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ABSTRACT

The winds generated at 11:45 a.m. by 38 fires and at 12:00 p.m. by 259 fires for the 20
October 1991 Oakland Hills Fire are simulated using the Baum and McCaffrey mass fire
model. Each house is modeled as having a 50 MW heat release rate at the time of the computa-
tion. For each single fire, the flame tip is 15 m high, the maximum vertical velocity is 16 m/s
and the maximum radial velocity is 2.4 m/s. At 11:45 a.m., for the mass fire the maximum
induced wind is 2.6 m/s. The maximum vertical velocity is 14 m/s. At 12:00 p.m., the maxi-
mum horizontal velocity is 13 m/s. The maximum vertical velocity is 26 m/s. Results indicate
that the strong fire-induced winds at and after 12:00 p.m. contributed to the post-noon decrease
in the fire spread rate in the ambient windward direction.
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NOTATION

Roman Greek

p Specific heat (J/kg-K) 2] Dimensionless temperature difference

D/Dt Scalar operator 3/t +u -V (s P Density (kg/m?)

é Unit vector in the j-direction P Potential function (m?/s)

g Acceleration of gravity (m/sz) b4 Stokes stream function (m/s)

h Hypotenuse (m) 0} Vorticity (s")

k Thermal conductivity (W/m-K) v Gradient (del) operator, & 3/9x + ¢,8/3y +
£,0/9z (m'") !

L, Characteristic length (m) Superscripts

N Number of fires/sources * Nondimensional quantity

p Pressure (Pa) . Quantity per unit time

0, Net total chemical heat release rate (W) v Quantity per unit volume

1. Present address: Building and Fire Research Laboratory, National Institute of Standards and Technol-
ogy, Bldg. 224, Rm. A345, Gaithersburg, MD 20889, USA.
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NOTATION

q" Total chemical power output (W/m?) Subscripts

R Radius of Gaussian profile (m) c Characteristic quantity
R, Fit for the width of the Gaussian profile (m) cl Center-line quantity

r Radial direction (m) i,j Indices

T Temperature (K) [ Ambient condition

! Time (s) r Radial component
U,u Velocity (m/s) X X-direction component
v* w*  Solenoidal and expansion velocity vectors Y Y-direction component
X, Y, Z 1% 2% and 3" cartesian coordinates (m) VA Z-direction component
z Axial direction (m) z Axial component
INTRODUCTION

On Saturday, 19 October 1991, the Oakland Fire Department responded to calls regard-
ing a brush fire between Buckingham Boulevard and Marlborough Terrace. Saturday’s weather
was characteristic for the season: moderate onshore wind during the day, less intense offshore
wind at the night. The temperature was hot (> 25° C) but the relative humidity was above 30%
and the ambient winds were on the order of 3 m/s [1]. By the evening, the fire department was
confident that the fire was out and that the ground was thoroughly soaked. Hose lines were left
in place and fire companies were asked to check the burn area overnight [2,3].

On October 20, at 6:00 a.m., the normal weather pattern was interrupted as winds in
excess of 10 m/s arose from N 35° E and the relative humidity dropped below 10%. These con-
ditions prevailed until 5 p.m. This strong, dry convective current began to dramatically lower
the moisture level of the previously soaked burn area. It also served to further desiccate brush
and trees killed by the unusual freeze of January, 1991. The ambient temperature climbed to
32° C. The few embers that remained buried overnight were by 10:45 a.m. spotting to new
areas of dry fuel. Between [1:15 and 11:30 a.m., extremely rapid fire spread in the windward
direction overwhelmed the capabilities of the four-alarm crews called to help at 11:15. The
swift growth continued until noon. From then on, the fire spread in the windward direction was
not as fast, as is shown in Figs. 1 and 2. The initial brand material came primarily from
Monterey pine, Pinus radiata. About 650 m from the fire origin, the fire engaged a 35 m high
stand of Eucalyptus globulus [1] which quickly became an inferno releasing copious brands.
Once structures became involved, the shakes and shingles they liberated further exacerbated the

flaming brand problem.

The toll from this disaster was high. Twenty-five people lost their lives. 2,334 struc-
tures (3,469 living units) were destroyed. The estimated cost exceeds $1.5 billion. Six million
m? (~ 1,500 acres) of area were affected within an approximate fire perimeter of 8.8 km. The
area has remained scarred for years [1-4].

