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ON THE FLIGHT PATHS AND LIFETIMES OF BURNING PARTICLES

OF WOOD

C. SANCHEZ TARIFA, P. PEREZ DEL NOTARIO, AND F. GARCIA MORENO

Instituto Nacional de Técnica Aeroespacial “Esteban Terradas’, Madrid, Spain

Results of a research program on the burning properties, flight paths and lifetimes of burning
particles of wood are given in the paper. This study is related to fire spread produced by fire
brands, which is the dominating propagation mechanism in major forest fires,

The laws of variation of the aerodynamic drag and weight of firebrands as functions of both
time and relative wind speed are obtained experimentally in a wind tunnel. From these data the
flight paths and corresponding lifetimes of the firebrands are calculated for giving horizontal
wind conditions and for a certain model of the convection column above a fire.

The conclusion was drawn that it is an excellent approximation to assume that the firebrands
always fly at their final or terminal velocity of fall, This assumption considerably reduces the
experimental work as well as the theoretical studies.

The results obtained permit the valuation of the dangerous areas of possible fire propagation.
Comparative results of the potential danger of firebrands according to size, shape, kind of wood,
moisture content, and wind conditions are shown.

A preliminary study of the general laws governing combustion of wood with forced convec-

tion is also included.

1. Introduction

In high-intensity forest fires the dominating
fire propagation mechanism is the transport of
burning embers or firebrands ahead of the fire
front. Burning pieces of wood are carried aloft
by the convective air currents, and then they
are carried forward by the winds.

Showers of thousands of burning embers
ignite large areas ahead of the fire. This phe-
nomenon, called spotting, is one of the worst
characteristics of major fires, increasing their
intensity and making fire suppression much more
difficult.!

In extremely adverse conditions some fire-
brands can be carried up to very high altitudes,
and then they may ignite secondary fires several
kilometers from the main fire front. These sec-
ondary fires are very dangerous and they are
very difficult to prevent and suppress.

The present work is a contribution to the study
of the burning characteristics and flight paths of
firebrands. Particles of several kinds and shapes
of wood were burned in wind tunnels; the
variations of their weight and aerodynamic drag
were recorded as functions of time. From these
data can be calculated the flight paths and
burning-out times of the firebrands under given
wind conditions, as well as the maximum dis-

tance that may be reached by the firebrands still
burning.

These results permit the evaluation of the
dangerous areas of possible fire propagation and
give comparative results of the potential danger
of firebrands according to size, shape, kind of
wood, and moisture content.

These works are part of a research program??
carried out at the Instituto Nacional de Técnica
Aeroespacial, Madrid. This research program is
being sponsored by the Forest Service of the
United States Department of Agriculture, under
a five year Grant.

2. Fundamental Equations

The motion of firebrands was studied by
assuming that they behave as a point mass, and
the aerodynamic drag assumed to act in the
opposite direction to the motion of the center of
gravity of the firebrand.

On these assumptions, the two-dimensional
motion of a firebrand of mass m moving at the
absolute velocity V(z, y, ¢) within a wind
u(z, y, t) is governed by the following system
of differential equations:

S = —lpCpdut Z (1)
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In these equations w(z, y, ¢) is the relative
velocity of the wind with respect to the fire-
brand, Cp is the aerodynamic drag coefficient,
p is the air density, and A is the maximum cross
section area of the firebrand.

Considering constant wind conditions, we find

dw,/dt + £ (pCpA/m)ww, = 0 3)
dwy/dt + (pCpA/m)wwy, — g= 0. (4)

Since the particle is burning, its mass, cross
section area, and drag coefficient are functions of

both time and relative wind speed.
Therefore, parameter

a= pCpA/2m

is a function of w and i.

The problem lies in the integration of System
(8)—(4), in order to obtain the flight paths of the
firebrands by means of the expressions

¢
X=/ (up — wy) dt,
0

(5)

(6)

Y=/0° (g — wy) dt. )

Function a(w, t) has to be determined ex-
perimentally. Burning-out time & (w, t) is also

Arm Supported by o Two~Components
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experimentally obtained. This burning-out time
may be longer or shorter than the time #; re-
quired for a firebrand to reach the ground.

