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1 INTRODUCTION

Uncontrolled fires and their associated smoke have been part of mankind's hazard environment
gnce prehigtoric times. Fires caused by lightening or volcanic activity moved across the earliest
vegetaive landscape whether grasdand or forest scourging away dl life before its path.  Later, as
man collected into groups and tribes, villages, towns and cities were routindy wiped away as
naturd, accidental, war or arson sources provided ignition. Most cities were not burned to the
ground once, but multiple times. Even today massve wild fires in forests occur every year dl
over the world, and the threast of mass fires in cities haunt the minds of those concerned by large
petrochemicd accidents, wars or terrorism.

Large fires (or mass fires) occur a infrequent intervals, but are capable of causng
immense loss of life and property. Mass fires occur where heavy fud loadings exist over
extensve aess, hence, they ae obsarved in both wildland and urban aress. Given the
digribution of trees, vegetation and buildings within these regions, the flow regime is essentidly
over and within a porous canopy.  “Naturd” urban or forest fires occur a widely spaced
intervas, and the costs are such that it is not appropriate to cause them deliberately in order to
sudy their physcs. Most reports of such fires tend to be anecdotd in nature, and very little
Quantitetive information is generated. Ther infrequency has made it difficult to generate the
public awareness and support for long term research. Nonetheless, concerns about the results
from war such as Fire Storms and Nuclear Winter, terrorism, as well as the increased incidence
of rurd/urban wildfires as the public penetrates previoudy unsettled regions makes the dtuation
urgent.

Given the cos and difficulty of dudying mass fires andytic, physcd and numericd
models of fire and flow behavior in such gStuations are necessary.  Unfortunately, fire itsdf is an
extremely complicated phenomenon, and when combined with the dmogt infinite range of
combinations of fud type fud sze, geometry of needles, leaves, vegetation and dwelling shape,
amospheric condition (wind, temperaiure, humidity), terran variations and ignition source
(lightning, cigarettes, explosves, eic.) the problem begins to look untenable.  Nonetheess, a
great ded has been learned by sudying the individua components of fire scenarios, and
conclusons have been reached that guide drategies to mitigate, contain and reduce the impact of
messve fires  This chapter will examine the hisioric character of mass fires, the nature of fire
oread, the character of fire whirls as a sgnificant aggravating component of such fires, full-
scde fidd and scded physca mode dudies, and the use of numericd models to investigate fire
and fluid physics sysematically.

2. FOREST AND WILDLAND FIRE STATISTICS



Throughout the world it is more and more common to see homes and other types of structures in
wildand environments. This trend is cregting an expanson of wildland/urban interface aress
where structures are located rext to large amounts of vegetation. Because of ther location, these
dructures are extremely vulnerable to fire should a wildland fire occur in the surrounding area.
For example, the wildland fires in southern Cdifornia, U.SA., burned 2,985 sq km, killed 22
people, and destroyed some 4,810 structures. The most costly fire in Cdifornia history occurred
in October 1991 in the Oakland Hills firestorm in which there were US$2.3 bn in insured
property lossess  Applying a smple least-squares logarithmic curve fitting to the inflation
adjused Cdifornia wildfire loss data (annua aggregates) yidds an estimated return period of
five years for US$ 100 m, ten years for US$ 650 m, and 25 years for an aggregate loss of US$
2bn. (Munich Re, 2004).

Recent publication of world fire datistics reveds that cods of fires currently runs around
1% of GDP in most advanced countries. Desaths and losses in the United States tend to be the
most extreme with annua losses of $10bnyear (Geneva Assoc, 2001). The annua review
performed by Munich Re of world disaster losses reveds that world-wide forest fire losses aone
exceeded US$5.5bn and insured losses exceeded US$2.5bn during 2003. Such losses exceed the
sum of dl losses from volcanic eruptions, haldones, flash floods, Tsunamis, landdides,
avaanches, water drainage, frost, and loca and winter storms combined! (Of course the Baran
earthquake, the European heat wave, floods, and severe and tropical storms individualy
exceeded forest fire losses.) (Munich Re, 2004).

The most catastrophic US fire disaster was the Peshtigo, WI, wildfire in October 1871 in
which 1,500 lives were lost and 3,780,000 acres (15,300 sg km) burned. The death toll was four
times higher than the famous Greast Chicago Fire, which ignited the same day.  (Pernin, 1971)
The second most significant US fire was probably the Big Blowup of Augugt, 1910 in Idaho and
Montana during which 78 fire fighters lost their lives and 3,000,000 acres (121,100 sq km)
buned. This fire led to a century long policy in the U.S to put out dl fires in al gStuations
regardless of the long-term consequences. (Pyne, 2001) An average of 140,000 wildfires per
year took place in the United States from 1916 to 1996. The number of acres burned each year
fdl from a pesk of 52.3 million in 1930 to 3.6 million in 1958 (212,000 to 14,600 sq km). Since
then, the number of acres burned each year by wildfires has remained farly steady between 1.6
to 7.4 million (6,500 to 30,000 sq km).  Higoricd wildland fire datistics compiled by the US
Nationd Interagency Fire Center indicates the number and acreage burned of wild fires has
decreased since thel920s, and remained more or less constant since 1960, but total loses and
suppression cods have nearly doubled.  The long-term decline in the area burned reflects fire
suppression policies after the Big Blowup of 1910 amed a suppressng al wildfires quickly, but
one unintended consequence has been that brush and litter have accumulated increasing the
potentid for higher intendty fires. Meanwhile population shifts have moved more people and
greater building infragtructure into heavily vegetated aess where wildland meat  urban
development. Today there are fires outsde of homes every 38 seconds in the United States.
(Karter, 2003; 1S0O, 1997; NCFPC, 1973, 1987)

3. HISTORIC LARGE URBAN FIRES

Literature and history record many famous forest and urban fires (Brode and Small, 1986; VIC,
2000). Urban fires dso exig in myth and legend. Stories about the Fal (burning) of Troy about

3



1200 BC were told ordly for severa hundred years before Homer composed his brilliant epics,
the lliad and the Odyssey, about the Greek heroes who conquered Troy and the Trojan heroes
who attempted to defend it.

The Roman higtorian Tacticus in his book Anals reported that during the night of July 18,
64 AD, fire broke out in the merchant area of the city of Rome. Fanned by summer winds, the
flames quickly spread through the dry, wooden structures of the Imperid City. Soon the fire took
on a life of its own consuming dl in its path for sx days and seven nights. When the
conflagration findly ran its course it left seventy percent of the city in smoldeing ruins.
(Eyewitnessto history, 1999; Halsdl, 1998)

The Great London Fire of September 1666 was one of the world's worst urban
conflagrations until the twentieth century. It lasted for five days and nights destroying five-
gxths of the city, 13,000 homes were burned, 100,000 were left homeless, and most business and
public buildings were destroyed. Incredibly, the degth toll included only four to sx people by
fire, while fdling wadls, fright or exertion killed others, but many of the homedess froze, sarved
or died of disease. (Cannon, 1977)

Another great fire occurred in Moscow, Russa, in 1812 when Napoleon entered the city
after the battle of Borodino.  Shortly after Napoleon entered Moscow, the Russans set fires
across the entire city.  Both soldiers of Ngpoleon's Great Army and Russan criminds and
looters complicated fighting of the fire. (Mozak, N. and Mozak, H., 2004)

In the United States one can identify at least thirteen mgor fires between 1835 and 1991
during which between 400 and 28,000 buildings were destroyed and up to 2,300 lives were lost.
On Sunday, 8 October 1871 te Great Fire of Chicago and the Peshtigo forest fire (which started
the same day) killed 3,600 and burnt over an area of 5900 square miles (15,300 square
kilometers). In Chicago burning planks were lifted by fire whirls and dropped as far as three-
gghts of a mile (~ 1km) ahead of the man firee. Musham (1941) attributes a large part of the
dedtruction of the city to burning materia carried by the fire whirlwinds.

The San Francisco earthquake of 1905 caused fires, which destroyed 28,000 buildings
and killed 1,200. More recently, the Oakland Hills Tunnd Fire during 1991 shocked Cdifornia
with its economic impact (US$ 3 bn), and the Cerro Grande, New Mexico, fire near Los Alamos
in 2000 displayed how a prescribed fire set to mitigate fire loads can quickly get out of control.
(Parker, 1992; Routley, 1991; Cohen, 2000)

The 1923 Kanto earthquake in the Yokohama/Tokyo area produced mass fires that killed
over 100,000, injured over 40,000 more and destroyed property up into the Hakone Mountains.
One gigartic fire whirl killed 38,000 in fifteen minutes in the Hifukusho-Ato region of Tokyo.
(Jagger, 1922)

Fires stated by bombing during World War 1l caused incredible damage and hardship
and damage in urban regions.  During the fires sorm caused by bombing in Dresden, Germany,
in 1943, some 250,000 were believed to have died (which exceeds the death toll a Hiroshima,
Japan, by a factor of three).  Fires in Dresden, Hamburg, Hiroshima, and Tokyo would be
classfied as mass fires, whose sSze were aufficient to generate their own wind fields associated
with massive therma updrafts of air. (Bond, 1946; Kerr, 1971; Carrier, 1985)

Post WW |l concerns about the impact of mass fires led to studies in Europe and the
United States of the physics and behavior of very large fires. A joint research effort cdled
Project Flambeau by Audrdian, Canadian and United States foresters and civil defense agencies
examined fire deveopment over smulated urban regions in the lae 1960s. They created
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smulated housng areas by cregting 10 ft (2 m) high piles of pine and juniper wild-land fuds
distributed in checkerboard patterns. Measurements were made of wind speeds, temperature,
and fud consumption rates. Fire whirls and fire tornadoes were observed to frequently occur.
(Countryman, 1965; Meroney, 2003)

During the mid 1980s studies of large fires were renewed due to the concern that the
insartion of large amounts of ash and debris into the dratosgphere from large fire or nuclear
exploson might bring about a “Nuclear Winter.” (Carrier, 1985)  Predictions were primarily
based on amospheric computational models, and some scientists argued these modds were
inadequate since they did not reflect the observed physics seen in large fire experiments such as
Project Flambeau. The January 1994 fires in Sydney, N.SW., Audrdia exemplify how
wildfires can invade urban and suburban areas imbedded in forested hilly terrain.  These fires
demonstrated how fires in urban and forest canopies can produce unexpected explosve spread
conditions. (Trevitt, 1995)

An dmog infinite set of case examples both old and recent could be provided; however,
this sdection should provide an introduction to the nature and extent of fires in the wild land-
forest/urban interface.  The causes of these fires range from accidentd to arson, and atificid to
naturd (lightning). The extent of the fires can be asdgned to unfavorable meteorologicd
conditions, multiple arson and terrorigt actions, inadequate city planning, falure to recognize or
understand the physcad mechanisms of fire moving through vegetative or urban canopies, or
even fire-fighting inexperience or ingptitude.  The chdlenge here is to focus on the fluid
mechanics of firesin order to predict and plan for future conflagrations.

