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1. Introduction

1.1 Background

Design methods have been developed over recent years that attempt to predict the gas
temperatures over the course of a fire that also include the contribution from the mass tim-
ber surfaces such as exposed cross-laminated timber (CLT) panels, as well as the incident
heat flux to bounding surfaces and depth of char within such surfaces. Simpler methods
include hand/spreadsheet calculations using parametric fire temperature equations and
involve iterative processes to balance the char depth with the additional fuel contributed,
such as the methods proposed by Barber et al. [1] and Brandon [2].

As a first step, Wade et al. [3] developed a post-flashover fire zone model based on
energy and mass conservation within an enclosure bounded by mass timber elements by
adapting the existing fire zone model B-RISK to include a simple wood pyrolysis model.
This assumed a moveable fire load represented as wood cribs with the added contribution
of fuel from the exposed timber surfaces incrementally added to the fire load at each time
step. This was based on a one-dimensional heat transfer calculation for the timber surfaces
to determine the depth of the 300 °C isotherm assuming constant thermal properties. Fur-
ther information about this submodel is provided in subsection B.1. Wade et al. [4] then
developed a more advanced model with the timber surface pyrolysis determined from a
four component (lignin, cellulose, hemicellulose and water) kinetic submodel where the
thermal properties in the solid phase heat transfer analysis considered the different com-
ponents of char and wood for each element considered.

Subsequently Wade [5] made further improvements by including modified thermal
properties, dehydration and desorption effects, dimensional changes, and alternative ki-
netic properties. In all three model variations, a finite difference scheme was used to calcu-
late heat transfer and internal temperatures within the exposed timber surfaces bounding
the enclosure. Subsequent further changes [6] introduced an additional flame heat flux
term for the burning timber surfaces that accounts for the oxygen mass fraction of the
enclosure gases along with a critical mass loss rate for flaming combustion which bet-
ter describes the thermal boundary conditions during the decay phase, especially as the
enclosure oxygen levels return to their ambient value. However, it is apparent that a cali-
bration of the pyrolysis model to compensate for phenomena still not otherwise addressed
is nonetheless required in order to produce char depth predictions that are appropriate
for design and ultimately to provide structural fire engineers with a more useful model to
inform the fire design of mass timber buildings.

This report describes the theory and equations currently used in the model as at v2021.1,
and presents benchmarking and char depth validation information.

1.2 Zone model

The two-zone model B-RISK is used considering both pre-flashover and post-flashover
fire behaviour. The model is described more fully elsewhere [7] with some further key
characteristics and modifications noted here.

Conservation of mass and energy leads to a set of first-order differential equations
which allow the upper layer volume, upper and lower layer temperatures, and the pres-
sure equation to be solved. The form of the equations is as given by Peacock et al. [8].
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The mass flow of air and hot gases through the compartment wall opening is driven
by buoyancy. Bernoulli’s equation is used to calculate the mass flows generally following
subroutines developed by Cooper and Forney [9, 10]. A near vent mixing correlation de-
veloped by Utiskul [11] has been applied where the incoming cold air behaves like a jet
entering the vent with a characteristic velocity and diffusing downward because of buoy-
ancy.

The strong plume model of Heskestad as described in ISO 16734 [12] for the buoyant
plume is used for entrainment in the far field. For fully developed post-flashover fires
where the entrainment height is small due to the layer height being close to the floor, the
buoyant plume model is not appropriate (i.e. for near field entrainment). In this case the
McCaffrey correlation for the flaming region is used [13]. When the fire is ventilation-
limited, the oxygen-constrained heat release rate is used in the plume correlation instead
of the well-ventilated free-burning heat release rate. This produces a plume flow that is in
balance with the oxygen inflow through the openings (i.e. the mass flow of oxygen in the
plume matches the mass flow of oxygen entering the compartment). Under these condi-
tions, the energy balance for the upper layer control volume is not particularly sensitive to
the total plume entrainment but is instead driven by the oxygen entering the compartment
much like a one-zone well-stirred reactor. Therefore, the two-zone model is used for both
the pre-flashover and post-flashover stages of the fire. Further analysis and supporting
evidence for this is included in Appendix A.

