittent
flame and plume zones. The centerline velocity is

were

Qo is the rate of heat release for the fire and pa,
cp and To are the ambient density, specific heat
and temperature. With zero initial brand veloc-
ity, the lofting problem collapses to one dimen-
sion in z. The relative velocity within the plume is

For this paper, the brand follows the (assumed
vertical) plume centerline velocity in the lofting
phase,6,13 and is removed from the plume at that
height which results in maximum propagation
- removal at greater heights results in burn-
out above the ground and at lower heights in
smaller propagation distances - to be immersed
in the horizontal velocity field of the ambient
wind. After the brand is removed from the plume,
it is subjected to a horizontal velocity field. The
ambient wind near a fire varies greatly depend-
ing on terrain, time of fire, and atmospheric con-
ditions. In general, wind is a function of height
and time.6,7,17 To provide limiting cases for the
propagation of burning brands, a high-velocity,
constant, horizontal wind is used for this study.
Tarifa, et al.7,s used this approach &dquo;for simplicity,
and because of the lack of actual data.&dquo; The rela-
tive velocities outside of the plume are

where Uw is the constant velocity of the ambi-
ent wind.

Supplementary Models
The burning-droplet problem models a spherical
fuel particle combusting in an oxidizing, quies-
cent atmosphere and can be adopted as a crude
first approximation for wooden brands. This
model is the most realistic of the three used in

previous work’ and it exploits spherical symme-
try. Future work with various brand shapes will
examine the complete set of aerodynamic forces
and will incorporate forced convection effects on
the combustion rate. A companion program is
underway to quantify brand combustion rates in
a low-speed combustion wind tunnel for a wide
variety of brand shapes. The diameter regression
rate from droplet burning is an underestimate
because of the effects of forced convection.

In keeping with experimental data (e.g., Tarifa,
et al. 7,8), the wood is assumed to be a homoge-
neous solid. In addition, it is assumed that the
brand’s relative velocity is sufficient to remove
ash from surface combustion and that the radia-
tive and convective heat losses balance with the

energy generation provided by combustion.
Brands that extinguish when these assumptions
do not hold do not present a spotting risk. Adjust-
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ment of B or p. may account for a small layer of
ash. The regression rate of the spherical brand
diameter is

where a is the thermal diffusivity of air and B
is the mass transfer number for wood, here
assumed to be 1.2. 6

The drag coefficient, Cd, primarily depends upon
Reynolds Number and body shape. There are
numerous equations in the literature correlating
Cd(Re) for spheres near terminal velocity; 18-21
that of Haider and Levenspielzl is accurate for Re
< 2.6 X 10’. Examination of the drag coefficient6
reveals that a constant may suffice for spherical
bodies. Cd = 0.45 is accurate to within five per-
cent for 1.2 x 104 < Re < 2.6 x 105 and will be

adopted throughout this paper.

Initial Conditions
The problem has five dependent variables, VZ,
Vx, d, x and z and one independent variable, t.

Up is a function of z, from Eq. (7), and thus is not
a separate dependent variable; Uw is assumed
constant. The velocity, acceleration and propaga-
tion distance of the brand are assumed to be zero
at t = 0 and the density and diameter of the
brand are known initially; only the initial height
is not known a priori.

For each initial diameter, do, there is a unique
initial height, z., in the Baum-McCaffrey plume
model below which the brand will sink because
the gravity force exceeds drag. Brands and non-
combusting particles are lofted at the heights at
which the wind velocity exceeds their terminal
velocity. With the brand and wind velocities ini-
tially zero, W = Upk, which is always positive.
Equation (6), at t = 0, reduces to

where dV7/dt = 0 is an initial condition.
Equation (12) identifies the minimum height at
which the plume can support a spherical particle
of a given diameter. Substituting for the fire
plume centerline velocity, Up = 2.13 Uc (z~/z~)&dquo;2,
and solving for Zo gives the initial brand height as

Solving Eq. (12) for d when the plume velocity
is maximized (Up = 2.45U~) gives the maximum
loftable diameter,