4. FIRE CLASSIFICATION

Fires are often dasdfied by materids burnt or ther sze. Compostion categories include Class
A: Ordinary combudtibles like wood, cloth, or paper; Class B: Hammable or combusdtible
liquids, gases, or greases, Class C. Energized eectricad equipment; and Class D: Combudtible
metas like magnesum, phosphorous or sodium. A large body of ressarch exigs which has
dudied how the compostion of the fued bed limits fire growth. These sudies indude the fire
chemidry or pyrolyss, ignition sources, ignition susceptibility, and influence of radiation.
(Quintiere, 1998) These concepts will not be discussed further in this paper. Large or mass fire
gzes ae dasdfied as conflegraions, fire sorms, or moving fire gsorms.  The large mess fires
initiated by nuclear war are feared to contribute to possibilities of “Nuclear Winter.”

4.1 Mass Fires

There is no precise definition of a “mass fire’, but it is generdly accepted to be a flaming region
a leest 100 m in diameter in which the flame heights are smadl compared to the diameter. Such
fires can produce sorm like winds and a rotating cloud column. Very large-scale or mass fires
are classfied by ther burning characterisics. A conflagration is a fire tha develops moving
fronts under the influence of wind or topography, and the hot, burning area is usudly confined to
a redively narrow depth. A firestorm is defined as a fire in which many parts of the entire fire
aea ae burning smultaneoudy. Conditions for firestorm geness are generaly accepted to
indude a fud loading of > 4 glen? , a building density of > 20 to 30 percent, a fire area of > 3
kn? , initid fires in > 20 percent of the buildings, and ambient winds of < 10 knmvh.  Such a fire
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is essantidly dationary, with little outward spread, and can be identified by a towering
convection column extending up to severd kilometers. A moving firestorm is a firetorm that
oreads under the influence of wind or topography. This latter type is often observed in wild-
land fires that produce firebrands, which can be carried by fire-whirls further downwind to ignite
additiond regions. Moving firestorms and associated fire-whirls were present in the Great Fires
of London, Chicago, Peshtigo, and a Hifukusho-Ato. (Lee, 1974)

4.2 Nuclear Winter

Although large-fire research in a war and wildland context has been going on for many years, a
popularized study of the supposed effects of large fires, directed toward support of the anti-
nuclear wegpons movement, was written and first published in Europe as "The atmosphere after
a nuclear war: Twilight at noon,” by Crutzen and Birks (1982). The idea was subsequently
reworked, a new computer model was developed, and the results were published in the U.S. by
Turco et. d. (1983). In 1985 the U.S. Nationd Academy Press published a summary report
(Carrier, 1985). The report did not condder the radioactive or biologica implications of a
Nuclear Winter, only the extent to which the amosphere would be modified by a mgor
exchange of nucler wegpons. They concluded a mgor nucdear exchange would insert
ggnificant amounts of smoke, fine dust and undesrable chemicd species into the troposphere,
but they were uncertain as to the amount that would reach the Stratosphere.  They emphesized
the high levd of uncertainty in available modds, and recommended further research.  The report
includes a chapter on large fires and an excdlent summay of the observations of large fire
plume heights and smoke characteristics (Fendell, 1985).

5. MODELING METHODOLOGIES

Predicting smoke and flame behavior can be based on full-scde fidd experience, andytic
integrd gpproximations that cgpture the gross flow behavior, fine-scde numericd modding
and/or physicad modding at reduced scde..these methods are typicaly caled full-scale, zone,
field (numericd), and physica modding, repectively.

51 Full ScaeFire Tests

Full-scale modding tends to be prohibitively expense, and other than a few post-disaster
dudies of actud fires is not frequently utilized. During the 1960s and 70s a joint agency
program caled Project Flambeau studied large fires set among piles of foret dash. The dash
was st into piles approximating the geometry of suburban housng arees. Measurements were
made of fire temperatures, velocities, radiation, and fire load burning rates. Movie film and
photographic sequences were collected for each test. (Countryman, 1965; Palmer, 1981) Some
qualitative evidence from the Hambeau series does exist.  Fire whirls were observed in every test
burn carried out during the FHlambeau fire tests. Fire whirls tended to form on the lee side of
these fires This is the podstion of drong vortex activity due to fire-blocking effects on the
ambient wind. Often two fire whirls of opposite rotation were observed. Fire whirls are more
likely for fires where the convection column is leaning due to the presence of ambient wind.
(Countryman, 1969)
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In Operation Euroka, based a Langley in Queendand, Audrdia, two square kilometers
of scrub was flattened by two bulldozers towing a giant bal on a chain. The uprooted trees
(approximately 6000 tonnes) were then pushed into rows in a 50-acre area to smulate the fue
loading and pattern of an urban environment. This area was then set dight. Scientists studied the
patterns of winds induced by a large fire, assessed the rate of burning, andyzed the effects of
large fires on dectromagnetic communications and identified the degree of protection needed for
humean survivd. (Williams et d., 1970)

Another dgnificant fidd test was the Canadian Mass Fire Experiment of 1989 (Quintiere,
1993). The U.S. Defense Nuclear Agency worked with Forestry Canada and the Ontario
Minisry of Natura Resources to indrument a large prescribed burn in forest debris near Hill
Township, Ontario. The fire covered about 480 ha in area (4.8 sq km). Measurements included
edimations of energy release rate, emisson factors for smoke particulates and species, ground
level winds and temperatures, and some aspects of cloud dynamics. The fire caused a capping
cloud to form up to 65 km. Ran, show, hal and lightning were reported aong with ground
leve fire whirls and water spouts.

5.2  ZoneModding:

This method predicts the verticd and horizontd motions of a wel-mixed smoke layer
continuoudy supplied from a fire plume. The method assumes there is a large volume available
in which turbulence and rdaivdy smdl laterd veocities didribute the hested gases into a
homogeneous mixture. The andytic rdations used are based on laboratory and fidd scale fires
for a limited range of volume configurations. They ae popular as a means to perform smoke
management indde of building sructures, and for caculating smple isolated plume behavior.
Many factors can make a zone mode prediction unredigtic. Specid condderation must be given
to gtuations where irregular boundaries, inhomogeneous materias, and secondary flows occur
(like in urban street canyons). (Pmer, 1981; Klote and Milke, 2002c)

5.3 FHedModding

Computationd fluid dynamics (CFD) provides a desgn technique to examine the relaive merits
of various fire suppresson drategies. Such programs can inherently consder irregular building
and terrain geometry, heat transfer due to varidble propertties and radiaion, time varying fire
drength, fire chemidry, affect of fire suppresson operation, and variaions in weather
phenomena. While CFD represents a dgnificant improvement in the predictive capability of
smoke control modeling, uncertainties in the predictions remain. The smoke layer boundaries
suggested by CFD damulations, just like those of the zone models, are best estimates, and as such
have no consarvativeness or “safety factor” built in. It is prudent to examine solutions to ensure
that they are robug, that is that the flow paiterns predicted are insendtive to smal changes in
boundary conditions such as externd wind environment, fire srength, and even fire location.
(Klote and Milke, 2002b)  In Section 7.3 severd idedized cdculations of fire behavior are
consdered for both two and three-dimensond fires ignited in porous canopies immersed in a
deep amospheric shear layer.



53  Physicd Modding

Another option to Smulate smoke movement is physica modeing at reduced scale. The concept
of gmilitude is bascdly smple Two sysems a different geometric scdes will  exhibit
gmilitude if a one-to-one correspondence exists in gpace and time between fluid particle
kinematics (locations, velocities, acceerations and rotations) caused by fluid particle dynamics
(pressures, gravity, viscous forces, etc.), when properly scded by characterigtics scales of fluid
properties, force, length and time. To achieve this amilarity, however, is not trivid. The
gpecifiction of dimendonless parameters, which guarantee Smilarity, has higoricaly been the
subject of much discussion and debate. (Snyder, 1972; Meroney, 1988; Meroney, 1990)

Williams (1969, 1992) identified twenty-nine dimensionless groups required to smulate
lage fires based on normdization of the governing eguations of motion, energy and
concentration. A subset of deven dimensionless groups were conddered important, and seven
were designated as critical for even partid smulation:

J Geometrica amilaity,

o Convection (Reynolds number),

o Radiation groups (2) (Ratio of L to radiaion absorption length and blackbody radiation
flux to enthdpy convection),

. Gas-phase heat release (enthapy of formation to ambient enthapy),

o Fud gadficion energy (tota heat required to gadfy a unit mass of fud to ambient
enthapy), and

J Fud loading or burning rate group (Time average mass burn rate to convective mass
flux);

Of lessr importance were liged dimensonless ambient velocity, vorticity, and atmospheric

lapse rates These dimendond congderdtions lead to severd possble drategies for smulating

meass fires.