The model includes a four-wall radiation exchange algorithm following the method
described by Forney [14]. This allows the ceiling, upper wall, lower wall and floor to
transfer radiation independently between the different surfaces taking into account the
absorption or blocking and emission of radiation by the gas-soot mixture. Radiant heating
of these surfaces by the flames is also considered by treating the fire as a point source
located centrally within the enclosure. The emission of radiation by soot particles and
absorption by carbon dioxide and water vapour for both layers is included and used as an
energy source term in the ordinary differential equations of the zone model. The fraction
of energy passing through a soot-air mixture depends on the absorption coefficient of the
soot and the path length through the gas. The absorption coefficient is approximated using
the average extinction coefficient for the layer based on the concentration of soot in the
gas layer. The soot yield is fuel-dependent and in the present study a value of 0.015 g/g
for well ventilated flaming combustion of wood was used [15]. This yield is modified
during the simulation based on the global equivalence ratio using a correlation developed
by Tewarson et al. [16]. The radiation exchange submodel determines the net radiant heat
flux emitted or absorbed by each room surface. These radiant fluxes are combined with the
convective heat flux and used as the boundary condition for the surface heat conduction
calculations.

2. Pyrolysis of the moveable fire load

During the initial growth period, before flashover and while the fire is well ventilated,
the heat release and other characteristics supplied by the user for the item first ignited are
used, with the mass loss rate given by:

ṁf =
Q̇

∆Hc
(1)
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The initial fire growth rate is typically represented as Q̇ = αt2 where the α coefficient
is selected according to the design fire growth rate for the preflashover fire. Following
flashover a switch to a fully developed regime occurs where the remaining moveable fuel
load is represented as wood cribs with the same total fire load in MJ as for the actual
fire load (if different from wood cribs). Flashover is not a precise concept and criteria
are usually based on the temperature at which the radiation from the hot gases in the
compartment will readily ignite the combustible contents. Gas temperatures of 500–600°C
are widely used [17] as a criterion. The flashover criterion recommended for this model is
an average upper layer temperature of 500°C.

The fully-developed regime determines the fuel mass loss rate ṁf (kg/s) for two cases;
a fuel surface area-controlled mass loss rate, and a ventilation-controlled mass loss rate.
For the case of actual wood cribs being the fuel source a third case of porosity-control is
also included.

The fuel surface area-controlled mass loss rate is given by Equation 2 representing crib
fires [18] (see Figure 1) where D (m) is a characteristic fuel or stick thickness, vp (m/s) is
a surface regression rate - for wood taken as 0.0000022D−0.6, m (kg) is the mass of fuel
remaining and minit (kg) is the original mass of fuel (determined using the specified floor
area and fuel load energy per unit floor area). This equation assumes cribs are ignited
instantaneously.

ṁf =
4

D
minitvp

√
m

minit
(2)

The mass loss rate for crib porosity-controlled burning is given by Equation 3 where S
is the stick spacing (m) and Hc is the crib height (m).

ṁf = 4.4× 10−4
S

Hc

minit

D
(3)

The burning rate for ventilation-controlled condition is given by Equation 4 where
13100ṁpYO2,l is the maximum rate of heat release (kW) that can be supported by the oxy-
gen in the plume flow and ∆Hc (kJ/kg) is the heat of combustion of the fuel. The constant
(13100) in Equation 4 is the oxygen calorimetry constant representing the energy released
per unit mass of oxygen consumed (in kJ/kg) and is applicable to a wide range of common
fuels [18, 19]. Assuming the oxygen flow in the plume represents the total available oxy-
gen for combustion is a more generally applied method for a two-zone model compared
to calculating the oxygen inflow through a single opening from the outside and can also be
used where there are multiple openings or where other rooms are connected to the room
of fire origin.

ṁb =
13100ṁpYO2,l

∆Hc
(4)

This burning rate corresponds to that able to burn inside the room given the available
oxygen and is not necessarily the total mass loss rate of the wood cribs. For the ventilation
controlled case, the mass loss rate is then multiplied by Ω - a user-defined input that can
be used to specify the ratio between the burning rate and the mass loss rate of the movable
fire load under ventilation controlled conditions as given by Equation 5, where Ω = 1
corresponds to a mass loss rate equal to the burning rate inside the enclosure. Ω also
corresponds to the global equivalence ratio as defined by Pitts [20].
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Figure 1. General arrangement of a wood crib.

