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Abstract. EcoSmartFire is a Windows program that models heat damage and pilo-

ted ignition of structures from radiant exposure to discrete landscaped tree fires. It
calculates the radiant heat transfer from cylindrical shaped fires to the walls and roof
of the structure while accounting for radiation shadowing, attenuation, and ground
reflections. Tests of litter burn, a 0.6 m diameter fire up to 250 kW heat release under

a Heat Release Rate (HRR) hood, with Schmidt-Boelter heat flux sensors in the
mockup wall receiving up to 5 kW/m2 radiant flux, in conjunction with Fire Dynamic
Simulator (FDS) modeling verified a 30% radiant fraction, but indicated the need for

a new empirical model of flame extinction coefficient and radiation temperature as
function of fire diameter and heat release rate for use in ecoSmartFire. The radiant
fluxes predicted with both ecoSmartFire and FDS agreed with SB heat flux sensors to

within a few percent errors during litter fire growth. Further experimental work done
with propane flame heating (also with 30% radiant fraction) on vertical redwood
boards instrumented with embedded thermocouples validated the predicted tempera-
ture response to within 20% error for both models. The final empirical correlation

for flame extinction coefficient and temperature is valid for fire diameters between 0.2
and 7.9 m, with heat release rates up to 1000 kW. From the corrected radiant flux
the program calculates surface temperatures for a given burn time (typically 30 s) and

weather conditions (typically dry, windy, and warm for website application) for field
applications of many trees and many structural surfaces. An example was provided
for a simple house exposed to 4 burning trees selected on a Google enhanced map-

ping that showed ignition of a building redwood siding. These temperatures were
compared to damage or ignition temperatures with output of the percentage of each
cladding surface that is damaged or ignited, which a homeowner or a landscaper can
use to optimize vegetation landscaping in conjunction with house exterior cladding

selections. The need for such physics-based fire modeling of tree spacing was indi-
cated in NFPA 1144 for home ignitability in wildland urban interface, whereas no
other model is known to provide such capability.
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Nomenclature

A Surface area (m2)

Bi Biot number

D Tree flame diameter (ft (m))

c Heat capacity (J kg-1 K-1)

dm Cladding thickness (mm)

em Tree flame emissivity (–)

Eb Blackbody total emissive flux (kWm-2)

Fi Cylindrical flame view factor in ‘‘I’’ direction (–)

Fo Fourier number (-)

Fr Froude number based on heat release rate (–)

h Heat transfer coefficient (W m-2 K-1)

H Tree flame height (ft (m))

HRR Heat release rate of tree (kW)

k Thermal conductivity (Wm-1 K-1)

j Smoke extinction coefficient (m-1)

L Distance from surface element to flame center (m)

m Tree wet mass (kg)

MC Dry basis moisture content of tree foliage (%)

qj Line of sight irradiance from tree fire j to surface element (kWm-2)

q Cladding density (kg m-3)

r Flame radius (m)

Rj Ground reflection coefficient around tree j (–)

Sj Mean beam length of tree fire j (m)

r Stefan-Boltzmann constant, (5.6696 9 10-8 9 Wm-2 K-4)

sj Tree flame transmittance (–)

h0 Upward rotation angle to flame top (radian)

T Temperature (K)

u Unit vector in x direction of element normal vector

v Unit vector in y direction of element normal vector

w Unit vector in z direction of element normal vector

vr Radiant fraction of heat release rate

1. Introduction

EcoSmartFire is part of a suite of software tools designed to help evaluate the envi-
ronmental impact of landscaped outdoor spaces (www.ecosmartlandscapes.org),
known as ecoSmart Landscapes. This fire component implements a flexible PC-
based fire model on a web-based server that helps to estimate the fire hazard to a
structure from nearby individualized trees, thus responding to the need for tools
which promote reduced home ignitability in the wildland-urban interface (NFPA
1144) [1]. The principal ignition sources for a structure are: flame radiation assisted
with piloted ignition by small aerial embers, flame impingement particularly that
promoted by convection, and accumulated firebrands as described by Cohen [2].
Firebrands are burning embers from vegetation or other burning materials within
the structure ignition zone of 30 to 60 meters [3] from the home that undergo aerial
transport by winds and fire-driven currents which can end up at an accumulation
point on the structure or the landscaped vegetation and mulch on the property. Fire-
wise [4], Nader, et al. [5], and the ICC WUI Code [6] similarly describe the home
ignition zone within the first 60 m (200 ft) of a home. EcoSmartFire addresses the
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fire hazard from flame radiation and assumes the other hazards are accounted for by
hardening the home.

Although the survivability of a home within the wildland-urban Interface
depends on a number of factors, the most important is preventing ignition on
important exterior components as noted by Babrauskas [7] and by Ellis and Sulli-
van [8]. The desire to prevent structural ignition has resulted in various recom-
mendations as reported in the literature based primarily on anecdotal knowledge.
For example, the case study of the Bel Air fire [9] by Howard reported home igni-
tion based on home characteristics and their surroundings in which 95 percent
survival was achieved for homes with noncombustible roofs and a vegetation
clearance of 10 to 18 meters. Another case study of the Painted Cave fire [10] by
Foote indicated 86 percent survival for homes with noncombustible roofs and a
clearance of 10 meters or more of vegetation. Researchers have obtained some
additional clarity with testing and fire modeling. For example the Structure Igni-
tion Assessment Model (SIAM) was developed at USDA Forest Service—Forest
Products Laboratory (FPL) by Tran and others [11] in collaboration with Cohen
in the 1980s. SIAM was limited by a simplified flux time procedure calibrated for
wood siding materials and for the worst case radiant exposure to extreme crown
wildfire. Based on SIAM results recommendations were made that the forest fire-
line should be conservatively no closer than about 10 to 40 meters from any com-
bustible structure [2]. SIAM does not consider exposure to ornamental vegetation
fires and is unable to provide specific landscaping recommendations or structural
modification recommendations to the homeowner. EcoSmartFire was created to
improve these recommendations.

To be able to relax the previous restrictions the firebrand hazard must be
addressed. Field and large-scale observations have been placing greater emphasis
on the firebrands as causing the home losses [12 and other papers in this issue].
The firebrands can penetrate soffit vents or accumulate in crevices around the
home, or pile up on the ground or decks below combustible vertical claddings, or
pass through broken windows. Thus additional fire resistance to the home beyond
that of Class A roofs (UL 790) to address the firebrand problem is being pro-
moted [1, 9, 10]. Also being promoted is the stay and defend strategy [13] in
which after the wildfire passes by, the inhabitants of a fire resistive home put out
any spot fire started by the firebrands. Realizing the importance of firebrands and
ladder fuel [4–6, 12], the ornamental vegetation is cautiously reintroduced on the
parcel by choosing fire resistant species, effective landscaping, and eliminating lad-
der fuels that promote crown fire or ground fire spread. Indeed, the California
Public Resources Code 4291 requires the removal and clearance of all flammable
vegetation and other combustible growth within 9 m (30 ft) of the house, but
allows single specimens of trees, shrubs, or other vegetation provided that they are
well spaced and well pruned. Although mulch is described also as a threatening
fuel [14], its impact is considerably reduced by following NFPA 1144 [1] or Fire-
wise [4] for removal of adjoining combustibles to avoid flame contact with the
house. However, once the firebrand threat becomes mitigated with effective struc-
tural hardening, one can argue that even greater leniency can be provided for
ornamental vegetation and landscaping and reduce the need for defensible space,
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particularly if soil moisture management, energy savings via shading, carbon con-
tent, and aesthetics are desirable features [15]. Hence the need arises to provide
the homeowner or landscaper a tool for scientifically based selections of ornamen-
tal vegetation and structural protection claddings, without introducing the com-
plexity of computational fluid dynamics code such as the Fire Dynamic Simulator.