In the first case, the firebrand reaches the
ground while still burning, and in the second
case, the firebrand burns out in the air. When
t» = t;, the maximum horizontal range of possible
fire propagation is reached.

3. Research Facilities

In order to determine functions «(w, ¢) and
t(w, t), the experimental procedure was se-
lected that consists of burning particles of wood
in a wind tunnel; the weight and the aerodynamic
drag of the firebrand were recorded as functions
of time.

Two wind tunnels were designed and con-
structed to carry out the research program. One
of the tunnels (Fig. 1) is a suction-intake wind
tunnel in which the air speed is controlled by

“means of lateral-air intakes and with a throttle

valve. In this way wind speed can be varied
from 0 to 40 m/sec. The particles of wood were
suspended with a thin steel wire at the test
section. The particle was ignited with the flame
of a butane torch and the weight and the aero-
dynamic drag recorded as functions of time by
means of a two-component strain-gauge balance
and with a four channel pen-recorder Micro-
graph. The variation of the size of the firebrand
was recorded by taking photographs during the
combustion process.

Stroin Gauge Balance

Steel Wire

Firebrand

FCalibrated Nozzles
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Fie. 1. Diagram of the horizontal wind tunnel. Another similar wind tunnel, but vertical, was also
utilized.
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Tests were carried out at constant or at variable
wind speed.

The second tunnel is similar to the one de-
seribed, but it is placed in a vertical position
with the intake section down. This wind tunnel
was placed in this way in order to facilitate the
tests in which the wind speed is to be kept con-
tinuously equal to the terminal velocity of fall of
the firebrand.

Wind speed was continuously reduced as the
firebrand burned, in order to keep the steel wire
(which holds the firebrand) in a horizontal
position. In this way, the aerodynamic drag of
the firebrand was kept equal to its weight
throughout the combustion process.

Similar tests at the terminal velocity of fall
can be performed in the horizontal wind tunnel,
equalizing the recorded values of the weight and
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the aerodynamic drag of the firebrand by re-
ducing continuously the wind speed.

4. Experimental Results

The research program comprised the study of
different types of firebrands. Their size, shape,
kind of wood, and moisture content were the
parameters of the process investigated.

Spherical and cylindrical firebrands of differ-
ent size, and of five kinds of wood, have been
studied so far.

The initial diameters of the spheres were
between 10 and 50 mm. The cylinders ranged from
6 to 15 mm in diameter and from 18 to 36 mm
in length. Firebrands of pine wood (ptnus
pinaster), oak (quercus rubra), aspen (populus
tremuloides), spruce (picea excelsa) and balsa
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Fia. 2. Weight of firebrands as a function of time. Each curve represents the
average values of four or five experiments.
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(ochroma lagopus) have been studied, with
moisture contents ranging from 29, to 25%,.

The firebrands were burned in the wind tunnels
at constant or variable wind speed. Spheres and
cylinders kept their shape, more or less, as they
burned. Since wood is not a homogeneous sub-
stance, results showed considerable dispersion
which made necessary the utilization of average
values (see Figs. 5 and 6).

The cylindrical firebrands were held with their
axis perpendicular to the direction of the wind
during the tests. This is the position of maximum
drag and it is also the position of maximum
stability in a free fall. However, a study was made
of the possible influence of the free motion of the
cylinder on its burning characteristics and on its
aerodynamic drag, and it was concluded. that
the procedure that consists of keeping the
cylinders at rest did not introduce any sig-
nificant error in the study of the flight- and
burning-characteristics of firebrands. [ This study
was made by measuring the free fall times of
cylinders dropped from a balloon at heights of
100 and 200 meters and by comparing these times
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with those calculated by assuming that the
cylinders fall in the position of maximum drag,
The influence of the motion of the cylinders on
their burning-out times was also studied. ]

Some experimental results obtained at con-
stant wind speed are included in Figs. 2 and 3.
They show typical laws of variation of weight,
mean diameter, and aerodynamic drag as func-
tions of time.