Ω =
ṁf,tot

ṁb
=

∆Hcṁf,tot

13100ṁpYO2,l
(5)

This means the user is effectively specifying the global equivalence ratio (GER) as it
determines the relative proportion of gasified fuel burning inside and outside the room.
Ω = 1 corresponds to all the fuel generated actually burning within the room to match the
available oxygen with Ω = 1.3 used as a default value for wood cribs in a non-combustible
or protected-timber compartment. It has been observed experimentally that wood cribs
do not burn more than 30 to 40% fuel rich, with Babrauskas reporting an upper limit of
approximately 37% fuel rich (Ω = 1.37) [18]. Since enclosure effects on the mass loss rate
of the cribs is not included here, this approach gives the user more control over the burning
regime and can be used to provide a closer match to experimental observations of external
flaming. This user input (Ω) to the post-flashover fire model will be referred to as GER or
GE in this report. The governing burning rate inside the enclosure is taken as the lesser of
the fuel-controlled, porosity-controlled and ventilation-controlled rates.

B-RISK keeps track of the total amount of fuel (moveable fire load) consumed during
the simulation and when all the fuel is consumed (based on the user supplied input for the
FLED and the enclosure floor area) the mass loss rate then becomes zero. An illustration
of the general form of the design fire is shown in Figure 2. The inclusion of additional fuel
contributed by any exposed mass timber panels is discussed later in subsection 5.1.
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Figure 2. Conceptual design fire.

3. Heat transfer

3.1 Heat conduction model

An implicit one-dimensional, finite-difference scheme is used to calculate heat conduction
through the ceiling, walls and floor of the compartment. A schematic view of the finite
difference scheme is shown in Figure 3. This allows the temperature at any internal node
to be calculated by solving a set of simultaneous equations for the unknown nodal tem-
peratures at each time step. Under transient conditions with constant properties and no
internal generation the appropriate form of the heat equation for a one-dimensional sys-
tem is [21]:

1

b

∂T

∂t
=
∂2T

∂x2
(6)

The finite difference approximation of the time derivative can be expressed by Equa-
tion 7 with the m subscript denoting the x location of the nodal points and the superscript
p used to denote the time dependence such that the time derivative is stated in terms of the
difference in temperature associated with the new (p+1) timestep and that at the previous
p timestep [21].

∂T

∂t

∣∣∣∣
m

≈ T p+1
m − T p

m

δt
(7)

The temperature at each node is calculated by solving a set of simultaneous equations
for the unknown nodal temperatures at each time step [21]. The implicit form of the one-
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Figure 3. Schematic view of the finite difference scheme.

dimensional finite-difference scheme for a surface node is given by Incropera and deWitt
[21] as:

(1 + 2Fo)T p+1
1 − 2FoT p+1

2 =
2Fo Biq̇′′int

hc
+ T p

1 (8)

Where q̇′′int is the incident heat flux to the exposed surface and the Fourier and Biot
numbers are given by:

Fo =
b∆t

(∆x)2
with b =

k

ρcp
(9)

Bi =
h∆x

k
(10)

The implicit form for an interior node is given as:

− FoT p+1
m−1 + (1 + 2Fo)T p+1

m − FoT p+1
m+1 = T p

m (11)

Writing an equation for each node gives n equations which must be solved simultane-
ously for each timestep. This is done using the matrix inversion method by expressing the
equations in the form [A][T]=[C], where:
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[A] =


1 + 2Fo −2Fo 0 0 · · · 0
−Fo 1 + 2Fo −Fo 0 · · · 0

0 −Fo 1 + 2Fo −Fo · · · 0
...

...
. . . · · · · · ·

...
0 · · · · · · 0 −2Fo 1 + 2Fo

 (12)

[C] =


2FoBiintq̇

′′
int/hc + T p

1

T p
2

T p
3
...