The EcoSmartFire software provides such a physics-based model by calculating
the tree flame radiation source along with piloted ignition and heat damage for
structural response, estimating the hazard to the structure from the placement of
trees on the property, and thus promoting placement at sufficient distance and
shading to reduce risk if all the trees within the immediate landscape area became
involved in crown fires simultaneously from an intense wildfire and with finite
burn time duration. There is still the need to address the flame impingement risk
through removal of combustible materials adjacent the structure, and hardening
the structure against firebrand risk through use of Class A roofing, appropriately
constructed walls, windows, and doors, and vent blockage methods. NFPA 1144
[1] addresses these required remedies, while it specifies that, ‘‘6.2.5 Tree crowns
within the structure ignition zone shall be spaced to prevent structure ignition
from radiant heat’’. The ICC WUI code [6] can be consulted for similar recom-
mendations. No calculation was provided nor recommended for this tree crown
spacing recommendation, and it appeared that anecdotal knowledge was only
available to suggest spacing of 3 m (10 ft) between trees. EcoSmartFire can pro-
vide that calculation by improving on previous flame radiation calculations in the
2008 Society of Fire Protection Engineer (SFPE) Handbook of Fire Protection
Engineering and other selected publications cited in this paper through use of an
improved radiation heat transfer model, as developed and validated in this work,
and the use of critical surface temperatures for damage and ignition on the
exposed surface. Since damaging temperatures on these components are typically
much lower than the piloted ignition temperatures, efforts to minimize heat rela-
ted damage will also result in conservative structural protection from ignition.
This conservative evaluation on the basis of damage instead of ignition will tend
to compensate for physical attributes not modeled in ecoSmartFire such as wind-
blown leaning of flames toward the house, or of ground combustion. This
approach generalizes the critical heat flux criterion that is based on a very long
heat exposure time typical of adjacent fires on combustible buildings. The model
assumes a special exception for the Class A combustible roofing, in that piloted
ignition temperature can be exceeded locally, and yet the fire remains localized
and self-extinguishes once the heat source diminishes or is removed. Such a roof
could be considered as only damaged, and not as sustained ignition. Exceptions
on other structural components similar to the Class A roofing can be developed as
testing protocols continue to be improved for them.

EcoSmartFire software runs on a web server along with other components of the
ecoSmart Landscape. It relies on the web software for user input that defines the
landscape and building, and web tools for user output to convey the risk to each
building surface. Internally it reads in a text based file at a known location on a hard
drive and outputs a text file with its calculated results for each surface. Thus the
software can be run on any Windows based machine for testing and validation of
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the fire model, while also running in the multiuser environment of a web server.
However, keep in mind that its use in the web server limits the structure to 4 walls
and 1 roof, and up to 9 arbitrary trees on the property to limit computation time,
whereas on the PC many structural surfaces with many trees on the lot can be used
as the computation time is much less limiting. This manuscript documents the core
fire model, validation with fire tests under the Heat Release Rate (HRR) hood, and
some examples of model predictions with ecoSmart Landscape and with specific sce-
narios involving selection of building claddings.

2. Understanding Core Fire Model—FireModel Overview

EcoSmartFire software runs on the Windows hardware platform. The input file
contains information about the location of the walls and roof, along with surface
material properties. It also includes the tree location and other tree properties nee-
ded to calculate the heat release rate of the trees. The output file contains percent-
age of each surface damaged and ignited by the heat flux, and the heat release
rate and burn time of each tree. Each input wall and tree is numbered and the
output file contains information for the corresponding wall or tree. Full details of
various routines will be provided in a FPL General Technical Report after this
publication, while some basic information on program structure is provided in this
section.

The FireModel subroutine does most of the work. After validating the location
and outward normal vector for all structural surfaces, and calculating the heat
release rate profile of the trees, it runs the CalcDamage function for each surface.
CalcDamage breaks up the surface into many small elements and calculates the
heat flux and exposure time from all burning trees to each surface element. Then
it uses surface material properties and fixed atmospheric condition to predict sur-
face temperature rise for each element, and compares the predicted temperature to
the critical temperatures for damage and ignition (see Table 1). Finally it stores
the percentage of damaged or ignited elements for output.

The core flame thermal radiation calculations are done inside the CoreFlux sub-
routine which is called by CalcDamage. It takes a particular surface element, and
sums the contribution to temperature rise from the heat flux profile of all trees.
The heat flux calculation is based on the direct line-of-sight radiative heat transfer
from a cylindrical shaped fire in the tree crown to the surface element in question,
while adjusting for the blocking of that line of sight from other trees and other
parts of the structure, and including ground reflections of the radiative heat flux.
The formulae for flame characteristics of burning trees and the radiative heat
transfer to differential surfaces are taken from the SFPE Handbook of Fire Pro-
tection Engineering [16]. Early experimental work attempting to validate these for-
mulae resulted in modifications to flame temperature and emissivity. Further, as
there are numerous trees, ground surfaces, and structural surfaces, the model
implements additional mathematical relationships utilizing detailed vector analysis
for thermal radiation blockings and ground reflections for general geometry. This
is described in more detail below.
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3. Determination of Radiant Heat Transfer

3.1. Tree Heat Release Model

CalcTreeHRR is used during initial processing in the FireModel subroutine to cal-
culate the heat release rate and burn time of the trees, given the tree foliar mass and
leaf moisture content (MC). These values are used in the radiant heat transfer calcu-
lations and stored for file output. The model assumes the effective heat of combus-
tion is 13,100 kJ/kg [16] for dried foliage and calculates the total heat release (THR)
in kJ from a burning tree as the effective heat of combustion times the foliar dry
mass, m (kg). There are two formulas for finding the peak heat release rate (HRR)
one for Douglas fir and the other for all other trees. This lumping for the tree HRR
reflects the current state of knowledge regarding tree HRR in kW as documented in
the 4th edition of the SFPE Handbook in a chapter by Babrauskas [16]. For Douglas
fir the formula is Equation 1 (from SFPE Fig. 3.1.67), and for all other trees the for-
mula is Equation 2 (from SFPE Fig. 3.1.70).