Sandard scding: . Keep some groups constant.  Usudly Froude number and Mass

burning rate are chosen which leads to digtortions in radiation, convection, turbulence and

fud bed geometry. Basicdly oneisjust looking at a buoyant plume.

Pressure _adjusment:  Vaying pressure might presarve scding of dl but radiaion

parameters. Unfortunately to scae a 1 mile fire to 50 feet would requires use of 1000 atm

pressure.

Pressure and body force adjustment: Varying pressure and G (centrifuge) sSmultaneoudy

dlows congderation of al core variables except blackbody radiation.

Adjusment of compostion and temperature of ambient amosphere  Varying pressure

and temperature could permit scaling of dl core variables except aosorptive radiation.

Adjust pressure, temperature & body force: All core vaiables stidfied, but maximum

L SR variation probably limited to about 10.

The concluson must be that satisfactory physicd mode scding of al aspects of mass fires is not
likely.

Froude modeling (Fr) using ether air or sdtwater is probably the most common kind of
physcd modding for hot smoke trangport.  Smoke movement away from the vicinity of a flame
can be reproduced, but chemicd kinetics, flame dynamics, and heat trandfer scaling is not
presarved.  Unfortunatdly, due to scding condraints it is difficult to smultaneoudy smulate
buoyant plume movement and wind induced pressure didribuions about the externd urban
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building envdope. Nonethdess, physicad modding has been successfully used to sudy flow
through forest and urban canopies in the absence of fires and with fires for flow and fire
movement through ground litter, idedlized ignition concepts, fire whirl dynamics and
compartment fires. Quintierre (1989) provides a variety of examples of how physcad modding
has been used to modd various aspects of fires including smple fire plumes, celing jets, burning
(pyrolyss) rate, flame spread, and enclosure firess Heskestad (1975) includes cases of
gorinklered  fires. (Gani and Williams, 1992; Quintierre, 1989; Klote and Milke, 2002a;
Heskestad, 1975)

6. FOREST AND URBAN CLIMATE METEOROLOGY

The dynamics of fire growth is strongly influenced by the kinematics of flow through porous
vegetation and urban dructures (the canopy). The loca wind and turbulence environment a the
source determines the initid spread of a firee  Wind profiles vary depending upon the density
(porogity) of the surrounding objects, their digtribution verticdly or laerdly, the presence of
below canopy open regions, and the distance from the canopy edge. (Meroney, 1968; Neff and
Meroney, 1998) Wind approaching across less obstructed surfaces initidly penetrate the
upstream edge of the porous region, but subsequently the flow is deflected upward and flows
within the media diminish. This process is reversed as flows move out of a canopy into clear
areas.

Thus, fires dating near the edge of a canopy see larger horizonta crosswinds and
turbulence which produces plumes that lie close to the ground; wheress, fires that ignite within
the center of a canopy tend to rise vertically until deflected by winds a the upper edge or roof of
the porous region. Fire and smoke spread within the forest or urban canopy is subsequently
srongly influenced by canopy compostion, dendty and didribution. These parameters are the
proper subject of further research by anaytic, physical and numerica modeling.

Once a hot smoke plume rises aove the underlying canopy the buoyant force of a large
fire leads to ggnificant plume riss. The plume rise trgectory and the disperson of its maerids
can be predicted. The effect of smdl-scde amospheric turbulence, initid plume cross-sectiond
agoect rdio is minima on plume trgectory, but the magnitude of amospheric turbulence,
atmospheric dratification, and ground terrain on rate of digperson can be sgnificant. (Lee, 1974;
VIC, 2000)

6.1  Agricultura/Forest Canopy Behavior

Previous chapters in this monograph have consdered the physics of easly penetrable flow (EPF)
within vegetative canopies in some detal. Hence, only those aspects that relate to further
underganding of the development and spread of fire and smoke within plant canopies will be
repested here emphasizing those features related to the author's persond experience using wind
tunne modding. Arrangements of pegs, flexible drips, atificid trees and vegetation over hills
studied are shown schematicdly in Figure 1.

6.1.1 Fow Within and Downwind of an Individua Tree




Even a sngle tree can sgnificantly reduce wind speeds and increase turbulence downwind of its
sgem and crown. Gross (1987) used a three-dimensond nonhydrogtatic numericad modd to
investigate the airflow and turbulence around a single tree.  For turbulence closure he used the
Prandtl-Kolmogorov  exchange coefficient and the Blackadar mixing length reation. The
presence of the tree was smulated by an additional drag coefficient associated with tree foliage
densty or leaf area dendty. Cone and ball shaped crown tree regions, with and without eevating
trunks, neutra and stable air dratification, and a tree porosty of 0.934 was assumed based on
fidd measurements. Cdculations produce the anticipated wake deficits, turbulence excess, and a
drag coefficient of ~1.0, which are smilar to individud tree vaues measured by Meroney (1968,
1970). All smulaions show a reduction of wind speed insde the tree foliage, an acceerated
flow over and around the tree and a wake region in the lee. The geometry of the crown seems to
be the dominant factor. In a dable dratified amosphere, the flow around the canopy is
enhanced, while verticadl motion is suppressed, and the drength and length of the reverse flow
region behind the tree increases.

The superpogtion of individud tree wakes results in the under-forest and above-forest
velocity festures found in extendve areas of forests or woods. The initid growth of wake
deficits and the subsequent decay a grester downwind distances are characteristics of both
individud tree and forest measurements. Yano (1966) developed a concept of momentum defect
superposition in the wakes of an aray of roughness eements to reproduce velocity, turbulence
and shear didtributions within and above canopies.

6.1.2 Under-Canopy Forest Flow Fidd

The presence of tree trunks, branches, stems and leaves (or needles) in a forest produces a barrier
to ar flow caused by form drag and skin friction which reduces the under-forest flow velocities
substantialy compared with wind speeds which occur above the canopy.  Surface layer
dreamlines are displaced verticdly, flow benesth the canopy is driven by shear from the flow
above the canopy, and maximum winds occur a the top of the average height of the vegetation.
Mean wind speeds typicaly decrease within the canopy as one approaches the ground to about
20% of the tregtop wind values. Turbulence levels beneath the canopy may be smilar to those
found a ground levd over smdl roughness surfaces (5-15%), but are sgnificantly less than
those which can occur in the strong shear which occurs above the canopy roof (20-40%).
Meroney (1993) summarizes fidd measurements, and fluid modd and numericd estimates of
flows through vegetative canopies.

Different profiles have been proposed using fird order closure models which specify a
ample eddy diffusvity, K, and a drag coefficient, Cq, to describe that portion of the mean wind
profile which exists beneath the forest calling for constant foliage distribution:

WU = [(SINN $5)/SINN BIY2 et ee e (Cowan, 1968), [1]
Wth = €XP[-B(L = )/2] oo (Inoue, 1963; Cionco, 1965), and [2]
Wth = [(COSH $3)/COSN B]Y2 ... (Massman, 1987), [3]
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where > = z/h, u, = is the mean horizonta wind speed at the top of the canopy, h; and $ isa
maximum value of the foliage area dengty and the extinction coefficient given by:

S P RN I W (== | T [4]

which is a combination of the drag coefficient, G, the leaf-area-index, LAI, a measure of foliage
digribution, F, and a normdized eddy diffusvity, - = Kp/hu,. Only the expresson proposed by
Massman is consgent with the frequently observed zero wind gradient within the lower region
of the canopy. Other authors have produced veocity profiles for noncongant foliage
digributions and usng higher order turbulence closure.  Once a veocity digtribution modd is
specified it is possble to solve by iteration for sheer stand drag coefficient, C; = 2(u-/wy)?,
disolacement height, d and surface roughness, z, parameters useful to characterize above canopy
flow dynamics as functions of C4 LAI and foliage dructure. Massman (1987) concluded that
C4LAl vdues from 0.25 to 0.5 characterize mogt full foliage canopies. Over this range dmost
any under-canopy modd gives results very close to the following expressons

0.10 < z/h < 0.13,
0.67 < BN € 0.75, 810 covveeereeeeeeeoreeeeseeeeeseseesseeeeseseesssesesessessseessssessssesesessesssseeen [5]
017 < G < 0.20.

6.1.3 Above-canopy Forest How Fied

The atmospheric boundary layer (ABL) is that portion of the atmosphere where surface drag due
to the motion of the ar redive to the ground modifies synoptic-scale motions caused by
horizontal pressure gradients, Coriolis forces, and buoyancy. The depth of the ABL is highly
vaiadle (50 to 2000 m), but it generdly increases with proximity to the equator, with wind
gpeed, and as the earth surface roughness, but it decreases at night, and is strongly modified by
theemd winds, inversons, and draification. The lowest 10 % of the atmospheric boundary
layer is cdled the surface layer. It is characterized by the sharpest variations of wind speed,
temperature, humidity, and turbulence characteriics with height.  Counihan (1975) concluded
the surface (or congant flux) layer would be about 100 m deep during adiabatic conditions. In
diabetic (dratified) stuations the surface layer depth is about equa to the absolute vaue of the
Monin Obuknov length, Lno = Tu-3/(6 g W't').. For a summary of surface layer behavior for
both neutrd and dratified flows combined with both smooth and rough surfaces see Meroney
(1986, 1992).