The purpose of this paper is to calculate, using the Baum and McCaffrey [5] mass fire
model, the fire-induced winds and determine the effect of these winds on the observed fire
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FIGURE 1: The fire spread between 11:00 a.m. and noon was rapid. The trian- FIGURE 2: After noon, spotting in the windward direction was not as dramatic as
gles represent spotting points determined from videos, official reports, and eye- before. The fire eventually burned 6 million square meters of area bounded by an 8.8
witness accounts. Fire brand transport distances were most pronounced in the km perimeter.

windward direction.



spread. In particular, can the model explain why the wind-driven fire spread slowed signifi-

cantly at noon, as shown in Fig. 2?

OBSERVATIONS

After the fire, the coordinates of burned structures were incorporated into a Graphical
Information System (GIS) study using the Global Position System (GPS) {6]. These data pro-
vided points for placing model fires, as is shown in Figs. 3 and 4, within the official California
Coordinate System which is in feet. The fire domain is bounded by X = [1,497,000, 1,507,000)
ft and Y = [491,000, 503,000] ft. The origin is in the Pacific Ocean. The increasing Y-direction
is north and the increasing X-direction is east. It is divided into 120 square sectors of equal area
whose side lengths are 305 m (1000 ft). Different GIS layers can be employed to display ter-
rain contours, property plots, vegetative content, etc. Of special interest is the sub-domain
bounded by X = [1,501,000, 1,507,000} ft and ¥ = [495,000, 503,000] ft. This region, affected

from 11:00 a.m. to 12:00 p.m., is the early-time study area focused on here.

The time contours shown in Figs. 1 and 2 are the bounding limits for spot fires [6]. A 15
minute delay was assumed for full involvement of the structures within the contours. So the
11:45 a.m. and noon house fires shown as dotted circles in Figs. 3 and 4 correspond respec-
tively to the 11:30 and 11:45 a.m. contours in Figs. I and 2. In order to estimate the terrain-
guided ambient wind in the early study area, Professor John Monteverdi, Chair of the Geo-
sciences Department at San Francisco State University, was consulted [7]. He used wind mea-
surements from local weather stations along with terrain data from the GIS data base to arrive

at the estimated local ambient winds shown in Figs. 3 and 4 as light gray vectors.

The assumed heat release rate for an involved structure is shown in Fig. 5. It is conve-
nient to replace the exponential profile with three constant steps: a peak burn rate of 45 MW for
an hour, a moderate die down depicted as burning at 10 MW for three hours, and a final dic
down of 5 MW for three more hours, yielding extinction after an average total of 7 hours. The
vegetation around the structure is estimated to contribute another S MW, resulting in the 50
MW plateau shown in Fig. 5 which is used as a constant heat release rate pool fire model for a
typical burning structure. Multiple, connected structures, such as condominium townhouses,
were approximated as 30 MW for each unit. A condominium fire’s strength and location is
therefore based on the centroid of the townhouses in the smallest grouping which is continuous.

The configurations that existed here were not so long that a line fire model was required.
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FIGURE 3: Horizontal induced winds @ 20 m, 1145 a.m. & 5 min. The dotted FIGURE 4: Horizontal combined winds @ 20 m, 1200 p.m. & 10 min. 259 fires are

circles indicate all 38 of the 50 MW fires that are driving the flow. So few fires burnin
barely affect the prevailing wind.

g at rates which vary from 50 to 330 MW. Now that the fire has grown in
strength, the magnitude of the fire-induced winds is comparable to that of the ambient.