Non-Dimensionalization
Maximum information, in terms of a minimum
number of parameters, is extracted from equa-
tions that are dimensionless with respect to the
appropriate characteristic quantities for each
variable.22 The equations to be non-dimensional-
ized are

,--/

with dd/dt given by Eq. (11). Note that dp,/dt = 0
is assumed. The boundary conditions are V(t = 0)
= 0, d(0) = do, z(0) = Zo = (l/2.13)~(z/U~)(4/3)(dg/
Cd)(P/Pa) and x(0) = 0. The dimensionless vari-
ables are defined as

where Dc and Zc are defined by Eq. (8), t, =
zc/uc~ x = Ue tc = z,, and Cd = 0.45. Dc remains
to be determined.

Substituting Eqs. (16) into Eqs. (15a and b) gives

from which the characteristic diameter is
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(This characteristic diameter is equal to (3Cdd,)/
(4p*) in Ref. 6.) The dimensionless brand acceler-
ation equations become

The dimensionless brand diameter regression
rate, from Eq. (11), is

is a burning parameter based on the droplet-
burning equation. (D absorbs the fire size and
wood and air properties for the diameter regres-
sion rate. The equations for height and distance,
from Eqs. (15c and d) become

Equations (19, 20, and 22) must be solved simul-
taneously, where W&dquo;‘ is

in the plume and

for propagation. The dimensionless initial condi-
tions are iF(0) = it(0) = 0, z°(0) = z:, x°(0) =
0, and D*(0) = D§) where z§ = 0.22D§ from
Eq. (13). The maximum loftable diameter, from
Eq. (14), is D:,max = 6.

The terminal velocity of brands larger than

D§,max is greater than the maximum plume veloc-

ity. These brands will fall either to the ground
or until they meet three conditions: D* :!5 D:,max,
z* ~ 0.22D*, and V* = 0. The former case poses
no spotting risk. The latter mirrors the initial
conditions for the brands of this study - the
slight variations do not lead to appreciable differ-
ences in lofting height’ - and thus no new infor-
mation is gathered. Characteristic quantities for
a range of heat release rates can be found in
Table 1.

RESULTS

The propagation results for spherical, combust-
ing brands with burning-droplet regression rates
are presented in this section. Details of the loft-
ing calculations for combusting brands can be
found in Ref. 6. Lofted particles are removed from
the plume at the height (as shown here in
Figs. 4a and 4b) that maximizes the spotting dis-
tance. Brands released from greater heights com-
pletely combust in the air, with no spotting risk;
lower heights result in shorter propagation dis-
tances.

The dimensionless regression rate depends
inversely on both the dimensionless diameter,
D*, and the dimensionless burning parameter,
4J; thus, the diameter decreases faster the
smaller the diameter. The temporal decrease in
brand diameter during the propagation phase
is shown in Fig. 2, parameterized in the initial
dimensionless diameter, D*, for 4J = 200, and in
Fig. 3, parameterized in 4J for D* = 5. At removal
from plume, the brand size for maximum propa-
gation is inversely related to 4J for a given initial
brand size and wind velocity. Brands with larger
4J propagate farther due to their lower diameter
regression rate.

For sufficiently large brands during lofting, the
acceleration equation,

is dominated by the drag and gravity terms (the
first and third terms on the right-hand side of
Eq. (25)). The brand velocity and acceleration
decrease (when the brand enters the thermal
plume zone as shown in Figs. 12 and 15 of Ref. 6)
until these two terms are nearly in balance.
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Table 1. Example Values of Characteristic Quantities

Figure 2. Dimensionless diameter as a function of
dimensionless time; (D = 200 and Do as noted.

Figure 3. Dimensionless diameter as a function of
dimensionless time; Do = 5 and (D as noted.

As the brand size decreases, the middle term
in Eq. (25) becomes significant. This combustion
acceleration acts with the drag term to increase
the brand acceleration, overcoming the gravity
term. The diameter at which this effect occurs is

usually smaller than the diameter at which the
brand is ejected from the plume for maximum
propagation.