When the air speed is low, the firebrands
flame at the initial state of the burning process
and glow from then onwards. At high speed there
was no flaming and all combustion oceurred as a
glowing process.

The weight of the firebrand changed rapidly at
first, and then decreased slowly. Diameters
decreased according to a quadratic law (see
Sec. 8).

5. Solution of the System

System (3)-(4) of differential equations is of
difficult analytical solution, because o« is a
complicated function of w and ¢ Fortunately,
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Fre. 3. Diameter and aerodynamic drag of a firebrand as functions of time,
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there exists an approximated solution which
gives excellent results for the calculation of the
flight paths.

Solution of System (3)-(4) gives the asymp-

totic values:
(We) tro = Wy = 0

(wll) oo =

(8)
9)

By means of numerical integrations of System
(3)-(4), which may be carried out readily with

the experimental values of &, and by means of
approximated analytical solutions of the system

wy = wy = (g/a)}.
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made by taking a constant value of «, it was
promptly verified that velocities w, and w, tend
very rapidly toward their asymptotic values.

In Fig. 4 two representative cases are shown.
It may be seen that in 2 or 3 sec w, and w, are
very close to their asymptotic values. On the
other hand, burning-out time of those firebrands
is of the order of 2-3 min. Therefore, in order to
calculate the flight paths it is an excellent
approximation to assume that the firebrands
always fly at their terminal velocity of fall.

System (3)—(4) can be integrated analytically
by taking a constant value of parameter o
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Considering that
(10)
(11)

—dw,/dt = aww, > agww,

—dw,/dt = aww, — g > agww, — g;

Cwyo > (g/c0)];

2(g/a0)? exp [— (gon)?t]
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upper bounding (majorant) expressions W, and

Wy for w, and w, were obtained by integrating

System (3)-(4) for @ = ay. [The integration

was performed by means of the change of

variable 2 = w,/w. and by assuming w, /w,>>1.]
This resulted in

» W
Ve <o = T Taal F g —

and

Lwy0 — (g/a0)7] exp [—2(gao)¥t]

2(g/o0)i[wy0 — (g/e00)*] exp [—2(gon)’]

(12)

by — (/) T Wy — (/o) =

With these expressions it was promptly
verified that the time required for the firebrands
to reach velocities very close to their aymptotic
values is always very small in all cases of practical
interest,.

6. Flight Paths and Lifetimes

The approximation of taking w, = 0, w, =
wy = (g/a)}, simplifies considerably the ploblem

(9/c0)t + wy,0 —

[ono — (g/a0)] oxp [—2(aoy]” %)

of calculating the flight paths and lifetimes of
firebrands.

Function w; = f(¢t) was directly obtained
experimentally by following the methods de-
scribed in Sec. 3. Several representative ex-
amples are shown in Figs. 5, 6, and 7.

The initial shape of curves w; = f(¢) depends
appreciably on the ignition process, since the
gases of the ignition torch have a lower density
than that of the ambient air. Therefore, when the
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flame is taken out, the terminal velocity of fall
decreases suddenly as shown in Figs. 5 and 6.

The ignition of the firebrand introduced a
subjective factor into the process. In order to
reduce the effect of this subjective factor, igni-
tion times were made as short as possible. In
addition, identical ignition-time values were
assigned to identical firebrands. Fortunately, the
influence of ignition on the flight paths of fire-
brands is not very important.

From the experimental values of function
wy = f(t) the flight paths are immediately
calculated by integrating numerically the Ex-
pressions (6) and (7) for w, = 0, wy, = wy.

The errors introduced in the calculation of the
flight-paths by assuming that the firebrands fly
at their terminal velocities of fall are extremely
small in all cases of practical interest.

The errors of the horizontal and vertical paths
may be defined in the form

7 tf
/ Wy db / Wy dt
0

0
= ~ 14

ty Uy by ( )
f (e — w5) dt
0

€z

t ts
/ (wy — wy) di f (wy — wy) di
0 0

. (15)

€y

oy - t
f (uy — wy) dt uyty — / wy dt
0 0

Taking the expressions of w, and wy given by
(12) and (13) into the above formulas, it can be
verified that these errors are extremely small®
provided that the wind is not too low or the final
time #; not too small, but these cases are of no
practical interest.