HRR ¼ 2� m� 400

ð1þ 0:0538�MCÞ ð1Þ

HRR ¼ 2� m� 700

ð1þ 0:1295�MCÞ ð2Þ

Obviously there are tree species that are more fire resistance than the trees consid-
ered, but it does not matter if conservative evaluation is the goal. That is, the
choice of relatively high flammable Douglas fir as a proxy for the less flammable
species, only makes the model more conservative in its estimates of home
ignitability, perhaps compensating for ignoring flame tilt or mulch on the prop-
erty, or some other secondary features. However it would be beneficial to obtain
HRR data of additional tree species for fire model refinement and further valida-
tion. In Equations 1 and 2 the mass is the foliar mass with water, which is calcu-
lated based on the given dry mass and foliage moisture content. Finally the total
burn time in seconds is estimated as the total heat release (THR) divided by
HRR, assuming a rectangular shaped HRR profile. With radiant power assumed
as a constant fraction of HRR, the resulting surface radiant flux is constant dur-
ing the tree burns, thus also allowing a simplified prediction of the rising surface
temperature as occurring over a burn time.

3.2. Basic Radiation Heat Transfer Model

The main radiant flux work is handled in CoreFlux subroutine, which breaks a
surface into elements by calling a subroutine, and then calculates the flux from
each tree to a particular element, using the CalcTreeQ function. Before calculating
the radiant heat transfer, a subroutine called by CoreFlux checks to see if that ele-
ment might be blocked by other trees or surfaces and returns the fraction of the
tree fire radiation that reaches the element after being blocked or attenuated and
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is discussed later below. The radiant heat transfer calculation assumes the flame of
the burning leaves is a cylinder, the flame is homogeneous, and its radiant proper-
ties are those of smoke similar to that of burning wood. Under these conditions
the heat transfer from the source j is given by Equation 3 as outlined in the SFPE
Handbook as Equation 47 in a chapter by Tien et al. [17].

qj ¼ emEbðF1 þ F2 þ F3Þ ð3Þ

The F factors depend on the geometry for which the flame height is required. The
geometry is pictured in Figure 1 (from SFPE Fig. 1-4.10) and defines the variables
with which geometry F factors are calculated.

Given this geometry and assuming that u, v, w are the x, y, z components of the
unit normal vector n, normal to the surface, the formulas for geometry F factors
are in Equations 4, 5, and 6.

F1 ¼
u
4p

rLð Þ2½p� 2h0 þ sinð2h0Þ� ð4Þ

F2 ¼
v
2p

r
L

� �
½p� 2h0 þ sinð2h0Þ� ð5Þ

F3 ¼
w
p

r
L

� �
cos2ðh0Þ ð6Þ

Figure 1. Geometry for cylinder flame.
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The vertical orientation angle of the element unit normal vector (u, v, w) s given
by Equation 7.

h0 ¼ arctanðL=HÞ ð7Þ

The horizontal distance to the center of fire is L, flame height is H, and flame
radius is r. Since the view blockages were not considered in the formulation of
these equations for extreme normal vector orientations, the view factor functions
are interpolated to approach zero at extreme angles and distances to maintain the
code robustness and continuity. Likewise, due to the formulation limitations, the
view factor functions are adjusted to higher values for when the horizontal dis-
tance to the center of fire is less than the flame radius as described in Dayan and
Tien [18]. The flame height was originally calculated from the heat release rate
(HRR) and flame diameter (D) using Equation 8 as outlined in the SFPE Hand-
book as Equation 8 in the chapter by Heskestad [19].

H ¼ �1:02� Dþ 0:235� HRR0:4 ð8Þ

However to prevent the flame height from going negative at low enough HRR,
Equation 8 was supplemented by a new formula proportional to HRR and inver-
sely proportional to D raised to the 3/2 power as described by Quintierre and
Grove [20]. In evaluating the flame emissivity in Equation 3 the absorption coeffi-
cient j for smoke for wood was initially adopted as 0.8 m-1 (from SFPE hand-
book value for wood) and the path length Sj (in meters) is evaluated as the so-
called mean beam length,3.6 Vf/Af, which reduces to 90% of the crown diameter
for tall flames, for use in Equation 9.

em;j ¼ 1� sj ¼ ð1� e�jSjÞ ð9Þ

The blackbody total emissive flux Eb uses the Stefan-Boltzmann constant

(r ¼ 5:6696� 10�8Wm�2K�4) and the temperature of the smoke was initially
adopted as 1732 K for wood. Thus Eb had an initial value of 507.9 kW/m2 from
Equation 10. Both j and Tf were adjusted as described below to give a much
improved prediction of radiant flux.

Eb ¼ r� T 4
f ð10Þ

3.2.1. Modification of Handbook Values to Improve Radiant Heat Transfer Calcu-
lations As an internal test of the radiant flux formulation, the radiant fraction
was calculated as the radiant heat from the cylindrical shaped fire and divided by
the heat release rate, HRR, from Equation 11.

vr ¼ emEbAf =HRR ð11Þ
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Using this definition of the radiant fraction, and calculating radiant flux given differ-
ent values of the flame diameter and the heat release rate, the radiant fraction was
calculated as being typically above unity for the initial extinction absorption coeffi-
cient of 0.8 m-1 and flame temperature of 1732 K. To account for the possibility of
inaccurate assumptions about the cylindrical flame area (i.e. the actual flame necks
inward to a somewhat smaller diameter flame than that of the base), a virtual cubi-
cal box was constructed around the virtual flame in the PC version of the fire model.
The six internal surfaces of the box were broken into numerous small surface ele-
ments so that the heat flux for each element (via Equation 3) multiplied by the ele-
ment area is the radiant energy to that element, and when added together for all the
elements within the box provides the total radiant energy output for comparison to
the heat release rate. The radiant fraction thus calculated was also typically above
unity, and in agreement with Equation 11 values for the radiant fraction to within
several percent. This result is inherently inconsistent with Tewarson’s [21] measured
data of radiant fraction for pine wood as 30% (Table 3-4.11 in 2008 SFPE Hand-
book). This motivated the thermal radiative flux measurements for this study.

To refine the heat flux calculation and verify the 30% radiant fraction, the radi-
ant flux was directly measured with Schmidt-Boelter (SB) heat flux sensors on a
vertical wall exposed to dead fuel litter burn in a wire basket. The HRR profile
was measured as a function of time and used as an input to the Fire Dynamic
Simulator (FDS) for the fire under the instrumented hood. The values from the
SB heat flux sensors confirmed the setting of the radiant fraction at 30% in the
FDS to get agreement with the heat flux sensor values, at least during the rise
portion of the HRR curve (discussed more in the results). Fundamental work at
Factory Mutual reported by Tewarson [22] for smoke production and radiant
fraction also indicated a 30% radiant fraction for wood based materials and large
pool diameters, and that fraction remains constant even after the smoke point has
been surpassed at the higher HRR of a turbulent flame as described by Chatter-
jee, et al. [23]. Thus the constancy of the radiant fraction will have implications
for the proper values for the flame radiation temperature, or the extinction coeffi-
cient, or both, that may change as function of HRR and fire dimensions.