An interesting result from these calculations is
the existence of similarity for large brands, i.e.
those greater than some critical collapse diame-
ter, D~1. All brands with Da < D* have the same
maximum lofting height and the same propaga-
tion distance because they burn down to the same
size at the same height at some point during
their lofting history. Once two brands have the
same diameter and height at any one point, they
are identical at all future times. The larger
brands rise more slowly and therefore have more
time to combust. This results in the plateau
shown in Figs. 4a and 4b. Figure 4a shows the
maximum lofting height, Zmaxjoft, as a function of
Do* and (D. The curves can be fit to within an
average 10% by the expression

A similar plateau can be seen in Fig. 4b, where
the maximum propagation diameter is shown as
a function of Do and (D. These curves are also fit by

to within an average 15%, where the tanh func-
tion is suggested by the large Do similarity. The
brands are ejected from the plume at the height
that enables the brand to travel the farthest dis-
tance while still landing with a mass approach-
ing zero. Thus, the curve for z2_pmp will follow
that for z*max,loft-
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Figure 4a. The maximum loftable height as a function
of initial dimensionless diameter is constant for Do <

Do. The brands that satisfy this condition all have the
same maximum altitude for a given <1>.

Figure 4b. The maximum propagation height as a func-
tion of initial dimensionless diameter is constant for Do
> Do. The brands that satisfy this condition have the
maximum propagation range for a given <1>.

The collapse diameter is an inverse function of
<1>, as shown in Fig. 5. The brand regression rate
is likewise an inverse function of <1>; this influ-
ences brand lifetime, as shown in Fig. 3. Brands
with larger (D combust slower, and thus can be

Figure 5. Dimensionless collapse diameter as a function
of (D. Spherical particles with initial dimensionless diam-
eters greater than the collapse diameter for a given (D
propagate no farther than a sphere with Deoh given the
same <1>, Ul, and initial conditions (except diameter).

Figure 6. The maximum loftable height with respect to
O is given by the dashed line. The maximum propagation
height with respect to (D is given by the solid line. The
loftable height is independent of ambient wind, and the
propagation height varies with wind speed by less than
7% over the range 0 ~ Ul S 6.

of smaller size before they must propagate to
return to ground with finite size; thus, a larger
<1> corresponds to a smaller D(~i.

Figure 6 provides the upper limit for loftable and
propagation heights as functions of (D. The



39-

increase in height with 4J approaches the 2/5th
power; this would indicate a dependence on fire
size approximately to the 1/4th power.

The maximum loftable height for a given brand is
independent of ambient wind due to the assumed
independence of the lofting and propagation
velocity fields. The maximum propagation
height, however, varies slightly with wind speed
for a particular particle due to the dependence
of drag on W. This variation is less than 7% over
the range studied (0.3 ~ U*, ~ 6).

The brand height as it propagates downwind is
shown in Fig. 7, parameterized in D* 0 for (D = 200
and Uw = 3. A brand with Do = 1.5 has a maxi-
mum propagation distance only slightly less than
a brand with D* = 5 (D~1 for 4J = 200). Fig. 8
gives the same information, but parameterized
in 4J for D* = 5 and U~ = 3. Fig. 9 shows the
ratio of dimensionless propagation distance to
horizontal wind as a function of burning parame-
ter, parameterized in U~ = 0.3, 0.6 and 6. For
u: > 3, these plots approach a single curve.

This study, unlike previous work,6.13 assumes
that the Cd = 0.45 for a sphere, rather than a
function of Reynolds number. This assumption is
valid within 5% for 1.2 x 104 < Re < 2.6 x 10~,
where Re = (d ~W~)/v. As a brand burns up, how-

Figure 7. Dimensionless height with respect to dimen-
sionless propagation distance for (D = 200, Uw = 3,
and Do as noted.

Dimensionless Propagation Distance, x*
Figure 8. Dimensionless height with respect to dimen-
sionless propagation distance for Uw = 3, Do = 5, and
O as noted.