Within the surface layer the meen wind-speed profile is commonly described by
logarithmic expressons. For Stuaions when dratification has only a minor influence a modified
logarithmic law has been proposed:

U(Z) = (U/B) INe[(Z = A+ Z0)/Z0] cvvvververrrereieeeresssessssessseses s ses s sss s ses st sssssessssssss s senesnsnens [6]

where u- = (J/D)” is the surface friction velodity, d is the zero-plane displacement, 6 is Von
Karman's shear layer congtant, and z is the surface roughness. The displacement thickness, d, is
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important for tal roughness dements such as agricultura crops, foret and cities. When the
roughness eements are short, such that 2 < 0.2 m, one can set d = 0. The parameters can be
determined from representative field measurements;, however, fitting an expression tha permits
three free parameters to fiddld measurements of wind speed in/above agricultura canopies is not
trivid. It is not uncommon for some least-square fitting routines to produce negative
displacement heights-which is, of course, inappropriate.

No exact definition of high roughness has been offered, but roughness of a height
exceeding 10% of the surface layer is generdly viewed as high roughness. Generdly, the von
Karaman universal congant 6 is assumed equd to 04 based on extensve experimental study of
fuly developed turbulent flow through pipes and its rdationship to the Kolmogorov dissipation
congant. Some experiment digt treat the condtant as another free parameter to improve curve fit
to data; hence, values ranging from 0.15 to 0.5 have been recorded.

Jaeger (1965) recorded wind speed measurements over a tenyear period over stands of
Scotch pine located in southern Germany as they grew from 3 to 8 m height. He made estimates
of the vaiation in u, %, d, $ (Deacon parameter), and Richardson number, Ri, from wind and
temperature data collected from meteorologica towers placed within the forest sand. He found
that the following correl ations described the measurements:

A=0.63N ..o regresson coefficient, r = 0.73-0.93; [7]
Zo=0.174 N+ 0.227 .o regression coefficient, r =0.44; and  [§]
W =(0.027 h+ 0.062) Uig + Do, regression coefficient, r = 0.84 [9]

The expressons are functiondly smilar to those derived from under canopy flow.

Artificid plagtic trees were sdected by Meroney (1968) to reproduce the median
behavior of measurements made about live trees (Colorado Blue Spruce, Juniper, Pine, and
Spruce). These mode trees were randomly positioned on support boards with goproximeatey one
tree per 36 cn?. (See Figure 2 and 3) The totd canopy was 2 m wide and 11 m long when
indaled in the Meteorologicd Wind Tunnd a Colorado State Universty Fgures 4 and 5
disdlay typicd mean velocity and turbulence profiles found within and above the modd plagtic
tree forest canopies.  Notice the initid intruson of the approach flow into the trunk space within
the cahopy a the upwind edge that diminishes with digance until the flow reaches an
equilibrium gate. Then as the flow gpproaches the down wind edge of the forest, the streamlines
dip down into the canopy again and accelerate the air closer to the ground. (Meroney, 1970)

6.1.4 Wind Flow Near Clearings, Clear-cut and Forest Edges

When airflow passes from a cleared area into a forest, winds initidly penetrate into the canopy
gpace, but then the streamlines are lifted upward to the canopy roof. The penetration distance
among the trunks space in the canopy under story may persst for 5 to 10 tree heghts.
Subsequently the wind rises above a recirculation region and re-enters the forest about 20 h from
the windward forest edge. Figure 6 from Meroney (1968) displays the effect of such initid wind
penetration a the windward forest edge and the subsequent flow acceleration before the
downstream forest edge on canopy drag. Thus, embers carried from fires a ground level near
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the upwind of a foret will have a strong tendency to rise into the upper canopy and initiate
crown fires, whereas embers released by ground fires near the windward edge of a forest will be
deflected downward. If a crown fire exists near the windward edge of a forest, the embers may
be immediately deflected down into yet unburnt ground cover downwind of the forest.

Eimern (1964) consdered the aerodynamics of sheter bdts and summarized the
influence of dendty, shape, surface roughness, thermd dratification, wind angle and tree
arangement on downstream wind speed, turbulence, soil moisture, etc. The micrometeorology
of shdterbdts and forest edges are reviewed by McNaughton (1989). There are amilarities as
well as differences between flow downstream of thin shelterbelts and forest edges. The foliage
density of the forest canopy replaces the porosity used for narrow shelterbelts.  Upwind profiles
must be characterized by the upwind forest roughness, displacement height, forest friction
velocity, and foliage dendgty. McNaughton sought a comparison to the flow over a forest canopy
edge and the flow that occurs when a boundary layer passes over a solid backward facing step.
For solid steps a recirculating eddy occurs of downwind extent of about 67 h. But permesbility
often alows the wind to penetrate the forest upwind of the forest edge. In coniferous forests
researchers detect upwind penetration over severa heights upwind, but in denser foliage other
rescarchers see little penetration at al. Nonethdess, little evidence exists to support the presence
of a recirculaing eddy downwind of the foret edge. The flow velocities and suface shear
gopear to adjust to the immediate absence of the forest edge by 20 h; however, the wind
continues to accelerate over a longer distance as a deeper layer of the amosphere adjusts to the
change of surface roughness.

Fowler eta (1987) examined the effects of sheter wood cutting (30-percent canopy
removal) and clear cutting clearings from 0.8 to 85 ha on dimatic varigbles of the High Ridge
Evduation Area within the Umdilla Naiond Forest in northeestern Oregon.  Areass were
harvested in 1976 after nine years of pre-logging cdibration. The wind speeds incressed
subgantialy in al classes of dearings

6.1.5 Homogeneous Surface Roughness Over HillsMountains

Complex hilly teran may exig with a variety of vegetaive surface cover. For example the
goproach terrain and a hill itsdf may be ether bare or vegetation covered. Alternatively then,
the upwind surface may be smooth (farmed plains or meadows) and the hills may be rough (tree
covered, or the upwind surface may be rough (tree covered) and the hill bare. In some cases only
portions of the hill may be bare due to sdective sheter woodcutting or clear cutting. The
presence or absence of high roughness may lead to lower/higher wind speeds, higher/lower
turbulence, or attached/separated dreamline flow. Such open regions are often ddiberady
provided in forested regions as “fire breaks” The distance fires can propagate across such open
aeasis of primary interest to fire engineers.

The linear-perturbation theory approach to predict effects of sudden roughness changes
of arflow over 2-dimensond hills can be reduced to a few smple dgebraic dgorithms. These
equations can be used to edimate the effect of foret clear cutting on winds above hills and
ridges. Jensen (1978) proposed that perturbations in mean wind velocities induced by surface
roughness change could be caculated from:

DU(Z) roughness = (U 1/j) IN[Z02/201]{ IN[Z/Zo1] NM[12/Zo2] = L} covveveeereeeeeeeeeeeeeeeeeeeseeeeeeeeeeeeeeeeeeeseee [13]



where b In[ly/zo1] = 2 x. Jensen and Petersen (1978) recommended perturbations induced by
surface devation change for triangular shaped hills could be caculated from:

DU@nin = (U1/j) [L + (in/L)(AIN[L/Zo2) Ikt 1Z01])2 IN[Z/Zo1] evvrrrereeeereeeeensesesseseeeeseenesesen [14]

where bn IN[lzn/zoa] = 2 FL. Since the solutions are separately linear their perturbations should be
additive; thus,

U(Z)hi” & roughness = Lb(Z) + DU(Z) roughness + DU(Z) T [15]

These expressons are aufficient to caculate wind speeds over hills for different clear-cut options
over dternative dope triangular hills. Meroney (1993) presented figures based using the above
relations for effects of various sze forest clear-cuts on hill top flow fidds. These measurements
were subsequently compared with wind tunnd measurements of wind fidds over various two-
dimensond hill shepes covered with modd forest canopies smulaied by different depths of
plastic indoor-outdoor carpeting. (Meroney, et.d., 1993)

6.1.6 Changein Roughness Effects

It has long been observed that when the wind flows from ore surface texture to another a
trangtion tekes place in wind speed and turbulence within an inner boundary layer that grows in
depth with downstream distance from the surface change. When the surface change is associated
with roughness height, and downsream wind profiles are plotted semi-logarithmicaly with
height, then a diginct “kink” in the dope of the plot is observed which can be associated with
this inner-boundary-layer depth, I, . The wind profile near the ground will adjust to surface
roughness changes as it moves downwind from the ground cover trandtion. Above I, the
profiles will correspond to the wind profile for the roughness before the change in cover.
Vaious fidd measurement programs over smooth-to-rough and rough-to-smooth roughness
trangtions provide judtification for empirica plots of the sort proposed by Park and Schwind
(2977).

More degant andytic and numericdl modes exis to predict the resultant variaion in
wind profiles that exist a different feich distances downstream of a trangtion of roughness. The
subject is extensve enough that a literature review has been prepared on the topic by Hunt and
Smpson (1982).  Unfortunately, little data exists for roughness variations as large as the abrupt
change that occurs from aforest edge to a meadow or from rural to urban aress.

Wu and Meroney (1995) measured flow field responses over modeed roughness changes
of smooth, rough and very rough boundaries (equilibrium power law coefficients of ™ = 0.12,
0.16 and 0.34, respectively) for smooth-to-rough and rough-to-smooth trangtions in the
Meteorologicd Wind Tunnd a Colorado State Universty. Separate interna boundary layer
depths were defined based on mean vedocity, turbulent intensty and shear stress profiles. Fow
predictions from severa firs-order turbulence closure schemes were compared to the wind-
tunnel data. Since the log veocity profile was not found to exist in the trangtion region a al,
the assumption that locd eddy diffusvity varies as K = 6z is not acceptable.  Smilarly mixing
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assumptions associated with mixing length theory and J/E = congt are not vaid. On the other
hand, mixing assumptionsthat K = c,6zE"2 or (17 - w?) dU/dx = 0 seem justified. (Wu, 1992).

6.2 Urban Canopy Behavior

Again the reader is referred to earlier chapters in this monograph related to air movement within
urban canopy layers. Only those detals related to the growth and spread of mass fires within a
suburban, urban or wildland/urban interface will be discussed below.