A model of the convection column as well as the
wind conditions have to be given to calculate the
flight paths.

Wind conditions above a forest fire can be very
different, as shown in Fig. 8. However, it has been
observed! that in most major fires a low-level jet
wind exists for which the maximum intensity of
wind occurs at or near the ground, as shown in
several wind profiles of Fig. 8.

Convection columns always exist above a well-
developed forest fire. They are of different types,
which are determined by the prevailing wind
conditions.

When there is a jet wind, and the wind de-
creases or has a small value aloft, a vertical or
almost vertical convection column appears which
is called a tower convection column.! If the wind
aloft increases, the convection column curves
gradually towards the direction of the wind.
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When a strong wind-gradient exists aloft the
convection column bends sharply, originating
what is called a “fractured convection column.””!

There are almost no data on the values of the
convective speed within the convection columns,
although vertical velocities up to 100-130
km/hour have been observed in some high-
intensity fires.

No data exists on the variation of such vertical
speed with height in natural convection columns.
Rouse! has shown that convection speed de-
creases as the 3 power of height above a point-
source fire, but it is questionable that Rouse’s
model could be applied to & forest fire.

Once the curves wy = f(¢) was obtained, flight
paths and burning-out distance of the fire-
brands could be calculated immediately for any
type of convection column. However, for sim-
plicity, and because of the lack of actual data,
two simplified models of convection columns
were considered:

The first model considered a vertical convec-
tion column of constant speed. The firebrands
left the convection column at random, thrown
out by turbulence, and then they were picked up
by a constant horizontal wind (Fig. 9).

In the second model, an inclined convection
column of a given width was assumed. The
velocity within the convection column was con-
stant and was the product of a constant hori-
zontal wind and of a constant vertical convective
velocity.

The firebrands were picked up from the
ground and they left the convection column at a
point determined by the initial position of the
firebrand (Fig. 10).

Figures 9 and 10 show some examples of flight
paths of spherical and eylindrical firebrands for
the two models of conveetion columns.

It may be observed that if the firebrand leaves
the convection column at a critical height, it
reaches a maximum horizontal distance while
still burning. It can also be seen that even small
spherical or cylindrical firebrands can reach a
very great horizontal distance while still burning,
showing the potential danger of fire propagation
for adverse conditions (strong winds and intense
convective currents).

7. Results and Conclusions

The more significant results and conclusions,
so far obtained with regard to the burning char-
acteristics and flight paths of firebrands, are as
follows:

1. The flight paths of firebrands may be
studied, in all practical cases, by assuming that
they always fly at their terminal velocity of fall.

2. This simplification permits an easy calcula-
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Fic. 6. Influence of the ignition period on the curves of the terminal velocities of fall of cylindrical
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tion of the flight paths, by means of the experi-
mental data obtained by burning firebrands in
an air flow of velocity continually equal to the
firebrand’s terminal velocity of fall.

3. In adverse conditions the firebrands may
fall, while still burning, at a very great distance
from the fire front.

4. This great distance is reached when the
firebrand remains within the convection column
up to a critical height.

5. The zone of potential danger of fire propa-
gation depends, to a considerable extent, on the
size of the firebrands. The ecritical or more
dangerous size depends, espeecially, on the value
of the convective velocity. Figure 11 shows an
example of how results are influenced by the size
of firebrands.

6. The kind of wood has an appreciable in-
fluence on the process. Figure 12 shows com-
parative results for five kinds of woods. It may
be observed that, of the different species studied,
aspen is one of the most dangerous woods insofar
as maximum range is concerned.

7. The shape of the firebrands is an important
factor in the process. Only spherical and cylin-
drical firebrands have been studied so far. For
like values of the initial terminal velocities of
fall, eylindrical firebrands may reach a greater
horizontal distance. Therefore, they are more
dangerous.