Because the intent was to follow the flame geometry as shown in Figure 1,
rather than more realistic necking in the flame that is simulated with FDS as
demonstrated by Wen et al. [24] and other CFD models, an empirically based for-
mulation was required for the flame radiant temperature and extinction coefficient
that achieves the constant radiant fraction of 30% for a wide range of HRR and
fire diameters. It has been well established that the extinction coefficient is propor-
tional to the soot volume fraction and the flame radiation temperature. However,
they will need to be reinterpreted from localized values to a global property value
that assumes uniform temperature and extinction coefficient for the whole cylin-
drical volume. The paper of Dupuy, et al. [25] shows such an experiment with
localized extinction coefficient and temperature measurements within the flame
from a cylindrical forest fuel burner. As suggested in the paper itself, the mea-
sured extinction coefficient should be halved to adjust from the actual flame diam-
eter to the larger diameter of the flame as modeled in Figure 1.
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The flame radiation temperature is known experimentally to be relatively con-
stant over a practical range of HRR, at least as reported by Dupuy, et al. [25] for
forest fuel and Adiga, et al. [26] for propane fuel. The empirical formulation relies
on the square root of the Froude number to calculate both the flame temperature
and the extinction coefficient. The Froude number is a dimensionless number
often used in fluid mechanics to describe the buoyant flow above a driving force,
such as combustion. The geometry of turbulent diffusion flames scales with the
two-fifths power of the Froude number according to Quintiere and Grove [20] and
Dupuy et al. [27], calculated here in Equation 12 as in the form given in SFPE
handbook in the chapter by Heskestad [19].

Fr ¼ ðHRR=D2:5Þ=1110 ð12Þ

This relative constancy of flame temperature with HRR was achievable (Equa-
tion 13), by prescribing the soot volume fraction to be proportional to the square
root of the Froude number, thus making the ‘‘global’’ extinction coefficient pro-
portional to square root of the Froude number and directly proportional to the
temperature in Equation 14.

Tf ¼ 1991� 23:4ðD� 0:019Þ0:044ð7:9� DÞ1:73
�425:4D0:457=ð1þ 0:166Fr1:069Þ ð13Þ

j ¼ 2:8 � ðTf =1353Þ � ðFr=3:96Þ0:5 ð14Þ

Equations 13 and 14 also provided relatively good agreements of both flame temper-
ature and extinction coefficient (by doubling it to adjust for flame necking) with data
of Dupuy et al. [25]. For practical values of Fr between 0.2 and 10 the error in pre-
dicting the radiant fraction of 0.3 with Equation 11 is at most 7%, and is within 1%
for the litter burn tests with values of Fr between 0.15 to 0.77 (or
35 kW<HRR< 250 kW for 0.61 m fire diameter). Note that Equation 13 is valid
for fire diameters between 0.019 m to 7.9 m which covers nearly all known experi-
mental data for vegetation fires. In the interest of keeping robust calculations with
the ecoSmart Fire model, the flame radiant temperature formula utilizes an adjusted
fire diameter that is limited to be within 0.019 m and 7.9 m. Thus it is found that the
extreme values of the flame diameter (less than 0.019 m or greater than 7.9 m) will
result in the radiant fraction being greater than 0.3 but less than 1, for which no
experimental data exists in any case. The flame emissivity computed (with Equa-
tion 9) shows a good correspondence with the data presented by Agueda et al. [28]
for their measurements with combustion of forest fuels. Fuller details on the deriva-
tion of Equations 13 and 14 and other aspects of thermal radiation modeling will be
provided in another publication, as the focus of this paper is a laboratory verified
physics-based model to calculate home ignitability from the thermal radiation
threat, and thus better define defensible space for any given set of ornamental vege-
tation and structure cladding as required in NFPA 1144.

EcoSmart Fire as Structure Ignition Model in Wildland Urban Interface

Author's personal copy



3.2.2. Final Refinements to Flux Calculations The CalcTreeQ function performs
these core radiation calculations (Equations 3 to 14) while also ensuring that the
surface element has a direct line of sight to all four corners of the burning tree
crown. A few accommodations for the geometry are required to allow CalcTreeQ
to function properly. These adjustments are handled in the CoreFlux function as
the contribution of each tree is added to the total for the surface. The main outer
loop works over each surface element, ise, and the coordinate system is reset so
that it centers on the element. Then for each tree a baseT, the bottom of the
flame, and a topT, the top of the flame, are defined based on the bole height,
flame height, and vector to the tree. Finally the total flux is calculated as the sum
or difference of two CalcTreeQ results depending on the location of the flame rel-
ative to the z axis. This calculation is necessary since the core geometry assumes
the flame starts at height zero and goes up. But in fact the flame base could be
above or below the surface element. If it is above, then the total flux calculated by
the top of the flame needs to be adjusted to subtract out the flux from flame that
does not exist from height zero to the bottom of the flame. Similarly, if the flame
is both above and below the zero line, then the two components which calculate
from the zero line are added together to get the total flux.

3.3. Methods for Calculating Object Blocking, Ground Reflection and Tree
Flame Attenuation

The irradiance from the tree fire source j as given in Equation 3 is reduced by any
blocking building surface k apart from that corresponding to the surface element
ise, by ground reflectance Rj, and by any attenuation through a blocking burning
tree, k. Additional refinements are added to CoreFlux to handle the ground reflec-
tion of thermal radiation from each tree fire to the surface element. These refine-
ments depend on the FireModel making a duplicate of each. Then in CoreFlux
the calculations for these duplicate trees process it as the reflected images of the
actual tree fires across the ground plane. Specifically the baseT and topT which
define the flame region are mirrored over the z axis so the flame appears under-
ground, and thus the line of sight to the structure surface element is different.
Similarly when the flux is calculated only the reflected thermal radiation fraction,
using the local ground cover reflectance, is added to the total heat input for calcu-
lating the temperature rise for that surface element.