A good summary of urban behavior is contained in the recent book edited by
Moussiopoulos (2003) titled Air Quality in Cities. This book summarizes some of the results of
Proect SATURN a European Union effort under EUROTRAC-2.  Although the book
emphasizes air pollution meteorology over cities, severa chapters congder details of ar flow
over and within cities based on field, windtunnd and numericd modds.  Researchers consdered
arflow in geometricdly smple cases (arangements of 2-d rectangles, blocks and cubes) as wdll
as data from actud city Streets geometries. Some 20 locd, urban scale and meso scae models
were evauated and compared to fidd and laboratory measurements of wind speed and
concentration.

The authors concluded that both wind tunnd and numericd models could reproduce fied
conditions, but the numericd modds were very sendtive to dternative specifictions of grid
resolution, wall boundary conditions, source sze and turbulence model. Indeed, one author
noted during one comparison ‘this example shows how easily model results can be manipulated
by merely varying the choice of parameters which are accessible to the user.” In another case
four experienced user groups predicted the disperson of dense gas releases around sSmply
shaped building by usng the same commercidly avalable CFD code. The concluded “the
variability between different modeller’ s results was shown to be substantial .”

6.2.1 Urban How Styles Classfication

Plate (1995) provides a review of flow over uniformly rough boundaries, with specid
goplications to urban areas. For neutrad dratification in the absence of devated inversons the
flow is found to be very samilar in character to vegetative canopy flows. Many of the same
charecteristics of porosty, permesbility, displacement height, and effective surface roughness
are used to describe the boundary layer over the suburbs and city center. But a criticd difference
between uniform and homogeneous canopies and the typicd city is that wind blowing from open
country onto a city complex meets different types of building formations. These range from the
open rurd and usudly uncluttered country a the edge of the city, to suburb regions with sngle
family and one or two story houses, to light indudtry regions, to high rise buildings in the dty
center. At the same time there is often an increase in building dengty, closed dreet canyons and
quite irregular building heights. Thus, the urban boundary layer grows as a superpostion of
inner boundary layer flows driven by roughness changes occurring in the windward direction.

A very comprehensve study of urban boundary layer characteristics was made by
Theurer (1992) to summarize what is know about these parameters and to correlate them with
building dimensons. Theurer used two parameters to describe the didtribution of roughness
eements
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8a = 3 of areas covered by buildings/tota urban area, and
8a = 3 of average building areas normd to the wind/total urban area.

These two parameters combined with a pictorial description of the roughness pattern are
aufficient to dassfy the roughness height, z,, and the displacement height, d, for each
configuration.

The lower pat of the urban boundary layer has its own flow fidd driven by the shear
from the boundary layer above the dructures. It is extremdy difficult to parameterize the flow
beneath the building height, H, since it is drongly driven by locad arangement of the dreets the
building dengity, trees and vegetation, parks, lakes, hills and even traffic.  Nonethdess, it is in
this “penetrable’ region tha fires ignite, flanes spread, plumes grow and eventudly large
“mass’ fires can develop. Once the firés buoyant plume penetrates into the boundary layer
above the city structures, then the “agrodynamic” boundary layer described by earlier can deflect
and transport the smoke, flames and embers downwind.

Oke (1978, 1988) differentiated the flows within urban street canyons based on the street
width to building height ratio (B/H). The flow was dassfied as skimming flow (0 < B/H < 1.2),
wake interference flow (1.25 < B/H < 5.0), or isolated roughness flow (B/H > 5.0). Wind tunnd
gmulaions provide an opportunity to examine the linear and nonlinear effects of various
parameters individuadly and/or in combination.  The case of an isolaed 2-d dreet canyon in
open country was examined by Meroney et d. (1996). Similarly, the case of arrays of 3-d street
canyons made of rectangular blocks was examined by Chang & Meroney (2003a, 2003b). The
same dregt canyon geometries were subsequently studied in an urban environment, i.e, with
additiond canyons of smilar geometry upstream and downdstream of the test section. In each
case various street canyon aspect ratios, (B/H), were tested under different wind conditions.

For the open country case visudizaion usng smoke and a verticd light sheet reveded
that cleen ar is sucked into the canyon by an intermittent eddy circulating down into the canyon.
These smoke eddies dange character with canyon aspect ratio as proposed by Oke (See Figures
7-8). This eddy circulates upwind at Street level. A roof top eddy tha begins a the upwind
upstream building roof corner sucks canyon gases onto the roof. In the open country case, the
fird building dters the flow locdly quite dramaticaly, promoting separation from the floor. On
the other hand, in the urban roughness case the surrounding buildings rase the displacement
height to the urban canopy level, dmogt to the roof of te buildings. The shear zone thus formed
a the cdling of the canyon induces a permanent eddy recirculating ingde the canyon. As a
result, vertical mixing across this shear layer is suppressed and pollution is trapped ingde for
longer times, until upstream turbulence in the main flov may cause aufficent disurbance to
bresk down the recirculating eddy. The flow indde the canyon in open country is much more
nondationary than in the urban canyon case. A recirculaing eddy forms only intermittently in
the former, wheressit is clearly much more stable amidst urban roughness.

Smoke and fire from sources ignited within a street canyon a ground level will tend to
follow dreamline trgectory patterns.  Thus, smoke will be drawn againgt the upwind wall sde of
a canyon oriented normd to the wind to roof levels. Smoke and fire may even propagate upwind
dong the roof for dtuations where separation occurs on the upwind corner of a building.
Smilarly rooftop or upper leve fires will tend to trave dong recirculating street canyon eddies
to impact the upwind faces of downwind buildings.
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Typicd smoke propagation scenarios seen during visudization are shown in Figures 9
tol2. Rurd or open country building (N=1) complexes tend to produce an extended separation
zone from the upwind corner of the upwind building, resulting in upwind roof contamination and
more energetic canyon breathing. (Figure 9) Urban building complexes (N>1) tend to produce
less frequent canyon breathing, and stronger canyon vortex cdrculaions. Building orientations
with approach winds directed perpendicular to a building face or dreet canyon axis produce
flows with augmented laterd growth but no shift in the plume axis (Figure 10). Building
orientations with gpproach winds oblique to a building face or street canyon axis produce flows
with augmented latera growth and sgnificant shift in the plume axis (Figure 11).

Canyon breathing plays an important role in street canyon dispersion. Vortices establish
within the dreet canyons and are maintained by the shear flow over the street canyon top at roof
level, but occasondly the turbulent flow above the building roofs penetrate downward into the
canyon and lift or wash the vortex out of the canyon. Subsequently, a new vortex gopears and is
sugtained until the canyon breathes again (Figure 12).

Numerical models show that for steady-dae type cdculations dthough generd flow fidd
behavior is reproduced, predicted concentrations are often too large. This is believed to be
caused by the fact that the “average’ flow and transport predicted by a steady-date caculation
did not redidicaly reproduce the combined digperdon and diffuson effects of an intermittently
fumigating Street canyon.

6.2.2 Urban Flow Characteristics

A limitetion of direct fidd measurements of amospheric phenomena is that dl possble
governing parameters are Smultaneoudy operative; thus, it is not Smple to determine which are
governing, which are secondary or which are indgnificant. In addition if nonlinear interactions
occur thelr role may not be cdear. Thus, independent influences of building geometry (building
height, width, roof shape), sreet dimensons (breadth, width, intersection locetion), thermd
dratification (solar insolation and orientation, building and dreet thermd capacitance), vehicular
movement (Sze, number, frequency), plume buoyancy, vegetation or landscaping, and surface
roughness are dl intertwined. Consequently, many of the quditative and mogt of the quantitative
conclusons about urban canopy flow result from systematic physcd and numericd modd
Sudies.

Kastner-Klein and Rotach (2004) investigaied a detailed 1:200 scae modd of a portion
of the city of Nantes, France in a neutrd boundary-layer wind tunnd at the Universty of
Kalsuhe, Germany. They used laser-doppler anemometry to measure al components of
veocity, turbulence intengty, and turbulent shear a different locations within the city.
Subsequently, they compared their data with various parameterization schemes and concluded
that in the roughness sub-layer (RSL),

ke (2) = U/(0.6 B)[1 - 0.6 In(0.12) -exp{0.6 - 0.072[(Z - o)/Zo]}], wervrrrrrerrrererereeerereereeserens [16]

whereas above the canopy layer,

U(Z) = U8 IN[(Z = 00)/ Zoy e cvveereeeeeiee ettt e sne e e nne e [17]



where u = friction velocity, d, = displacement height, z, = roughness length, just as for forest
canopies.  Consequently, they propose parameters for these reations that depend on loca

building geometry:
Oo/H = 1+ 4438 (8 —1), BN ..o eeseessess s sesss s sesnsenssss s senss s [18]

Zo/H = 0.12 (Zs= Uo) = 0.072(Zs = o) werrreervereerreeeessesesessesssseessssesssssesessssssssssessessssseesesssssees [19]

where H = average building height, where the plan ared fraction 8p = Ap/At is the ratio of
average frontal plan area of roughness dements to tota surface area, and where z = height of the
maximum shear dress. Similarly, turbulent shear stress scales as:

(UW (U W' )T F(Z1Z8) eitiiiiieieieie ettt sttt st nb e [20]
Where (U'W')s ~ (U'W' )max »
Where Z = (z—dy) and Zs= (z—dy),
Where z; = height of max shear stress, and
Where ds = height of region insde canyon with nearly zero shear stress = 8,

Hence, an empiricd fit gives

(UW)(UW)s = (. Z5)? @XP[2(L = ZIZ]. cevverreerererenreeesesesessieesssessssessasesesssesssssssss s ssss s [21]
From the review provided in Sections 6.1 and 6.2 it is agpparent that the average flow
charecteristics over forest canopies and urban canopies are very dmilar.  Almost identica
expressons are found to correlae profiles of velocity, turbulence and shear stress.  Nonetheless,
gructurd differences indde canopy dements are expected to strongly affect the propagation of
fire and smoke, snce urban gructures have large regions of impenetrable wall; whereas, the
resstance of trees and vegetaion is spread more uniformly through the canopy volume as many
small dements of leaves, twigs, needles and boughs.