2FoBiext(Text − T p
n) + T p

n

 (13)

While the simplest form of the heat conduction equation is shown here with constant
properties and no internal generation as assumed in the existing B-RISK zone model, for
the calculations for wood pyrolysis discussed later in this chapter temperature-dependent
properties have been introduced for the mass timber panels. However, constant properties
have been assumed for the non-participating surfaces including the floor and plasterboard
protected surfaces which should ideally be corrected in future work.

A limitation of the one-dimensional analysis is that it does not account for any cracking
that occurs in the char (see Figure 4) which increases the relative importance of radiative
heat transfer through the char pores and reduces the importance of in-depth conduction
into the solid [22]. This potentially compromises the assumptions described in this section,
and remains an area of possible further research.

3.2 Thermal boundary conditions

Heat transfer to solid surfaces exposed to fire comprises convection and radiation compo-
nents. The total net heat flux to a solid surface is given by [23]:

q̇′′total = q̇′′rad + q̇′′con (14)

Ignoring any reflected radiation, the net radiant contribution is given as the difference
between the absorbed radiation and the reradiated or emitted radiation from the surface.

q̇′′rad = q̇′′abs − q̇
′′
emi = αq̇′′inc − εσT 4

s (15)

Applying Kirchhoff’s Law with α = ε gives:

q̇′′rad = ε
(
q̇′′inc − σT 4

s

)
(16)

The incident radiant flux striking an enclosure surface q̇′′inc comes from several sources
and is in general a complicated term involving contributions due to radiation from the
fire plume (point source assumption), radiant exchange contributions from other surfaces
in the enclosure (depends on view factors and absorption/transmission by the gas layers
separating the surfaces) and emission from the gas layers to the surface (including emis-
sion by soot particles and absorption by CO2 and H2O). B-RISK uses a 4-wall radiation
model assuming a rectangular shaped enclosure where the ceiling, upper wall, lower wall
and floor are considered separate entities and heat transfer is calculated to each one. The
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Figure 4. Photo of typical cracking that occurs in the charred surface of a laminated
veneer lumber specimen subjected to radiant heat.

incident radiant heat flux is calculated by the fire model (B-RISK) and in general terms is
given by:

εq̇′′inc = Σi

(
εiFiσT

4
i

)
(17)

Where the subscript i refers to the various surfaces and source terms contributing to
the incident radiation striking a surface.

An additional radiation term, q̇′′f , is introduced to the boundary conditions for the heat
transfer to the enclosure surface being a flame heat flux term for burning timber wall and
ceiling surfaces where the heat flux from the flames is estimated from Equation 18 after
Rasbash et al. [24], where ṁ′′ is the mass loss rate per unit area from the burning timber
surface (calculated from the pyrolysis model described later), ∆Hc,n is the heat of com-
bustion of the timber (taken as 17.5 MJ/kg) and φ is the proportion of energy from the
flames transferred back to the surface and estimated from Equation 19 [24] where hc is the
convective heat transfer coefficient (in W/m2K), cp,air is the specific heat of air (1.01 J/gK),
Yox is the oxygen mass fraction (0.23 at ambient) but calculated by the zone model for the
upper layer gases in the enclosure fire and r is the stoichiometric ratio of oxygen to fuel
taken as 3.43 for timber [24].

q̇′′f = φ∆Hc,nṁ
′′ (18)

ṁ′′cr =
hc
cp,air

ln

(
1 +

Yox
rφ

)
(19)
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Taking the critical mass loss rate (ṁ′′crit) for timber as 3.5 g/m2s from Bartlett [8] and
combining Equation 18 and Equation 19 gives the following expression for the flame heat
flux:

q̇′′f =
Yox∆Hc,nṁ

′′

r

[
exp

(
cp,airṁ

′′
crit

hc

)
− 1

] (20)

Including the flame flux into the net radiation, Equation 16 is modified to give:

q̇′′rad = ε
(
q̇′′inc + q̇′′f − σT 4

s

)
(21)

The convective heat flux depends on the difference between the surrounding gas tem-
perature and the surface temperature and can be written as:

q̇′′con = hc(Tg − Ts) (22)

where hc is the heat transfer coefficient, Ts is the temperature of the exposed surface
and Tg the gas temperature adjacent to the exposed surface.