Vector algebra is used to efficiently determine the blocking by a building sur-
face. That is, the projected polygon area of the tree fire cylinder as viewed from
the heated surface element is computed in the plane of the building surface, which
then is used to determine the area overlapping with the building surface area for
blocking fraction determination. This efficient computation is an approximation to
the more accurate approach of dividing all objects into surface elements and con-
necting all such surface elements with lines, and that blocking occurs when such
lines intersect surface elements in between the targeted surface elements. For the
overlapping area approach, the four vectors from the surface element ise to the
four corners of the edges of the cylindrical tree fire j are entered into the subrou-
tine containing the object blocking algorithms. Each structure surface has a planar
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equation defined by a line vector emanating from any point in the plane and dot-
ted with the surface normal vector, with the dot product set equal to zero. The
intersections of the plane with the four vectors from the element to the four cor-
ners of the tree fire cylinder j are calculated and four projection vectors from the
surface element ise to the plane then terminate at the intersection points of a poly-
gon area. However, it is possible that one or more intersection points fail to be
calculated (i.e. Divide check) and the structure surface is then not blocking, and
its viewing fraction is unity. In any case, all four projection vectors must have
lengths shorter than the corresponding flame viewing vectors from the element ise,
to qualify as a candidate for blocking the view to the tree fire j. The projection
vectors end-points form a projection quadrilateral which is then compared to the
candidate surface quadrilateral to determine any overlapping area Aov, k via an
intricate logic process and vector analysis algorithms. The overlapping area is sub-
tracted from the projected quadrilateral area Aproj,,k to determine the non-overlap-
ping projected area, which is then divided by the projected quadrilateral area, to
determine the viewing fraction. This is shown in Equation 15 below in which the
irradiance from the tree fire j is being reduced. Note that the attenuation transmit-
tance of a structure surface is zero and the ground reflectance is unity for a direct
line of sight from the tree fire j. Of course, if a viewing fraction is zero, then no
further blocking or viewing calculations with other structure surface or attenua-
tion by a blocking tree fire is needed and so then it exits early from the subrou-
tine. However, for multiple blockings/attenuations, the viewing fractions are
multiplied together for best consistency and approximation to the actual geomet-
ric viewings associated with multiple blockings.

qj;ise ¼ qjRj

Yk 6¼j

k¼1;n

ðAproj;k � Aov;kÞ=Aproj;k þ skðAov;k=Aproj;kÞ
� �

ð15Þ

If all the view fractions determined by the structure blocking algorithms are non-
zeroes, then the tree fire attenuation subroutine determines any tree blockings.
Since the four cornering viewing vectors to the other tree fires k from the element
ise already exist, they are used to define a quadrilateral of tree fire k for a poten-
tial blocking of the tree fire j. This quadrilateral is compared with the tree fire j
projected quadrilateral on the same plane to determine the overlapping area as
done in the similar algorithms as before. Of course, all four projection vectors
must be less than the corresponding four flame viewing vectors to be a candidate
for attenuation blocking and therefore is used in Equation 15. The formula for
transmittance though the blocking tree fire k is in Equation 9 for the flame emis-
sivity. A fuller description of radiation blocking that includes formulae and algo-
rithms is reserved for a later publication.

3.4. Determination of Damage and Ignition from Material Properties

Since damage and ignition are based on their critical surface temperature values, a
transient heat conduction model is used to calculate the cladding surface tempera-

EcoSmart Fire as Structure Ignition Model in Wildland Urban Interface

Author's personal copy



tures at the element ise in response to numerous radiant heat loadings and convec-
tively cooled by ambient winds. For all combustible materials in Table 1 the damage
temperature is approximately 200 Celsius (473 K) as the wood begins to darken, or
the vinyl begins melting, or the asphalt shingles loses integrity. The roof tile is a non-
combustible material that when heated enough can cause damage to the underlying
plywood, and thus a damage temperature of 300 Celsius (573 K) is used conserva-
tively to indicate the hidden plywood charring. The various piloted ignition surface
temperatures of combustible claddings are based on the transient heat conduction
modeling from cone calorimeter tests [29]. The accurate empirical formula for
finitely thick materials as exposed to radiant heat flux kept constant with time and
cooled convectively was presented in the form of irradiance as a function of time to
spark ignition of several tests on the material. Since material density, surface emis-
sivity, and convective heat transfer coefficient were determined prior to the tests, the
reasonable values for ignition temperature, heat capacitance and thermal conductiv-
ity of the material were derived from the least squares fitting of the empirical for-
mula to irradiance versus time to ignition data. For utilization in the EcoSmart Fire
model, the empirical heat conduction formula was analytically inverted to provide
surface temperature as functions of fixed irradiance and heating time while using the
measured or derived properties of thickness, emissivity, conductivity, density, and
specific heat. The prediction formula for the surface temperature rise from an
imposed heat flux q is from Dietenberger and Grexa [29],

TsðtÞ ¼ Ta þ ðeiseq=higÞ
.

1þ ðF n
thick þ F n

thinÞ
�1=nð Þ

n o
ð16Þ

where,

eise qcr ¼ hcðTig � TaÞ þ eiserðT 4
ig � T 4

a Þ � higðTig � TaÞ ð17Þ

n ¼ ð2:68þ 0:4BiÞ=ð1þ BiÞ ð18Þ

Fthick ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

p
Bi2Fo

r
ð19Þ

Fthin ¼ exp
BiFo

1þ 0:254Bi

� �
� 1 ð20Þ

Bi ¼ higdm=k ð21Þ

Fo ¼ ðk=qcÞt=d2m ð22Þ
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Under fixed irradiance and when the heating time t in the Fourier number, Equa-
tion 22, increases to the ignition time, the predicted surface temperature becomes
the ignition temperature. Note that if the ignition time is infinite, and with the
surface temperature at the ignition temperature and the imposed heat flux at the
critical value, then Equation 16 reduces to Equation 17, which describes that the
convective and radiative heat losses that just compensates for the imposed irradi-
ance (and thus no more heat flows into the material). The effect of the material
thickness is contained in the Biot and Fourier numbers. So, if the heating time is
greater than the ignition time, the predicted temperature will be greater than the
ignition temperature, and so signifies a piloted ignition condition.

The properties determined are provided in Table 1 for thickness (mm), emissiv-
ity, conductivity (W/m K), density (kg/m3), specific heat (J/kg K), damage temper-
ature (K), and ignition temperature (K). Values of conductivity and specific heat
correspond to the temperature at halfway between ambient and ignition and low
moisture content as given in Dietenberger and Grexa [29] (roof tile uses generic
value for concrete). For these same materials the effect of temperature and mois-
ture content on the thermal properties were obtained, but in which the worst case
weather of dried conditions was assumed here. A table of choices with associated
properties is maintained on the web server, so the end user picks a roof or surface
type from a drop-down list, and the related properties are passed to the fire
model. Table 1 provides the labels and a sample of the values provided for select
roof types and exterior cladding surfaces.