6.2.3 Joint Wildland/Urban Configurations

Tree windbreaks have long been known to modify the wind fidd downwind, and they have
frequently been used to mitigate extreme winds and modify the flow around groups of buildings.
Sometimes the trees are arranged to modify snowdrift patterns, in other cases they are intended
to reduce wind forces or reduce heating or air-conditioning loads. Recently, Rehm et d. (2002)
proposed a grid-free way to modd individud trees for sudy of flow over a wooded building
complex. Their proposd is to represent the trunk and branches of each tree by a collection of
spherica particles strung together like beads on a gring.  The drag from the tree, determined as
the sum of the drags of the component particles, produces an oscillatory, spreading wake of
dower fluid.

The authors tested their concept through a CFD smulation of the flow around an eeven
dory target building made up of a clugter of ten buildings, surrounding buildings and trees on the
NIST (Nationa Ingitute of Standards and Technology) campus near Gathersburg, Maryland.
They used a large eddy smulation (LES) turbulent model over a grid made of ~ 600,000 cdls
usng the FDS (Fire Dynamics Simulator) code which can be downloaded free from the URL.:
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http:/firenis.gov . Time dependent smulaions produced redidic looking veocity fieds and
unsteady pressure spectra for probes placed on target buildings. One case examined a typica
result for a row of 20 m high trees located upwind of the 49 m tal building. The wakes of the
trees oscillate and spread lateraly and produce fluctuations at low levels on the target building.

1. FLUID MECHANICS OF FIRES AND POROUS CANOPIES

When a solid or liquid fud burns, the molecular structure of the fud is modified by the action of
the heat resulting in the production of a combustible vapor. This process, cdled pyrolysis,
precedes the actud burning of fud like a wave moving ahead of the flame. Once pyrolyss has
occurred ignition is possble. Ignition usualy depends on the presence of an ignition source
(spark, cigarette, lightning, exising fire) that has a sufficently high temperaure to initiate
combustion in the fudl vapors.  The process of the spread of fire through a fud canopy is then a
multi step process:

Preheating and out gassing region (pyrolyss),
Intermittent deflagration (ignition),

Flame attachment region, and

Steady burning region.

Spontaneous or sdf-ignition is dso possble if externd heeting is sufficient to rase the vapor
temperatures above criticad levels (eg.  In wood pyrolysis occurs between 65-340 °C, piloted
ignition between 200- 350 °C and sdf ignition can occur between 250-600 °C depending on
wood species, humidity, and exposure time.) (Lee, 1972; Lee and Hellman, 1974; Pitts, 1991).
Pyrolysis and ignition can occur even without a flame present if radiation is sufficently large
By proper forest thinning and building dructure separation radiation intendgty levels can be
reduced low enough to limit the propagation of fires.

One dominant source of ignition in wildland/urban fires is due to firebrand activity. This
method is mogt effective when wind speed is grest.  Showers of large numbers of burning
embers ignite spots in areas ahead of the primary burning region. These areas codesce and add
to the forward movement of the fire front. The wind a0 tilts the convective column generated
by the fire and brings it closer to downwind and unburnt fuds thus increasng radiaion
intengties and initiating pyrolyss ahead of the moving fire front.

Mogt forest fires begin a ground level among layers of dead leaves, needles and other
litter. The propagation of the fire through this porous fire bed (or canopy) has been extensvely
dudied in fire wind tunneds. Many dudies use actud forest litter; whereas, others use idedized
porous structures including arrays of match gticks, circular rods of rolled paper, incenses sticks,
vertically supported index cards, wooden dowels, Popsicle sticks, strips of cardboard, strips of
paper, beds of torn newsprint, wooden teepee arrangements, and even computer card punching
(chad). (Voge and Williams, 1970; Prahl and Tien, 1973; Lee and Hellman, 1974).

Unfortunately, these ground fires can extend up into the crown regions of trees if dry
dead branches extend beneeth the living crown aong the trunks down to the ground. The fires
are sad to “jump” into the crown region. Once crown fires exis forest fires tend to grow amost
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explosvdy with flames legoing from tree-to-tree top, embers become lofted to great heights
ahead of thefire, and fire whirls develop among the strong crown fire updrafts.

Findly a column of buoyant combustion products, ash, embers, and smoke are produced
which rise @ove the flames. This often spectecularly visble plume of exhaust products can
itsdf be very hazardous since it contributes to pyrolyss, firebrands, suffocation, and loss of
vighility. The behavior of this plume has been the subject of extensve anadyss and research,
but in most cases the plume is presumed to rise independent of any surrounding terrain,
dructures or porous surroundings. Little attention has been given to the maotion of the plume in
the immediate vicinity of a fire as it is modified by surrounding forest or building Sructures.
Once the plume penetrates the surface layer above the canopy it is presumed to follow
conventiond plumejet mixing, trgectory, and kinematic under the influence of buoyancy and
cross flow winds. (Lee and Hellman, 1974; Fenddl, 1985; Brode and Small, 1986; Fitts, 1991;
Viegas, 1998)

7.1  Fdd Scde Experiments

This section provides some additiond information about a few of the fidd scde experiments
introduced in Section 5.1 under Modeling Methodologies: Full Scae Fire Tests.

Probably the most extensve and ambitious mass fire experiments were performed during
the Flambeau project between 1964 and 1975. Approximately 25 separate large-scde fidd
experiments were performed of szes ranging from 2 to 20 ha on both flat and inclined dopes to
examine the behavior of very large fires. (Pamer, 1981; Countryman, 1964, 1967) During Test
Fire Number 5(1966) 240 piles of pinyon pine and juniper tree debris approximately 15 m square
were arranged in 15 x 16 rows, 7.5 m agpart, and 1.5-2 m tdl. The region covered was
approximatedy 350 m square (~12.5 ha). The test region was instrumented with hest-protected
anemometers, radiometers, aspirated thermocouples and fud bed weighing plaforms.  Outsde
the fire perimeter were mounted pulsed-Doppler radars, smoke vishility measurement
equipment, infra-red spectra scanners, and till and cine photographic equipment.

The lower 100 to 200 m of the Project Flambeau convection columns contracted because
of the inflow of the ar to the fire. This inflow was horizontd a ground level, but contained a
condderable downward component.  Winds typicaly occurred as single line spirding columns
or dud vortex fire whirls Maximum measured winds were 56 m/s  This fire had a maximum
energy relesse rate of 500 kW/nf. Given the limited height of the fud beds and the
smultaneous ignition of the entire region few conclusions are possible with respect to fire spread
through a porous canopy.

During 1970 Operation Euroka was performed in Queendand, Audrdia (Williams e d.,
1970). This fire was principaly of brigdow, a heavy dense hardwood. The dash was arranged
by bulldozers into fire beds tha had very little fine materid; hence the pesk combugtion rates
were condderably later and lower than those of the U.SA. fires The fire had pesk energy
release rates of about 120 kW/n?. During Operation Euroka maximum winds were 20 m/s, and
after 30 minutes a fire whirl developed. Winds tended to spird inward from around the fire
which covered an area of about 2 ha

7.2  Laboratory Scae Experiments
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As noted earlier there have been extendve dudies in fire wind tunnels of fire propagation
through porous fire beds made of a variety of different depths of naturd and atificad materids.
Unfortunately, little of this work is directly applicable to the smulaion within urban fires or
forestsincluding crown fires. One minor exception is the limited work of Lee and Otto (1975).

In urban areas, buildings of various shapes and heights are grouped together to form city
blocks separated from each other by the open dreets.  Consequently, fire propagation is strongly
affected by the unique relaionship of the buildings. Lee and Otto (1975) chose to smulate how
fires develop about just two rectangular buildings smulated by identical woodpiles of length L,
width L/2 and height L/3 with the long Sdes pardld to each other. These fud piles were
separted by a distance L/2 with an overlap of equa magnitude. The wood cribs were set dfire at
the same time, and velocity, temperature, and heat flux measurements were made, while ordinary
and infrared photography were used to monitor the flames. The fire developed in five stages
related to heat flux levels as noted below:

o During Stage 1 both piles burned independently, ambient indrafts were controlled by
each pile separatdy with no evidence of gross vortex activity.

o During Stage 2 the heat flux became strong enough to produce week interaction between
the induced arflow about the two fue piles Discratdy separate multiple fire whirls
extended from each corner. Individud fire whirls strengthened and hest flux increased.

. During Stage 3 the individua whirls of each pile codesce admogt ingantaneoudy into
one single flame leaning towards the open street with a single strong vortex column.

o During Stage 4 the vortex becomes so drong that flames are actualy drawn out from the
openings on the opposing sdes of the piles facing the Streets towards the vortex column.
Hedting no longer occurs primarily in the verticd, but lalerd and horizontd hegting
causes fire to move aong the modedl building. Secondary vortices appear.

J During Stage 5 the fud is exhaudted, the piles sart to collgpse, the main vortex column
disspates, and vortex shedding into a wake region predominates. The vortices shed so
frequently and violently that this may indicate a primary period of fire spread to other
structures.

The interaction of the fire between the two Sructures that resulted during fire whirl formation

and subsequent sucking of flames out of openings (windows and doors) is Smilar to tha

assumed by the Himmoto and Tanaka (2002) fire propagation modd.