In B-RISK, the interior convection coefficient (hc) used in the convective heat transfer
calculations between the gas layer and the room surface are by default calculated following
the method described by Peacock et al. [25] assuming natural convection, however for
simulations of fire in mass timber compartments a constant convection coefficient of 50
W/m2K has been used as discussed below.

Bartlett [26] conducted bench scale experiments using the Fire Propagation Apparatus
(FPA) and evaluated cp,air/hc to be 9 g/m2s for a flat plate while Rasbash et al. assumed
10 g/m2s [24]. EN 1991-1-2 gives the convective heat transfer coefficient for the standard
fire resistance test exposure as 25 W/m2K. Veloo and Quintiere [27] studied the convec-
tive heat transfer coefficient in fully developed fire experiments, using a heated plate heat
flux gauge and a water-cooled gauge, in which the convective heat transfer coefficient was
measured and correlated over a range of temperatures in flaming and cooling periods for
enclosure fires. They found the heat flux could attain levels between 100 and 200 kW/m2

where convection accounted for up to 25%, with an order of magnitude difference for the
convective heat transfer coefficient being as high as 50 W/m2K. Higher convective heat
flux values are attributed due to high local velocities disturbing the flow field [28]. Given
the findings by Veloo and Quintiere [27] and also by Gorska et al. [29], who observed
higher velocities at the opening that they attributed to the burning timber surfaces pro-
ducing stronger buoyant gas flows inside the enclosure, in the present paper, a constant
post-flashover convective heat transfer coefficient (hc) of 50 W/m2K has been used both
for the zone model calculations and for evaluating the flame flux for burning timber sur-
faces from Equation 20. This value is likely at the upper end of the range, but provides
a more conservative estimate of the heat transfer to the mass timber surfaces during the
decay period in particular.

4. Thermophysical and related properties of wood and char

Thermophysical and related properties of wood and char for use in the pyrolysis model
for the mass timber panels are presented in this section. Different properties for the wood
and char are used.
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4.1 Heat of combustion of wood

Gross heat of combustion values are measured in a bomb calorimeter resulting in typi-
cal values of around 20 MJ/m2 for oven dry wood [30] for complete combustion of the
wood and char. The actual heat of combustion observed in real fires is not the gross value.
Spearpoint and Quintiere [31] discuss the heat of combustion of wood where the main
constituent of wood char is carbon and the net heat of combustion for a carbon and oxy-
gen to carbon dioxide reaction is 32 MJ/kg. Given that the average net heat of combustion
of wood for a complete reaction is 17 MJ/kg and assuming a typical char yield for dry
wood of 1/3 by mass allows the mean heat of combustion of the wood volatiles during the
flaming stage (∆Hc,fl) to be solved following Equation 23.

1/3(32) + 2/3(∆Hc,fl) = 17 (23)

This gives a value of 10 MJ/kg for the heat of combustion of the wood volatiles during
the flaming stage (∆Hc,fl). Spearpoint and Quintiere [31] concluded that only about 60%
of the energy of wood is released during the flaming stage of combustion. Using the same
methodology with assumed char yields of 0.25 and 0.20 give 12 MJ/kg and 13.3 MJ/kg for
the respective values of heat of combustion of the wood volatiles during the flaming stage.

Eurocode 5 [32] specifies a constant heat of combustion for wood of 17.5 MJ/kg but
with an assumed combustion efficiency of 0.8, giving an effective heat of combustion value
of 14 MJ/kg. This value has generally been used in all subsequent analysis presented in
the following sections of this report.

4.2 Density

The density of oven-dry wood depends on species and is typically in the range 320 to
720 kg/m3 [33]. Given a wood density value ρw at ambient with moisture content u and
ignoring any expansion term, the oven dry density can be given by Equation 24 [34].

ρw,dry =
ρw

(1 + u)
(24)

An element within the cross section of the mass timber panels may comprise water,
char and solid at any given time and temperature. The pyrolysis solver calculates the
residual mass fraction of each of the components such that as pyrolysis proceeds the total
residual mass of the element is the sum of the residual mass of the components and this
reduces as the reaction proceeds. The apparent density is that fraction of the original den-
sity at a given time. When all the water and solids have completely pyrolysed, only the
residual char fraction remains.

A further correction to the apparent density to account for dimensional changes as
described in the next section is then made.