It is noted that in the worst case scenario it is expected that the firebrands will
be the main source of a pilot and not necessarily the irradiance source like the
burning trees are. However, the trees will have a finite burn time and as several
trees are burning, there will be multiple irradiance sources to the surface element.
For an efficient web based application all start times are set to zero. Then trees
with the same moisture content have similarly calculated burn times, such that the
maximum surface temperature reached is a special case as,

Ts;ise;max ¼ Ta þ
X
j¼1;n

qj;ise½TsðtbjÞ � Ta�=q ð23Þ

After the calculation of surface temperature of each element, the subroutine,
CalcDamage, compares the surface temperature prediction with the damage tem-
perature. In the output summary for the structure surface, the subroutine determi-
nes the number of elements with surface temperature exceeding the damage
temperature threshold as divided by the total number of elements in the surface.
Likewise, the fraction of elements whose predicted surface temperature exceeds the
ignition temperature for the selected building surface is also entered into the text
file. The same sort of calculations are done for each structure surface and entered
into the text file. For PC applications additional outputs of the heat flux distribu-
tion on the surfaces, and also of surface temperature distribution can be provided
for contour plots.
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In the current implementation of the fire model the heat release is determined
for Douglas fir separately from all other tree species because extensive data for
Douglas fir are available. The entry for Foliar Mass is the dry mass of the foliage,
given in kg. The Moisture Content is an indication of the percentage moisture in
the foliage. To simplify end user input the system defaults 20, the value of dry
foliage. Other possible values that could be used in a different implementation can
be selected. The local ground cover reflectance is a number between 0 and 1 that
specifies what percentage of incident heat is reflected off the ground near the tree
to the structure. Again to simplify end user input the system defaults 0.3 for the
reflectance, but other reasonable values can be selected.

4. Validation of Radiant Heat Fluxes

Various formulae go into the determination of the irradiance on any particular
surface element from a cylindrical shaped fire in the model, and must be validated
with fire tests. Some formulae were well established, such as the view factors and
the flame height, while the formulae for flame radiant temperature and extinction
coefficient needed to be derived empirically to ensure the radiant fraction is con-
stant at 0.3, as calculated via Equation 11. This was the basis for the dependency
of extinction coefficient and flame radiation temperature on the HRR and D.
Because the flame height is a function also of HRR and D, the radiant heat flux
on any surface element can be calculated with Equation 3 with only just knowing
HRR and D of a fire with a prescribed radiant heat fraction. Experimental data
have shown that the fires of the following fuels, pine wood, dead litter and pro-
pane, have the appropriate radiant heat fraction of 0.3. The dead litter fuel was
already mentioned as used in validation of Equations 12 and 13 and will be dis-
cussed in the following, but has a HRR that changes with time, with a ramping of
HRR to a peak, and then an exponential-like decay (FDS snapshot result at peak
HRR in Figure 2). A constant HRR source will be needed to validate the surface
temperature prediction in response to a constant irradiance, for which a floor-level
propane burner was used to provide heat to vertical redwood boards with surface
thermocouples attached. The use of propane was appropriate with a radiant heat
fraction of 0.3, as also verified by the FDS simulation of the 12 inch square pilot
burner as heating the SB heat flux sensors on the mockup vertical wall (red back
wall shown in Figure 2) adjacent to the burner (propane burner not shown in
Figure 2).

4.1. Surface Irradiance Validation with Litter Fire

For proper testing, the fire diameter D and the pool-like heat release rate HRR as
a function of time must be measured, while the two SB heat flux sensors (at
heights 1.21 and 1.56 m) inserted in the mockup back wall measure the irradi-
ances as a function of time. For burning the litter fire completely, a chicken wire
round basket was constructed that fitted on a 0.61 m diameter pan and also set-
ting on a thin absorbent paper soaked with the methanol accelerant. This test
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holder was also set on a weigh scale to monitor mass loss as a function of time.
Ignition of the methanol accelerant insured an intense and complete burn of the
typically 4 inch thick litter layer. The HRR was measured as a function of time
with the test under the instrumented hood using the procedure described by
Dietenberger and Boardman [30] for measurements with smaller fires (Figure 3).
This provided data to determine the global properties of flame height, extinction
coefficient and flame radiation temperature, sufficient to determine irradiances
with Equation 3 and shown in Figure 4. Good agreement of the modeled heat
fluxes with measured heat fluxes occurring during the rise portion of the HRR
was expected. However, the under prediction of the heat fluxes during the peak
and declining HRR is likely the result of not accounting for radiance from the
heated pan and mockup side arms (blue side panel in Figure 2) during the heating
phase in the current ecoSmart fire model. The modeling with FDS showed a simi-
lar agreement of the heat fluxes during the rise portion of the HRR. The setup for
FDS model included the heated pan and mockup side arms, but provided an over
prediction of the surface heat fluxes during the decreasing portion of the HRR,
probably due to not attributing the measured HRR to glowing combustion on the

Figure 2. Litter Burn over a circular bed aside a mockup with SB heat
flux sensors in the mockup vertical wall under HRR Hood and FDS
results—Radiant Fraction Equals 0.3 for agreement with SB heat flux
sensors values.
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pan rather than to the nearby flaming combustion as in the current model. These
hypotheses can be further improved by obtaining additional experimental data
and comparing to modeling results. The heat flux sensors themselves have at most
a 10% error.

4.2. Surface Irradiance Validation with Propane Fire

The propane burner was placed on the floor near the mockup, rather than on the
mockup platform, because it was desired to also heat vertically mounted redwood
boards set on the floor. This resulted in heat fluxes on the mockup that were
lower and at different angles than that of the litter burn. The effective diameter of
the fire was computed as 0.335 m that has the same area as the 12 inch (0.3 m)
square burner. The HRR was measured as a function of time with the test under
the instrumented hood in which three levels of HRR were programmed (Figure 5).
The fitted HRR function was input to the fire model to provide the calculated

Figure 3. Piecewise function fit to the litter HRR profile for input to
FDS and ecoSmart Fire PC model.

Figure 4. Prediction of high and low orientated radiant flux values
on mockup vertical wall due to litter fire.
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radiant fluxes in agreement with the noisy SB heat flux sensor values (Figure 6).
The use of the 0.3 radiant fractions continues to be confirmed, this time for the
propane burner.

4.3. Validation of Temperature Predictions with PC Implementation

Vertical redwood boards were set near the propane burner with five surface ther-
mocouples, one in the center, and four near the corners (Figure 7). The positions
of the thermocouples were measured relative to the burner center, which upon
inputting, along with D and HRR, into the fire models, resulted in heat fluxes to
the five positions from the evaluations of Equation 3. The thermal properties for
the redwood are listed in Table 1 for use in the evaluation of the surface tempera-
ture calculated with Equation 23. Only the data for thermocouples #4 and #5 are
presented in Figure 8 to reduce cluttering of the graph, and to show fair equiva-
lence between the FDS and ecoSmart Fire model predictions of the surface tem-
perature response to within about 10 to 20% error (dependent to a nearly square

Figure 5. Piecewise function fit to the propane HRR profile for input
to FDS and ecoSmart Fire PC model.

Figure 6. Prediction of high and low vertically orientated radiant
flux values on mockup due to propane fire.
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root of time) to relatively constant heat fluxes. Obviously, there are many other
potential positions for the redwood boards, many other HRR profiles (including
those high enough to achieve piloted ignition), and other materials that can be
tested for further model validations and error estimations. The error in the ther-
mocouple readings is typically less than 3 K.

Figure 7. Vertically mounted redwood boarding with edges showing
the pitch oozing out from radiant heating by the propane pool fire.