8. Moisture content lengthens the ignition
process, but it does not exert much influence on
the flight paths of firebrands.

9. The free motion of cylindrical firebrands
does not influence, to a significant extent, their
combustion times and flight properties.

8. Combustion of Wood with Forced
Convection

A study was conducted in order to learn the
general properties of the combustion of wood
when forced convection exists.

By burning wood particles of several sizes
and shapes at constant wind speed, empirical
expressions were determined of the laws of
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variation of the diameter and density of fire-
brands as functions of both time and wind speed.
From these expressions it was possible to calcu-
late the terminal velocity of fall of a burning
particle, and then its flight path under given
wind conditions.

These studies give very general conclusions,
especially considering that results may be ex-
pressed in dimensionless form, from which scaling
laws are readily derived.

Only one example is given to show the method
which is being applied, since these studies were
very recently initiated and only a few experi-
mental data are available.

From the experimental data obtained so far,
it appears that the convective combustion at
constant speed of small spheres and cylinders

of wood may be approximated by expressions of
the form (Fig. 13).

Pu/pwo = 1+ n2) (16)
12/ =1 — [(B+ ow)/ré]t; (w= constant).
17)

In these expressions 7, 8, and § are parameters
which depend on the kind of wood and on the
moisture content.

It was observed that, apparently, density does
not depend appreciably on the wind speed and
that the law of variation of the radius is similar
to that of the combustion of liquid spheres.

Assuming that the rate of variation of the
surface area of the firebrand, obtained by
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differentiating Eq. (17),
d(r/re)* = —[(B+ ow)/r]dt  (18)

is the same as that in a combustion taking place
at the terminal velocity of fall; and then taking
into Eq. (18) the value of w given by:

pw T\
w = Wy = Wo )
Pw,0To

(19)
the following differential equation is obtained:
d(r/ro)?

= —[B + dwo(1 + )2 (/r)t] dt/r, (20)

which gives the variation of the firebrand radius
as a function of time when the firebrand flies
at its terminal velocity of fall.

In Fig. 14 the experimental curve w; = f(¢)
and the theoretical curve given by Eq. (20) are
compared; Fig. 15 shows the flight paths ob-
tained from both curves.

It may be observed that the approximation
given by the theoretical curve is fairly good.
However, the burning out time or final point of
curve w; = f(t), obtained theoretically, is
considerably longer than the experimental value.
This is due to the fact that the particles of wood
never burn out down to a zero-diameter in the
wind tunnel, but they always break off from the
wire when they have burned down to a very
small size. Therefore, whereas theoretical results

are probably more accurate in this case, this
discrepancy is not important, since it does not
seem likely that a very small firebrand could
ignite a forest fire.

Nomenclature

Maximum cross sectional area of a fire-
brand

Co Aerodynamic drag coefficient

D Diameter

g Acceleration of gravity

m Firebrand mass

0 “Initial value” (subseript)

r Radius

t Time

b Burning-out time

& Final time, equal to & or ¢,

t Ground time (flight time until the fire-

brand falls to the ground)

u Wind velocity

14 Absolute velocity of firebrand

w Relative velocity of the wind with re-
spect to the firebrand

wy Final or terminal velocity of fall of a
firebrand

X Horizontal axis; also subsecript: 2 com-
ponent

Y Vertical axis; also subseript: y component

a = CpA/2m

Errors in length of the flight path.
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AERODYNAMICS IN COMBUSTION

EXPERIMENTAL RESULTS
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F1c. 13. Empirical approximations of the laws of variation of density and
diameter as functions of time for spherical firebrands.