Figure 9. Dimensionless propagation time as a function
of 4>, where Uw = 0.3, 0.6, ..., 6. The curves collapse
for Uw.

ever, Re - 0, so that the calculations using a
constant Cd for all Re must be assessed. A com-
parison of the propagation path for identical
brands introduced into the two models (Cd = 0.45
and Cd = Cd(Re)) is given in Fig. 10. For 4) = 200,
the Reynolds number ranges from 2 x 104 to 0
over the life of the brands in this figure. (For
4J = 1100, 0 < Re < 1.2 x 105 for the same initial
dimensionless brand size). Note that the brand
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Figure 10. Dimensionless height as a function of dimen-
sionless propagation distance for Uw = 3. The dashed
line indicates current study (Cd = 0.45, Do = 3.9, ~
= 200); the solid line illustrates previous works~’3
(Cd(Re), do = 10000, p’ = 1/7600, B = 1.2, Pr = 0.7).

for the current study exits the plume at a greater
height, but travels the same distance. The drag
coefficient, and, therefore, drag, in the previous
study is smaller prior to propagation initiation,
which results in a lower initial propagation
height. This coefficient increases as the Reynolds
number decreases with diameter, so that the
drag force increases with respect to the current
study as the brand combusts.

NUMERICAL EXAMPLES

This section addresses the professional needs of
the practicing engineer by providing dimensional
numerical examples of typical brand propagation
cases to assist in the development of practical
intuition. These brand propagation results, with
a Baum-McCaffrey lofting plume, suggest that
there is a limiting maximum loftable initial
diameter, Do = 6. In dimensional terms,

where the symbols are defined in the notation,
Cd = 0.45, and (3 is a correction factor, shown in

Table 2. Cedar spheres (pg = 315 kg/m3) will be
used for the dimensional examples of this
section. For a 1 MW fire (4J = (Di = 20),
d.,max = 7.2 mm; for a 50 MW fire ((D = (D2 = 200),
do,max = 34 mm; and for a 1 GW fire (4J = ~3 =
1100), d(,,m. = 0.11 m. (See Fig. 11.) These are
the heat-release rates for a small pool fire, a fully-
involved house fire, and the early stages of the
Oakland Hills’ Fire of 1991. Using cedar as a
reference wood, 4) can be determined from
Eq. (21) for a variety of wood types,

The &dquo;collapse&dquo; diameter, above which all diame-
ters have the same propagation distance, can be
calculated from

to within 3% of values calculated from simultane-
ous solution of Eqs. (19, 20, and 22) for 20 < (D
< 2100. In dimensional terms, this translates to

where dcol is in mm and Q. is in kW. Qo < 3 GW

for all applicable dimensional equations in this
section. For the three fires above, deal = 3.1 mm,
9.0 mm, and 20 mm, respectively. See Fig. 11.

For D~ ~ D~o¡’ the maximum dimensionless lofting
height is only a function of 4J. The data fits the
equation,

This formula, valid to within 2% for 20 < (D

< 2100 and D(*, ~: D~1, is more accurate than that
given by Eq. (26) for the specified diameters. For
cedar spheres, the maximum lofting height is

where zmag;,aft is in meters. For the three fires

above, zmw,,ft = 24 m, 270 m and 1700 m.

Similarly, the maximum dimensionless propaga-
tion height for Do >_ D~l fits

which is valid to within 7.5% for 20 < 4J < 2100,
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Table 2. Correlation Factors four (D

u; < 6, and Do* ~~! Dc*ol, and thus is more accurate
than Eq. (27) for the specified diameters. For
cedar spheres, the maximum propagation
height is

where zm~,Prop is in meters. For the three fires

above, Zmax,prop = 16 m, 190 m and 1300 m. The

equation is valid for constant Uw < 4.62 Q~5,
where Uw is in m/s. Uw < 18 m/s, 40 m/s and 73 m/s
for the three cases examined in this section.