MODELING
The following approximate plume equations have been derived [8] from the general tur-

bulent combustion equations:

Continuity: %—‘: +u-Vp+p(V-u) =0,
Momentum: paa—t:+pu “Vu = -Vp+(p-p,gé, m
Energy: pcp(g +u- VT) = g4".

where axisymmetry is assumed. The boundary conditions at infinity areu =0, p=p,, T'=T,,

and the ambient pressure perturbation is p = 0. Define the following dimensionless variables:

f=t/1;  p =p/p,; T =T/T,;
. . . @)
V=LV, P =p/ps W =uwlU; ad 4 =4L/0,

where Q, is the specified fire heat release rate. Substituting Eqs. (2) in Egs. (1) gives

Ut
DT+ e Vap* 4 p*(VE %)) = 0, ©
[+

from which U_ = L_/1.. The momentum equation then becomes

2 2

au* ) pctc gtc a

| 08 *, kR | = *pk g 2 Cin%

p (ar* +u*.Vy poLZV p +Lc(p 1e,, 4

which gives 1_ = (L./g)'/2 and p. = p,gL_. The energy equation is

g c [4 c o 4 q
p*(%+u*.V*T*) = q""————Q"t‘ - )
ponToLc

from which Q(,tc/(pnc,,T,,Li) = 1. Substituting for ¢, and solving for L_ allows the determina-
tion of the characteristic length, time, and velocity as

. 2/5 . 115 RNTL
ch( 0, J , ’cs[ga 0 J R UCE[gQ;) . ©
pocpTu"/é poCPTo pon 0

The nondimensional equation of state is p*T* = 1 since p7T is assumed constant. The nondi-

mensional equations governing plumes are then
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FIGURE 5: The typical heating rate for an involved house yields, in the absence of vegetation, a total energy of
90 MW -hrs. The fire grows exponentially, burns at a maximum for about an hour, then exponentially dies out. The
rectangles are useful approximations to this history. In this simplified representation, a house will be at a peak
burn rate of 45 MW for an hour. The vegetation around the structure is estimated to contribute 5 MW, resulting in
the 50 MW shown in the figure. The die down is depicted as burning at 10 MW for three hours followed by 5 MW
for three more hours and finally extinction after an average total of 7 hours.
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FIGURE 6: The magnitude of the 12:00 p.m. horizontal inflow velocities at 30 m altitude are shown here as con-
tours and as a 3-D surface. A grid based on the X-Y location of the 259 fires is superimposed on the uniform grid
in order to resolve the complex behavior near the sources.



dap*

Continuity: —a-t-;+(U*~V*p"‘+p*(V*'"*)) =0,

M t . * au*+ * V* %* — V* *® * 1 o )
omentum: P —a't—*' ur- u = - p +(p — )eZ' . N
Energy: p*(%g +u*. V*T*) = qm‘_

For future reference, also define the following characteristic quantities for the vorticity, ®,
potential, @, and Stokes stream function, ‘¥

3 175 ! .
) T ) 153 4 \3/5
o,=t'= 8 Pocpo , @, =L = (—&—-—Q—"-) , and ¥, =L)'= Q. (8)
Qo pocpTa o panTa

Baum and McCaffrey [5] used these to describe any single fire by physically scaling
McCaffrey’s empirical vertical velocity and temperature profiles [9] resulting in

* 2 * 2
u:'l = U:,(z')exp{{ ‘r n ) }, (T;T”) = 9:,(2‘)exp{—( : - ) } (9)
R (z) 0 AR (z)

Three regions are defined: continuous flame, intermittent flame, and far field (see TABLE 1).

r = R(z) is the 1/e point of the Gaussian velocity profile. A is the ratio of the thermal to the
momentum radii. U:, and @:, are the averaged empirical center-line values which have the
form U:, = A(z*" and 9:, = B(z*)¥"!. A, B, and n depend on the vertical flame region. For
completeness, a fit for the width, R; = Ce'"zz' +D- [z‘]w —2")/5, based on the results of Eqgs.

(9) is included in TABLE 1 [8]. McCaffrey’s data [9] suggest that A = 0.75'2 = 0,866.