As noted earlier a number of wind tunne sudies have examined flow within arays of
building like blocks placed in arays to smulaie generic and actud urban digricts.  Cermak
(1995) concluded that the generd nature of above city flow including distributed roughness and
the effects of the heat idand can be smulated when Richardson number smilarity exists and for
aufficiently large modd Reynolds numbers. Plate (1995) and Theuer (1995) demonstrated that
gmilaity of flow exigs for a wide range of roughness arangements including actud city
geometries.  Quintda and Viegas (1995) and Meroney (1978) concluded that even therma
effects to buildings can be smulaed given equdity of the parameter Re/(Gn™  Findly,
disperson of neutrdly buoyant scdar plumes from point or line sources, which might represent
the disperson of cool smoke, was studied by Theurer (1995), Meroney et d. (1996), Chang and
Meroney (2003a), anong many others.

No additional examples of intense heat sources or actud fires rdeased within mode
forest or smulated urban environments are known to this author.
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7.3  Numerica Experiments

Fortunately, numericd modding despite its many limitations associaied with grid resolution,
choice of turbulence modd, or assgnment of boundary conditions is not intringcaly limited by
gmilitude or scade condraints.  Thus, in principle, it should be possble to numericdly smulate
al aspects of fires within canopies for which redisic modes exis for combustion, radiation,
fluid properties, ignition sources, pyrolysis, eic. In addition it should be possble to examine dl
interactions of fire properties individudly, sequentidly and combined to evauae nonlinear
effects.  Thus, computational fluid dynamics may well provide a grester understanding of the
behavior of small, medium, and massfiresin the future.

Redidicdly, however, many of our computationd submodules for combustion, radiation,
pyrolyss, etc. are dill primitive, and even incluson of adl modds within a computation becomes
cumbersome to caculate, and excessve in use of computational resources and time.  Continued
veification and vdiddion is required a dmost every level of CFD prediction. These cavesats
notwithgdanding, there does exig exciting progress in the use and interpretation of numerica
predictions of fire behavior.

7.3.1 Zone Modd Based Fire Spread Moddl

Himoto and Tanaka (2002) describe caculations of fire spread in a smulated urban digtrict by
combining a modified zone model and a modd for pyrolyss and ignition. Once a fire is ignited
in a room, the combudibles ingde the building burn filling the room uniformly with combustion
products, heat and radiation; then the conditions in the firs room communicate to surrounding
rooms or buildings through convection plumes and radiation. Once the new space heats to a
sufficient temperature, it also ignites, and the process proceeds.

The modd was supplied with an idedized urban didrict of 49 identicd buildings arrayed
a a uniform separdtion distance of 3 m. The buildings chosen were assumed to be light weight
concrete two-story houses composed of ten rooms.  Some openings were open, others closed by
window glass. The smulation was carried out for two wind speeds, 0.0 and 6.0 m/s. For no-
wind the fire spreads in a symmetric pattern, but with a prevalling wind to the north the fire
induced plumes were blown down by the wind and ignited downsream buildings earlier. For
both cases the growth rates of fire in the 2% floor compartments were faster than that of the £
floor due to &) effects of plume buoyancy and b) 2" floor compartments were closer to the
externd fire plume centerline and exposed to more outside hegting.

7.3.2 FeddModd Based Fire Spread Models

Baum and McGrattan (1999) consdered a fire growing from the exposed top of an oil storage
tank in a 3 x 3 matrix of large cylindrical tanks. Each tank was 8 m diameter and 27 m high.
The geometry was chosen to represent a portion of the oil storage facility of the Japan Nationa
Oil Corporation & Tomekoma. A gpproach velocity profile with a power law distribution of
0.15 and a wind speed a tank height of 6 m/s was dipulated. They used the LES program FDS
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to caculate time dependent combustion, plume rise and radiation exposure of the nearby tanks.
The modd included the effects of radiation from smoke particle back to tank surfaces.

Morvan and Dupuy (2001) predicted fire propagation in Mediterranean shrub land by
representing the vegetation as a collection of solid fud particles distributed with appropriate
Sze, moisture content, density, etc.. Separate layers were created to represent ground cover,
crown canopy regions, thinning, and fire bresks. The mode captures the degradation processes
(dryng, pyrolyss, char combustion) and ignition. Caculaions were performed over a domain 5
m tal by 20 m long. The authors consdered different cdl szes (5, 10 and 20 cm) and compared
rate of goread, mass fluxes, contributions of radiation and convection. The modd predicted the
temperature and veocity field for fires with canopy top wind speeds of 1 and 5 m/s. Their moded
isintended for incorporationin the EU FIRESTAR system forest fire prediction tool.

Researchers are beginning to add complex terran into ther predictions of fire-spread
behavior.  Viegas (1998) cdculated fire spread rates over a smplified canyon geometry
condging of a horizonta plane and two inclined planes that intersect each other dong a line that
exigs in the vertica plane. Canyon centerline dopes varied from 16.1° to 30°. A constant heat
flux over a smdl area represented a fire a the base of the canyon. A fire propagetion agorithm
was incorporated in the flow fidd to etimate the movement away from the ignition point a the
base of the canyon. It was found that fire driven convection processes modified the shape of the
therma plume depending on the ambient wind speed and fire intensity.

Coen and Clark (2001) has coupled a fire model into a three-dimensond nonthydrostatic
terain- following numericd mesoscde modd developed a the US Nationd Center for
Atmospheric Research, Boulder, CO. The modd includes ran and cloud physics. Cdculations
predict the growth and soread of a fire line moving across a two dimensond smdl Gaussan hill
(height 200 m, hdf-width 300 m) for a wind speed of 3m/s, and a stable atmospheric lapse rate
(10° C/km). The head of the fire propagated quickly uphill in the direction of the environmentd
wind. Once the fire reaches the top of the hill, the updrafts tend to inhibit the forward movement
of the fire front, and the fire oreads fadter laterdly in the lee of the hill.

7.3.3 Hot Pume Behavior in Generic Porous Canopies

One of the features of the forest fire problem making rigorous andyss difficult is the presence of
individua trees, shrubs, bushes, trunks, branches, leaves and occesona human dructure.  To
dmulate these dements in detall with sufficient accuracy to replicate individud vortica motions
would be intracteble.  Over a region of even a few acres there must be thousands of individua
unequally sized and spaced objects.

A number of authors, however, have represented forest or urban canopy layers by porous
regions of digributed force (or drag) (Garzan\ et a., 1998; Jeram et al., 1995, Shaw and
Schumann, 1992; Yamada, 1982) The advantage of such an agpproach is that it permits incluson
of a canopy sublayer without the use of excessve and costly grid resolution. ' Yamada (1982) and
Shaw and Schumann (1992) introduced the approach in order to add vegetation to meso-scae
modes of complex terrain. Jeram et a. (1995) used the concept in 2d caculations for inviscd
flow and congtant eddy diffusvity flow estimates of the up and downwind penetration of flow
within smple urban aress.

Garzan et al. (1998) treated a 2d forest as a highly inhomogeneous and very permesble
porous medium. The heat generated in the burning part of the fores was smulated through the
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addition of an area source term to the equation of thermd energy. The resulting velocity fidd
was then used to edtimate the postion and velocity of firebrands. They smulated an atmospheric
region 800 m high and 1000 m long with a 20 m high porous forest region aso 1000 m in extent
dong the ground boundary. A constant heat flux of 50 KW/n? was imposed over a 20 m high
and 100 m long region some 100 m downwind of the domain inlet. Turbulence was modeled by
the standard k-, modd. The plume height is deflected downward and the firebrands ae blown
further downwind at the higher wind speed.

Numericd modd cdculations usng the CFD code FLUENT 6.1 were performed to
evaluate the time dependent behavior of fires ignited within a homogeneous porous canopy.
These were compared with flow behavior from a damilar fire in the absence of the canopy.
Condderation was given to the effects of grid resolution, turbulence modd (6-, RANS versus
LES), wind speed (Un = 0, 1, 2, 5 m/s), fire intensty (Q = 20, 50, 100 kW/n’), and inlet velocity
profile (** = 0 or 0.14). The development of veocities, turbulence intendty, static pressure, and
temperature fields were examined for such examples. Typicd results are discussed below.

7.3.3.1 Firein 2-d Porous Canopies

Cdculations consdered a fire domain 60 m tall and 300 m long including a porous canopy 100
m from the entrance dong the ground 6 m high and 100 m long. The associated computationd
grid conssted of 9000 rectangular cdlls. A buoyancy source was placed 10 m inside the canopy
2 m tdl and 4 m long that dissipated 100 kW/n. A power law velocity profile approached the
canopy with a power-law exponent of 0.14 and a veocity a canopy height of 1 m/s. Inlet
turbulence levels were 10 %. Cdculations were completed for fires with @ no canopy present
and b) a canopy present with porous materid having inertid resistance coefficients of 1 m* in
both coordinate directions.

For the case of a fire ignited dong a smooth ground surface, the therma plume calculated
by a trandgent LES turbulent modd tended to grow downwind in time, cregping aong the surface
occasondly reeasing ungable buoyant puffs of heated ar upwards from the downwind tongue
of the plume into an ascending turbulent therma plume.  The themd plume dong the ground
was ingantaneoudy rather shdlow but mixed into regions above intermittently.  (Figure 13) The
therma plume caculated by a seady date 6-, RANS modd produced a ground level plume of
greater depth but which decayed exponentidly in the verticd and downwind directions in a
Gaussan manner.  For the no-canopy fire plume gtuation, the laid over behavior of the plume
resembles the visudizations of line source plumes photogrephed by Mauyama and Tanaka
(2002) during their sudy of the high temperature field behind a flame in a turbulent boundary
layer. Measurements of downwind velocity profiles dso produced smilar wal-jet behavior near
the ground.

For the case of a fire ignited within a porous canopy region, the therma plume calculated
by a trangent LES turbulent model was initidly lad over dightly by the gpproach winds, but
then separated from the wall and accderated upward in the low speed regions within the canopy.
When the plume reached the canopy celling it had substantid vertical velocity and lofted above
the canopy in a conventiond bent-over turbulent plume. (See Figure 14) The plume caculated
by a steady state 6-, RANS modd adso lofted from within the canopy, but the RANS average
plumes were broader since they represented the average character of the intermittent plume
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observed during the trandent caculaions. These results resemble the behavior of a fire ignited
within adeep canopy that quickly moves from the ground fire bed into the canopy region.