FIREBRANDS 1035

16 ]

T~ t———————— Theoretical
N0 eem———— Experimentg;
12

\
\
\\
10 \ l

\N *3, H

a -
g8 \‘\ € g{“

w \ 5 @

~ Q.| s

£ N zl ~‘—‘-|

ol — a
=6 < gl £

N = -

N & %’I

\\ ° o

4 51 £
I~ E[ Er

\\ m El

N i ml

~
? \k l
o | |

4 1 2 3 4
Time t, min

]
)
~

F1a. 14 Comparison of the theoretical and experimental curves w; = f(¢) of a
spherical firebrand.
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COMMENTS

Mr. R. Baldwin (Fire Research Station, Boreham
Wood): Figure 2 of the paper shows that, for most of
the lifetime of the particles considered, the rate of
loss of weight is very large. In view of this, it is not
apparent why in Eqgs. (1) and (2) the force on the
particle is not equated to the rate of change of
momentum. If, for example, the particle is con-
sidered as surrounded by a layer of burning volatiles,
the form of the drag force and, in particular, its
dependence on the initial diameter A is not clear.

Dr. C. Sanchez Tarifa: The equation of the rate of
change of momentum has to be applied following the
total mass of a particle or system. When that equa~
tion is applied to a burning particle one has to con-
sider the change of momentum of the solid part
remaining in the firebrand as well as the change of
momentum of the gases exhausted from the fire-
brand owing to the combustion process.

If the obvious assumption is made that the com-
bustion rate is the same all over the firebrand’s
surface, the mean relative velocity of the gases
leaving the firebrand is equal to zero and the change
of momentum of these gases does not appear in the
equation. In other words, if at instant & we consider
the firebrand, and at instant ¢, = # 4+ At the fire-
brand plus the gases resulting from the combustion
of mass Am during the infinetismal time A, we have:

F At = AZ(mV) = mf2Vf2 + Am,, <V)g —_ 7nf1Vf1,

in which F is the total force acting on the firebrand,
my the mass of the firebrand, V, its velocity, Am, the
mass of the gases ejected (equal to my1 — myy), and
(V), the mean absolute velocity of such gases. Since
(V), = Vjy,, we have

F Al = (?T’sz + Amg)Vn —_ 1nf1V/1 = My AV,

from which Eqgs. (1) and (2), of the test, result.

Any possible unsymmetrical combustion would
produce a very minor effect. After all, a firebrand is a
burning particle carried by the wind and not a self-
propelled rocket vehicle.

The aerodynamic drag is that which acts on the
golid part of the firebrand.

é

Prof. M. L. Blackshear (University of Minnesota):
Has Sanchez Tarifa mapped out the blow-off velo-
city for cellulosic material, i.e., the velocity at which
the burning envelope flame is blown into a wake
flame or blown off altogether?

We have found that the dimension of cellulose
cylinders do not change at first, when they burn with
an envelope flame, With this in mind, I would like
to know the reasons for relating weight loss directly
with volume loss.

Dr. A. Broido (U.S. Forest Service): Cellulosic
fuels burn in two processes in relative proportions,
which are a function of inorganic impurities, among
other things. Relatively pure cellulose will, in the
early stages, leave a char with dimensions not too
different from the original sample. With increased
ash content, glowing is increased and the sample is
reduced rapidly to an ash which can be blown off
the sample readily. Thus, the rate at which sample
size changes is definitely a function of the composi-
tion of the sample.

Dr. C. Sanchez Tarifa: We have observed flaming
and glowing combustion in firebrands, but we have
not observed wake flames. We studied wake flames
on the occasion of a regearch program on droplets
burning (The Combustion of Droplets, Influence of
Forced Convection, Contract AF 61(514)-734
C. INTA, 1956), and we found that such type of
combustion only takes place within a very narrow
range of Reynolds Numbers, and that very seldom
does a normal envelope flame change spontaneously
into a wake flame.

We did not record the transition values from
flaming to glowing as a function of the air velocities
or of the Reynolds Numbers, since we were pri-
marily interested in the laws of variation of the
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weight and aerodynamic drag of the firebrand, and
because wood is not a suitable material for studying
any particular combustion phenomenon, due to its
nonhomogeneous characteristics.

Regarding Blackshear’s second question, we

emphasize the combustion of cellulose is not the
same process as combustion of wood. As pointed out
by Broido, if cellulose contains some impurities its
combustion process changes, and the volume of the
sample decreases rapidly as it burns.