Figure 9 suggests the following fit to the maxi-
mum dimensionless propagation distance as a
function of dimensionless wind velocity and
burning parameter:

In the range 20 < (D < 2100, these fits are accu-
rate to within 5% for 0.3 ~ LT*, -5 3 and within
7% for 3 < U,*, -5 6, and enable quick calculation
of the maximum dimensionless propagation dis-
tance without simultaneously solving Eqs. (19,
20, and 22) over 0 ~ t* < 4. In dimensional terms,

where

With Uw = 10 m/s, Eq. (38) gives xmax = 49 m,
290 m and 1100 m for cedar spheres launched
above fires with respective heat release rates of
1 MW, 50 MW, and 1 GW. Figure 12 shows the
maximum propagation distance, Xmax, as a func-
tion of Qo, parameterized in horizontal wind,
where the propagation distance increases para-
bolically with Qo. Figure 13 shows Xmax as a func-
tion of horizontal wind, parameterized in Qo. The
variation in the ranges of Uw for each Qo results
from the limits on U~, where 0.3 ~ U*w --5 6 for
this study.

CONCLUSIONS

Brand momentum conservation was used to
determine the maximum propagation distances
of spherical wooden brands lofted above an axi-
symmetric pool fire in a constant, horizontal
wind.6 Brand diameters were assumed to
decrease in the manner of burning liquid fuel
droplets. Simultaneous solution of equations was
performed on brand velocity and position equa-
tions in the horizontal and vertical directions,
along with diameter regression rate, for a range
of dimensionless initial diameters (0 <_ D: :5 6),
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Figure 11. Maximum loftable diameter and collapse
diameter as a function of heat release rate for cedar
spheres.

burning parameters (20 S 4J S 2100), and ambi-
ent winds (0.3 < U*, <6). These dimensionless
results were also presented in dimensional form
for cedar brands, along with correction factors
for other wood types.

Future work will implement an improved burn-
ing model incorporating forced-flow combustion
for multiple brand shapes. Experiments in a low-

Figure 12. Maximum propagation distance as a function
of heat release rate for cedar spheres in ambient wind
as noted. The initial diameter of lofted spheres for a
given Qo is greater than or equal to the corresponding
collapse diameter.

Figure 13. Maximum propagation distance as a function
of horizontal wind for as noted. Due to range of dimen-
sionless horizontal wind studied, 0.3 < Uw < 6, minimum
velocity increases with Qo (Uw = fn(Qo))

speed combustion wind tunnel are currently
underway to determine combustion models for
disk-shaped and cylindrical brands. These burn-
ing brands will be inserted as Lagrangian parti-
cles in large eddy simulation models, developed
at NIST by McGrattan, Rehm, and Baum23-2s to
describe the interaction of the flow field above
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large fires with complex terrain and ambient
winds. The effects of brand size and shape distri-
butions will be incorporated.

ACKNOWLEDGMENTS

We are grateful for the financial support pro-
vided by the Building and Fire Research Labora-
tory of the National Institute of Standards and

Technology, U.S. D.O.C., under Grant
No. 60NANB3D1438, and by a student grant
from the Educational and Scientific Foundation
of the Society of Fire Protection Engineers.

NOTATION

K Cross-sectional area (m2)
B Mass transfer number

cp Specific heat of air (J/kg K)
Cd Coefficient of drag
d Diameter (m)
D Dimensionless diameter
F Force (N)
g Gravity (m/s2)
G Modifier for Eq. (38)
k Unit vector in z-direction
m Particle mass (kg)
Qo Rate of heat release for the fire (kW)
Re Reynolds Number
t Time (s)
To Ambient temperature (K)
U Velocity of surroundings (m/s)
V Vector-valued particle velocity relative

to ground (m/s)
V Scalar particle velocity relative to ground

(m/s)
W Vector-valued relative velocity of brand

to its surroundings (m/s)
W Scalar relative velocity of brand to its

surroundings (m/s)
z Vertical height of particle (m)

Greek
a Thermal diffusivity of air (ml/s)
p Correction factor for wood

y Modifier for Eq. (36)
v Kinematic viscosity of air (m2/s)
p Density (kg/m3)
4J Droplet parameter

Superscript
* 

Dimensionless variable

Subscripts
a Air

b Burn-out
c Characteristic constant
d Drag
g Gravity
loft Lofting
max Maximum

o Initial

p Plume

prop Propagation
s Sphere -

w Ambient Wind

x, y, z Cartesian coordinate direction
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