TABLE 1. Baum and McCaffrey Plume Correlation Parameters

Region Range n A B C D

Flame 0<£2z*<1.32 172 2.18 291 0 0.417
Intermittent 1.32<2z*%<33 0 2.45 3.81 0.255 0.137
Plume z¥233 -1/3 3.64 8.41 0.175 0.126

To obtain the radial velocities, the technique of flow field decomposition [5] is
employed. The nondimensional flow field, u*, is described in axisymmetric cylindrical coordi-
nates by the summation of an irrotational (Vw" = 0) expansion velocity, w, governed by a
potential, fb*(r*,z*), and a vorticity driven solenoidal (V*~v* = 0) velocity, v*, described by a
stream function, ‘I"*(r*,z*), such that

* * * *
P R -k S g L ). 4 (10)

r= * % _ % z * * _ %'

or r oz 0z r or

The details of obtaining u: and u; from ®* and ¥* based on Egs. (6-10) are given in Refs. [5

and 8}. Once the nondimensional flow field for a single fire is known, the velocities induced by
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N fires may be determined by simply scaling and summing. First, every fire is scaled using the
heat release rate of the fire and atmospheric data as indicated in Egs. (6). To find the velocities
induced at any point (X, ¥, Z,), begin by calculating

« X=X . Y.-Y.
R Sl and AY = L1 (an

AX,!' Lc,- if Lc

i

where j indexes the calculation location within the flow field and / indexes the fires. AX,-j’k and
AY,-j* are the respective nondimensional distances from the fire at (X;, ¥;). From these determine
the nondimensional hypotenuse,

hy = J(AX? + (AY)% 12)
Then calculate the X and Y velocity components induced at the j‘h field point by the i® fire,
o e AX . v s AY]
UXU(ZJ) = Uc; u,(h,-j, Zj — and UYI}(ZJ) = Uc,- ur(hij’ Zj)-—t s 13
hy; hyj
since the cosine of the angle with the X-axis is AX ,.'j/ h:j and the sine is AY :j/ h; Next, simply
sum the velocity vectors at the desired point. Thus the non-axisymmetric velocity in the X-Y
plane, Ug(X,Y,Z), can be derived by scaling and summing over each fire’s axisymmetric u: . To
complete the three dimensional flow field, determine Uy; as

UzifZ) = Uc,.[u:(h:j, z;)] a4

Since, in general, h;; will not fall directly on an (', 2") grid point, a bivariate modification of

the polynomial interpolation routine POLINT [10] is used to determine the velocity at (h:j, z;) .

Straight forward summation suffices to calculate the induced wind at all desired points:

*

s AX; il AY,
Ur(X, Y2 = 3 Ur,{ur(hij’z )f} Up(X,Y,2) = 3 Uc,{ur(hij'z ) h.”},
i=1 ij i=l i a5

N
Up(X, Y, 2) = 3 Uiy (b2,
i=1
where N is the total number of fires such that 1 <{< N. Alternative methods to improve com-
putation time by combining fires far from the point (X, Y, Z;) and using asymptotic solutions
are described in Ref. [8]. The accuracy of the mass fire velocity, U, does not depend on the j-
grid density.




RESULTS

The induced winds at early time for altitudes of 0 and 20 m were evaluated. No signifi-
cant variation with altitude was observed. Limiting calculations to Z £ 30 m ensures that
plumes are independent. A technique for extending calculations to higher altitudes is described
in Ref. [8]. In Figs. 3 and 4, the ambient, induced, and combined winds are represented by light
gray, medium gray, and black vectors, respectively, at the center of each sector. The magnitude
of the combined wind is given in m.p.h. in the corner opposite the arrow head in each sector.
Below it is the angle, given in the meteorological convention, measured from the north direc-
tion to the tail of the combined wind vector. In Fig. 3, it is evident that thirty eight 50 MW fires
do not induce much of a flow. The maximum induced velocity is 2.6 m/s. This indicates that
no significant induced velocities occurred prior to 11:45 a.m. At noon, as is shown in Fig. 4,
the 259 fires of various strengths now induce much higher velocities. Of note is the maximum
induced speed of 13.4 m/s which is strong enough to noticeably affect local weather patterns.

Figure 4 indicates that the simple combination of a streaming atmospheric wind and the
fire induced wind is characterized by an augmented flow towards the burning area from the
upwind direction and a nearly stagnant flow on the lee side of the fire zone just downwind of
the conflagration. It is evident that the fire’s effect is to draw air in towards the over-all centroid
of the fires. In Fig. 4, a comparison of the atmospheric and combined vectors demonstrates a
small change in direction and a significant increase in magnitude for those vectors upwind of
the fires. Downwind, the induced flow opposes the ambient flow, reversing its direction and
substantially lowering its magnitude. It is believed that this phenomenon played a role in the
rapid slowdown of the fire spread at noon [1], thereby demonstrating that, when a fire reaches
conflagration proportions, its spread in the (atmospheric) windward direction may be curtailed
by the flow induced into the mass fire plumes. This effect may need to be taken into account
when planning conflagration combating strategies. Figure 6, also-at noon, demonstrates a dra-
matic drop in horizontal velocity, [IUpgl, within the fire boundary, corresponding to a change
from horizontal momentum to vertical momentum due to fire-produced buoyancy forces. At
the fire perimeter, the field has its maxima and then decays smoothly in directions radially away