Figure 8. FDS and ecoSmart Fire predictions of surface temperature
at locations #4 and #5.
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5. Example of ecoSmart Fire Model Predictions Using
Website Implementation

The optimum positions and sizes of ornamental trees and shrubs on a property
are dependent not only on their fire risk, but also on the affected water table,
energy usage, and carbon balance [15]. This led to landscaping choices directed
towards being implemented on a website that uses homeowners input on a conve-
nient geographical platform, known as ecoSmart Landscapes (Figure 9). This also
leads to certain compromises on the model features in coordination with the other
modeling teams involved in calculating carbon balance, energy usage, and water
table as well as the limited computing abilities of a website implementation. The
website version is limited to 4 walls and 1 flat roof, choice of redwood or vinyl
wall, choice of asphalt shingle or cedar shakes roofing, and up to 9 trees total
anywhere on the property, all to save on computation time in sharing of core
models for carbon balance, energy usage, water table, and fire risk. One benefit of
this platform integration is that the tree species, dimensions and weight are an
output from the shared core models which are then used as an input to the fire
model, meaning that the homeowner can have access to the tree growth modeling
up to maturity for their fire hazard analysis. To simplify the input conditions, the
trees for the worst case scenario are dried at 20% MC, the wind speed set at

Figure 9. Setting up input to Fire Model within the ecoSmart
Landscape web-based application that uses Google Earth input.
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5.7 m/s, and the ambient temperature is 25 degrees Celsius. Obviously the archi-
tect or landscape engineer may prefer the PC version that is not limited by these
website feature choices. In Figure 9 the Beta version ecoSmart Landscapes was
used to locate a property in California and for which the parcel outlines (red),
building drawing (yellow), and vegetation for water usage (white) are initially
drawn. Next, as shown in Figure 10, 3 trees are selected on the NW side of the
parcel across from Wall #1, and 1 tree is selected on the SE side of the parcel
across from Walls #3 and #4, to do the fire modeling.

5.1. Model Results—Heat Flux Distribution Example on Building Surface

Wall #1 (NW side) with the highest heat flux exposure was chosen among the
heat fluxes predicted for the 4 walls and the flat roof top for presentation in Fig-
ure 11, which is a contour plot of the flux at each surface element evaluated. Hor-
izontal and vertical units indicate the element number with each element near
0.35 m square in size. The 3 large trees were purposely chosen to produce the heat

Figure 10. Selection of 3 trees along first wall (NW) (3 green dots
near yellow line) and 1 tree at the corner of third and fourth walls
(SE) (green dot near driveway) (Color figure online).
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flux ranges on the wall that would normally be burning in the presence of a pilot
if heated long enough. It is noted that at horizontal distances larger than 9 to
11 m (30 to 35 ft) to the right, the wall is considered safe from ignition because of
the 12 kW/m2 isoline for critical heat flux level typically used to define safe dis-
tances between buildings. However, the tree burn times are around 30 s, instead
of the 30 min or greater for the building burn times which typically inform the
safe heat flux criteria. Thus the actual region safe from ignition will be larger
when based on not exceeding the surface temperature for piloted ignition. Calcu-
lating the surface temperature requires a transient heat transfer analysis such as is
included in EcoSmartFire.

5.2. Model Results—Surface Temperature Distribution Example on Building
Surface

With Wall #1 (NW side) of redwood siding as the chosen example for ignition
analysis Figure 12 shows a contour plot of the temperature at each surface ele-
ment evaluated. Horizontal and vertical units indicate the element number with
each element near 0.35 m square in size. Thus Figure 12 shows the maximum tem-
perature rise distribution due to all the trees burning simultaneously. Since red-
wood has an ignition temperature of 327�C according to Table 1, Figure 12 shows
that the walls below 1.2 m (4 ft) high and further than 7.6 m (25 ft) across to the
right are safe from ignition. This is a significant difference over that of using a
critical heat flux criteria discussed in the last section. That is, 30% of wall is

Figure 11. Predicted heat flux (kW/m2) on Wall #1 from 3 burning
trees on NW side.
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ignited by temperature criterion as compared to 81% of wall ignited by the flux
criterion. Indeed, with the model the thickness of redwood siding can be decreased
to a theoretical paper thin level where 81% of the wall would ignite, thus agreeing
with the flux criterion for surfaces ignited. Or in other words the actual thickness
and heat capacity of the redwood siding limits the temperature rise given the short
burn time, thus highlighting the usefulness of the transient heat transfer analysis
built into EcoSmartFire. Finally, with the damaging temperature set at 200�C, the
walls further than 9 m (30 ft) would be safe from discoloration damage, and thus
is shown in green. The isoline for 80�C is shown to indicate the boundary for
completely undamaged siding (blue region) to ensure no pitch oozing out for red-
wood (or in the case of vinyl siding, no distortion). The particular isoline temper-
ature values will need further verification with specialized bench scale experiments.
Figures 11 and 12 are not available for the website implementation due to the
computation requirements of contour plotting.

Figure 12. Predicted surface temperature rise (Celsius) on Wall #1
(NW) with redwood siding for approximately 30 s burn time of heat
flux exposure shown in Figure 11.
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5.3. Model Results—Website Damage Summary on all Building Surfaces

A more graphic approach is to summarize the damage on the five building sur-
faces (4 walls and 1 roof) with a simple bar graph. It would be enough for a
homeowner to determine the fractions of building surface that is undamaged
(green), damaged from discoloration (yellow), or burned (red), as shown in Fig-
ure 13 for redwood siding and Figure 14 for vinyl siding for the 5 building sur-

Figure 13. Predicted fire damage potential for 4 redwood siding
walls and 1 shingle roof (see Figure 10) for approximately 30 s burn
time of heat flux exposures.

Figure 14. Predicted fire damage potential for 4 vinyl siding walls
and 1 shingle roof (see Figure 10) for approximately 30 s burn time
of heat flux exposures.
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faces shown. This is a simple calculation in the core fire model that is provided in
the output file, and readily plotted on the website as shown. The bar graph for
NW (Wall #1) show prediction of about 20% of the wall burned, 40% of the wall
damaged, and 40% of the wall no damage. The bar graphs for SE (Walls #3) and
SW (#4) show small damage from the single tree burning on the SE side of the
parcel. The homeowner will first focus on reducing fuel from the three trees along
the NW wall. Options include removing one or more trees, or regular pruning to
remove biomass. Upon closer examination of Figure 10, it is evident that the
neighbor’s house to the NW is actually closer to the three trees than the resi-
dent’s, so the neighbor might be consulted. Options to discuss in addition to tree
management include installing a fire-rated wall or a tall noncombustible fence, a
multi-structure feature that is available in the PC version. Also, the parties may
agree to accept the risk associated with allowing some damage from a fire, as long
as none of the building surface areas reach a burn status. This approach may be
an acceptable alternative to the requirement of a 61 m (200 ft) vegetation clear-
ance, if reached through consensus and the use of scientifically sound software,
such as ecoSmart Landscape.