7.3.3.2 Firein 3-d Porous Canopies

Cdculations congdered a fire domain 60 m tdl, 300 m wide and 300 m long including a porous
canopy that exised dong the wal 6 m high, 100 m wide and 100 m long. The computationa
grid condsted of 185,000 hexagond cdls. A buoyancy source was placed 10 m ingde the
canopy 2 m tal, 80 m wide and 4 m long that dissipated 100 kW/m. A power law velocity
profile approached the canopy with a power-law exponent of 0.14 and a veocity a canopy
height of 2 m/s. Inlet turbulence levels were 10 %. Cdculations were completed for fires with
a) no canopy present and b) a canopy present with porous materid inertia resstance coefficients
of 1m* in dl three coordinate directions

During the 3-d cdculations the fire line produced very smilar patterns to those observed
for the 2-d modd. For a fire ignited dong a smooth wal the transent plume aso soread
(creeped) dong the ground surface rdeasing intermittent puffs of hested air from the tip of the
plume tongue. However, given a finite latera extent there was evidence of end effects where air
descended from above, and converged laterdly inward toward the center of the fire line. Surface
temperatures remained high for long distances downwind. (See Figure 15)

For a fire ignited within the porous canopy the 3-d fire line agan produced smilar
patterns to those observed for the 2d modd. The heated plume rose upwards irregularly dong
the fire line to the canopy celling. When the plume penetrated through the shear zone into the
higher wind speed above the canopy it was bent over, but continued to ascend upwards. There
was consderably more evidence of laterd convergence downwind of the fire line however, and
within the canopy there was an extensve region of reverse flow downsream of the fire line that
fed ar into the rising heated plume. (Figure 16)

The condgtent and physicaly redigic behavior of these virtud plume cdculations is very
encouraging.  Future cdculations should consder the effects of forest canopy inhomogenaties
(ground cover versus crown vegetation), aternative fire locations, and combustible canopy
dructure. It will dso be intriguing to examine those fire configurations which lead to the
presence of intense fire whirls and the associated lofting of fire brands.

8. FIRE WHIRLS AND FIRE TORNADOES

Fire whirls are a typicdly rare but a potentidly catasirophic form of firee. They are observed
during urban and forest fires, where fire “tornadoes’ are characterized by large-scde whirling
flames which rise in 2 to 360 m diameter vortices from 10 to 1200 m high. These fire whirls
accelerate combudtion, produce dgnificant suction pressures and lifting forces, and can cary
burning debris, logs and even buildings thousands of meters from the main fire,

The formaion of fire whirls requires a source of ambient vorticity, a concentrating
mechaniam, and a favorable environment for fire whirl gability and growth (augmentation
physcs). Emmons and Ying (1966) wrote the defining paper about fire whirl behavior. They
identified the primary mechanisms, peformed laboratory scde experiments in a laboratory
goparatus 3 m high which used a 225 m dianeter rotating screen mesh to introduce angular
momentum and a pan of burning fud (acetone) to provide a source of buoyancy. They dso
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proposed a fire plume modd based on a one-dimendond entrainment theory, but it faled to
reproduce the growth of the fire plume with height.

Later Mayle (1970) continued their research by performing measurements of velocity and
pressure within the fire whirl.  He found that the behavior of the plume was governed by
dimensonless plume Froude, Rossby, second Damkohler Mixing Coefficient and Reaction Rate
numbers. For plumes with a Rossby number less than one the plume is found to have a rgpid rate
of plume expansgon with height. This phenomenon is sometimes cdled “vortex breskdown”,
ad it is a “hydraulic jJump’ like phenomena caused by the movement of surface waves up the
surface of the fire plume that are gregter than the speed of the fluid velocity. Unfortunately, even
improved entrainment rate type models do not predict these phenomenavery well.

Ambient vorticity can be produced by ground level boundary layers generated by the
wind, wind shear from nonruniform horizontd dengties, the earth’'s rotation, or wind shear
produced as ar pases over a ridge or hill. Concentrating mechanisms include risng ar in a
buoyant column from ungable layers forming over sun-heated ground, the presence of a storm
front, or hot gases from a fire. The concentrating mechanisms rotate the horizonta vorticity into
the verticad and dretch the vortex tubes. Through conservation of angular momentum the
dretched tubes induce more rapid rotation resulting in lower axid pressures, which in turn
encourages further entranment of ground levd vortex-rich ar. Findly, the rotaiond ructure
of the vortex induces centrifugad forces which dampen turbulence near the vortex core; thus,
reducing any tendency for the fire whirl plume to diffuse outward from the core

8.2  Phydcd Modding of Fire Whirls

Byran and Martin (1962) used extend verticd cylinders with tangentid dots oriented to
produce rotating flow about a fire source. They examined two sets of equipment of diameters
and heights, 33 and 183 cm, or 66 and 335 cm, respectively. Burning acohol pools within their
gpparatus, they reported visible fire whirls up to 300 cm tdl with inner fire tube columns 2 cm in
dianeter. They observed horizontd velocities a the surface of the inner column of about 9
m/sec (~6000 rpm) and vertica velocities to 18 m/sec.

Emmons and Ying (1966) used the rotating-screen apparatus described above to
sysematicaly evauate the effects of angular rotation (Rossby number) and plume buoyancy
(Froude number) on fire whirl dynamics.  They reported that turbulent mixing coefficient
decreases with increesng angular momentum, and increases with devation above the ground.
Later Chigier et a. (1970) reproduced their apparatus but used a turbulent jet diffuson flame .
Since these early experiments severd investigators have re-created similar laboratory apparatus
while evauating the character of firewhirls (Martin et al., 1976; Muraszew et al., 1979).

Other invedtigators have reproduced fire tornadoes as they develop in smulated outdoor
environments. Lee and Otto (1974) examined how city fires might develop by smulating in a
wind tunnd a smple urban dreet arangement. Ther results reveded that strong dreet leve
vortices could develop due to building fire interaction. Emori and Saito (1982) smulated a fire
whirl formed during a forest fire burning over a mountain ridge top that njured severd Japanese
fire fighters. Soma and Saito (1991) recreated fire tornadoes that occurred during the Kanto
earthquake in Tokyo (1923), the Hamburg firestorms during WW 11 (1943), and oil-tanker fires
in Hokkaido bay, Japan (1965).

More recently Satoh and Yang (1996, 1997) produced laboratory scde fire whirls by
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adjusting symmetrica verticd gaps separating the square verticd bounding wals surrounding a
centrd fire pan. They examined the effect of gap Sze, wal height, fue sze, and heat load on the
fire whirl. They determined that there is a criticadl ggp Sze, which is not 0 large or smdl that it
inhibits the entrainment of ar needed to sudain the fire. Stable whirls were generdly associated
with flane heights smdler than the wdl height of the sgquare enclosure. FHame temperatures
were primarily affected by the magnitude of the volumetric hest source.

8.3  Numeicd Modding Fire Whirls

Murga and Emmons (1960) and Emmons and Ying (1966) describe integrd plume modds,
which are calibrated with experimentad data. Satoh and Yang (1997) used the UNDSAFE code
with associated 3d, compressible, buoyant, and congtant turbulent viscosty specifications. Ten
cases were consdered which included validation exercises and parameter sengitivity sudies.

Battaglia et d. (2000) smulated the laboratory experiments of Emmons and Ying (1966),
Chigier et d. (1970), and Satoh and Yang (1997), which included cases for fixed circulation and
vaigble fire drength, fixed fire drength and variable circulaion, and jointly varied fire strength
and circulation. The numericd code used was the NIST shareware FDS (Fire Dynamics
Simulator) which includes 3d, compressble, buoyant and LES turbulent modds (Baum et 4d.,
1996).

Meroney (2001, 2003, 2004) consdered the growth of fire whirls in large building aria
and their effects on didribution of smoke and building evacuation. Using the commercid cfd
code, FLUENT 6.1, he reproduced the transent growth and stabilization of laboratory fire whirl
configurations used by Byram and Martin (1962), Emmons and Ying (1966) and Satoh and
Yang (1997). Figure 17 present the trandent gppearance of fire whirls generated within fire
whirl smulation chambers.

9. CONCLUSIONS AND RECOMMENDATIONS

The development of large fires in vegetation and building environments continues to be a mgor
concern as population increases results in larger urban areas and the intersection of wildland and
urban regions.  Although the tota number of fires observed seem to be condant, the proximity of
wildland and urban populations has resulted in gSeadily increesng economic infrastructure
loses.  Continued research into the mechanisms of fire soread and their possble mitigation are
gopropriate. This review suggests that:

a Fire and smoke movement through forests and building arays are imbedded in flows
defined by the porous nature of the burning media Initidly it is the flow through the
permeable media that determines the nature of the growth and spread of the fire.

b. Fires growing within porous media inherently are different from fires burning over fla
surfaces.

C. How through forest canopies and building arays are very smilar with respect to ther
mean behavior in terms of didtributions of velocity, turbulence and shear profiles, but

d. Building arrays are NOT localy porous only in the average.

e Improved fire soread models should be developed to determine the effects of dSreet
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arrangement, street canyon aspect ratio, building heights, etc. on fire propagation. CFD
appearsto be avduable tool in investigating these phenomena sysemdticaly.

f. Smple parametric models are needed to use in numerical modes to permit Smulation of
fire pyrolyss and spread.

o] Porous canopy models maybe improved by using various degrees of porosity to mode
individua buildings, vegetation, and other structures.

h. Future cdculaions need to include redidic thema radiation modds to predict drying,
pyrolyss and ignition. These same caculations need smple but redigic modds for fire
Spread.
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