from the mass fire center

Verification of large scale fire models is hampered by insufficient field data and the dif-
ficulty of conducting full scale experiments. No fire-induced wind data were formally collected
for the Oakland Hills Fire. However, these results can be compared with the maximum veloci-
ties from various published large-scale fire tests. In the sixties, several scenarios were investi-
gated under the auspices of Project Flambeau [11-13] in the western United States in order to
quantify the effects of the massive fires as would be expected in nuclear attacks. Similar exper-
iments were carried out in Australia [16] (Operation Euroka). More recently, large scale fire

experiments were conducted in Canada [17] (Canadian Mass Fire Experiments). From TABLE
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2, it can be seen that the induced flow speeds obtained in the present study (2.6 m/s at 11:45
a.m. and 13 m/s at noon) are consistent with the measured speeds reported in these mass fire
experiments. The authors of Refs. [19 and 20] also applied the Baum and McCaffrey model to
the Canadian Mass Fire Experirném. They were able to obtain good magnitude and encourag-
ing directional agreement but found that the accuracy was dependent on how the mass fire was
modeled as a collection of pool fires. The present authors observed similar behavior when they
attempted a detailed comparison with Operation Euroka [8]. No unique solution emerged as
the 6 Gg of dry brigalow (Acacia Harpophylla) arranged in 30 rows 460 m long were modeled
as different numbers of axisymmetric sources. It appears that a line fire plume approach will be
required to model Operation Euroka.

TABLE 2. Fire-Induced Wind Literature Comparison

Reference Maximum Velocity
(m/s)

Baum, H.R., and McCafirey, B.J., Ref. [3] 10

Countryman, C.M., Ref. [14] 19

Countryman, C.M.,, Ref. [11] 11-22

Adams, J.S., Williams, D.W., and Tregellas-Williams, J., Ref. [16] 4-16

Palmer, T.Y., Ref. [15] 6-20

Pitts, WM., Ref. [18] 15-40

Quintiere, J.G., Ref. [17] 12

Present Study, 11:45 AM 2.6

Present Study, 12:00 PM 13
CONCLUSIONS

The winds generated by the houses observed to be at peak burn at 11:45 a.m. and 12:00
p.m. for the Oakland Hills Fire were simulated using the Baum and McCaffrey mass fire model.
For a single house burning at 50 MW, Egs. (9) and TABLE 1 of the Baum and McCaffrey single
plume model yield a maximum temperature of 1170 K; it occurs in the continuous flame zone.
Furthermore, for this single house example the flame tip is 15 m high, the maximum vertical
velocity is 16 m/s, and the maximum radial velocity is 2.4 m/s. The steady state mass fire
model, as is shown in Eqs. (15), is based on superposition of individual plumes. At 11:45 a.m.,
with 38 sources at 50 MW, the maximum horizontal velocity is 13 m/s. The maximum vertical
velocity is 14 m/s. At 12:00 a.m., with 259 sources at = 50 MW, the maximum horizontal
velocity is 13 m/s. The maximum vertical velocity is 26 m/s. It is believed that these strong
fire-induced winds that occurred at and after 12:00 p.m. contributed to the post-noon slow down
of the fire spread rate in the ambient wind direction. The flows induced at noon effectively
negate the ambient wind downwind of the mass fire.

Although no direct comparisons with the Oakland Hills Fire are possible since no veloc-
ity data were recorded for this fire, the results presented are consistent with data published for

other multiple source, mass fire experiments. However, this mass fire model cannot be used for
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fuel configurations that cannot be identified as individual, nearly-symmetric sources, e.g., the

Operation Euroka {16] fire which had its fuel arranged in 30 long rows.
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