5.4. Model Results—Surface Temperature Prediction Distribution for 30 min
Burn Time

To further illustrate the benefits of the temperature based criterion imagine ways
in which the burn time could be extended from 30 s to 30 min. For example,
imagine that dead trees or wood are being fed to the bonfires with the same loca-
tions and HRR as the earlier tree burns for 30 min, which is long enough for
structure temperatures to reach steady state at an elevated level. Alternatively, a
high treehouse or a tall wood crib can be constructed and burn for 30 min at the
same locations and HRR as the earlier tree burns. The surface temperature pre-
diction in such a scenario and with redwood siding is shown in Figure 15. Now
note that the predicted temperature isoline that would correspond to the 327�C
ignition temperatures is within a half of a meter or less of the 12 kW/m2 critical
flux isoline shown in Figure 11. This means that the prediction of surface temper-
ature at ignition can replace the critical ignition flux at equilibrium as the primary
criterion for fire safety. Continuity with the existing codes regulating the spacing
between buildings can be achieved with this new fire performance design criteria.
That is, if a wall fire of a burning building can be modeled to provide radiant
fluxes and burn time on an adjacent building surface, the criteria of surface tem-
perature at ignition would be an equivalent fire performance measure as that for
the building spacing based on critical fluxes. Indeed, greater flexibility in the spac-
ing between buildings can be achieved if the burn time of a cladding itself is
shortened by design to be much less than 30 min so that the imposed heat fluxes
much higher than critical on an adjoining building surface can be achieved with-
out the occurrence of ignition.
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6. Conclusion

Even though the EcoSmart Fire model advances the state of art in the quantita-
tive assessment of home ignitability, the user needs to be aware of various limita-
tions so that the model is most effectively used. There are various current
limitations, such as physical process modeled, the amount of model validation,
and the software environment. Regarding the physical processes, the physics that
is being modeled is the damage and piloted ignition of structure surfaces as sub-
jected to a worst case scenario of numerous small firebrands and irradiation from
nearby peak burning of ornamental trees and shrubs. This is a conservative
approach to defining the spacing between vegetation and building as the modeling
of fire growth and spreading from one item to the next is presently impractical
both from the state of art fire science modeling, and limitations due to it being a
web-based implementation. Within the constraint of modeling on the PC, the

Figure 15. Predicted surface temperature rise (Celsius) on Wall
#1 (NW) for the 30 min burn time of heat flux exposure shown in
Figure 11 for northwest side of house.
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ignitibility assessment was designed to accommodate multiple and any sized and
complicated buildings as well as many ornamental trees and shrubs in varying
atmospheric conditions of temperature, wind, and moisture content. This compli-
cated geometry also led to the unique development of algorithms for efficient cal-
culation of radiation blocking and attenuation as well as significant radiant
reflections off of level ground. This complicated geometry also involved construct-
ing many surface elements on structural surfaces that will be potentially damaged
and ignited. The formulae for tree HRR, flame height, flame radiation, viewing
factors, and transient surface temperature rise are quite well established on their
own merits. New empirical modeling, however, was required of the global flame
radiation temperature and the extinction coefficient, to provide a radiant heat
fraction of 0.3 for vegetation fires, and yet provide reasonable values agreeing
with laboratory tests associated with burning litter in a wire basket. They were
modeled together for the first time here, and so their integration needed validation
with testing under a heat release rate hood.

Regarding model validation, only limited results were presented with the litter
fire in a wire basket and with propane fire from a floor burner. The radiant heat
fluxes from these fires were measured with SB heat flux sensors in a vertical wall
of a mockup, and shown to be in agreement with that predicted from the ecoS-
mart fire model as well as that from the FDS. Surface temperatures measured on
a vertically orientated redwood boards were reasonably predicted by both the
ecoSmart fire model and FDS to within about 20% accuracy, both using the same
thermal properties for the redwood. Additional model validations for comparison
with specialized fire tests, including those with flame tilt, are suggested for further
refinements of the fire model and for estimating errors more carefully so that a
factor of safety can be estimated.

Regarding the software environment, because of the current conservative
aspects of the fire model to calculate the radiant flux threat and of its reliance on
NFPA 1144 for hardening against firebrands and removal of adjacent ladder fuels
such as litter, mulch, and woodpiles, it is practical to use as designed on the ecoS-
mart Landscape website despite lacking numerical values for factor of safety. The
conservative aspects include (1) introducing damage temperature, which is usually
much less than the ignition temperature, meaning avoidance of ‘‘yellow’’ bars in
the fire assessment bars, (2) using the highly flammable species as a proxy for the
lesser flammable vegetation, (3) choosing hot and dry conditions for the burning
of vegetation, and (4) assuming all vegetation ignited simultaneously from a wild-
fire event. At least the model in its current version provides numerous options for
vegetation landscaping and structure cladding as compared to the current situa-
tion with anecdotal knowledge that can be fraught with errors or misconceptions
when dealing with effects of radiant fluxes from burning objects.

To have reasonable computer time and be consistent with other EcoSmart Land-
scape applications, the web-based application is limited to one flat roof (i.e. less than
or equal to 3:12 slope), four vertical side walls, and nine trees anywhere on the lot.
Although most homes have sloping roofs, which correspond to the use of wood
shakes or shingles, the use of Class A roofs would make the website calculations for
flat roofs as being more academic. The website user is limited to just a few represen-
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tative building materials, which had been adequately tested at the Forest Products
Laboratory (FPL) fire test laboratory for their material properties. An example of
ecoSmart Landscape evaluation of a home site in California was shown, that seemed
to provide reasonable results. Thus the website user can do damage and ignition
modeling of various simple structures on the property, by doing them one at a time
with the web-based application. For example, a singular rectangular decking with
side walls can be investigated for exposure to nearby ornamental tree burning. Of
course, ignitability assessment of all such structures using many more trees and
shrubs with additional selections of cladding materials on realistic building with
sloping roofs can be done simultaneously on the PC version, but more work is nee-
ded to replace the front end supplied by the web implementation. Even without that
the core calculations are useful for researchers. For example, we recently examined
the effect of up to five rows of six burning trees along a wall, with variations to the
vegetation clearance distance, fencing, ground preparation, and cladding materials.
Results were obtained that were not evident with anecdotal knowledge. For exam-
ple, the calculations of representative scenarios have been allowing large trees to be
within 1.5 m (5 ft) of a building surface whereas 3 m (10 ft) is typically required
between buildings themselves that have fire resistance ratings and at least 9 m (30 ft)
for unprotected walls (Table 602 in 2009 International Building Code Commen-
tary). Indeed by inputting 1800 s burn time instead of the 30 s burn time, it is found
the ignition temperature criteria provided equivalent result to the critical heat flux
criteria for defining the regions of no ignitions on the walls. A new methodology
that uses fire performance approach similar to that used for spacing between vegeta-
tion and building as described here should be utilized for the spacing between build-
ings also. As part of fire performance approach the flame tilt and litter deposits
would be a consideration in modifying the spacing between the flammable objects.
This would dispense with the complexities of tables that prescribe spacing between
complex buildings.
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