4.3 Dimensional changes in wood/char

The mass of wood changes as it dries and loses moisture, and as wood is converted to
char. The volume also changes as the wood shrinks due to this moisture loss and charring.
During fire exposure, the exposed wood surface also typically recedes as the combustion
progresses due to the char contraction and char oxidation [34].
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Since the model described here relies on finite difference calculations with a fixed grid,
dimensional changes due to drying and thermal expansion are accounted for by making a
correction to the density and thermal conductivity.

Janssens [34, 35] gives the apparent density of the wood/char (Equation 25) as a func-
tion of the residual massZ at a given time, the oven-dry density of wood ρw,dry and dimen-
sional changes due to drying and thermal expansion. fl, fr, ft are the thermal expansion
factors for softwoods in the longitudinal, radial and tangential directions respectively. T is
the temperature and Tr is a reference temperature taken as 20°C.

ρw,corrected =
Z

flf2p
ρw,dry (25)

fl = 1 + 3.75× 10−6(T − Tr) (26)

fr = 1 + ρw,dry × 55× 10−9(T − Tr) (27)

ft = 1 + ρw,dry × 82× 10−9(T − Tr) (28)

An average expansion factor perpendicular to the grain, and also including a factor for
expansion due to moisture is given in Equation 29 and used in Equation 25.

fp =
√
frft

√
1 + 0.00084ρw,dryu (29)

A correction to the thermal conductivity k (Equation 32) is made using the average char
contraction factor for the radial and tangential directions respectively from the following
expressions given by Parker [36].

fr = 1− 0.64× (1− (Z + u))3 (30)

ft = 1− 0.45× (1− (Z + u))3/2 (31)

kcorrected =
2k

(fr + ft)
(32)

4.4 Thermal conductivity

Thermal conductivity of wood generally increases with temperature, moisture content and
density. Wood is also anisotropic and thermal conductivity along the grain may be 1.5 to
2.8 times the conductivity across the grain [37].

Janssens and Douglas [34] provide detailed equations for the thermal conductivity of
wood, char and partially charred wood at ambient and elevated temperature. These equa-
tions have been adopted for the current model as described in the following sections.

At each time step, the pyrolysis model provides the mass fraction of wood (lignin,
hemicelluloe, cellulose), water and char comprising each element within the depth of
the mass timber. The overall effective thermal conductivity applying to each element is
weighted based on the relative proportion of wood and char at any given time and using
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the values of thermal conductivity calculated for the wood and char from Equation 45 and
Equation 54 respectively.

4.4.1 Wood

An upper limit for thermal conductivity of wood kmax is obtained for a system with the
same porosity, composed of alternating air and solid layers arranged in parallel.

kmax = πsks + πwkw + πgkg (33)

where πs is the fraction of total volume of wood occupied by wood fibers in m3/m3

given by:

πs =
ρw,dry

(1 + 0.00084ρw,dryu)ρs
(34)

where ρw,dry is the oven-dry density of the wood with the bulk density ρs equal to 1460
kg/m3.

ks is the thermal conductivity of wood fiber, W/m·°C given by Equation 35 with a
reference temperature Tr of 20°C.

ks = 0.42 + 0.0013(T − Tr) (35)

kw is the thermal conductivity of bound water taken as 0.8 W/mK, πw is the fraction
of the total volume of wood occupied by bound water, m3/m3 from Equation 36 and the
density of bound water ρw given by Equation 37.

πw =
ρw,dryu

(1 + 0.00084ρw,dryu)ρw
(36)

ρw = 1298− 1132u+ 1766u2 (37)

kg is the thermal conductivity of the gas filling the void spaces, W/m·°C given as a
function of temperature, T in °C, by Equation 38 based on literature data.

kg = 0.024 + 7.05× 10−5T − 1.59× 10−8T 2 (38)

Wood is assumed to consist of solid fibre in the cell walls, and air in the cell cavities.
Porosity πg is the fraction of the total volume occupied by air and is given by:

πg = 1− πs − πw (39)

A lower limit kmin is obtained for a system of layers in series.

kmin =
kgkskw

πgkskw + πskgkw + πwkskg
(40)

The real value of thermal conductivity of the wood (k1) falls between these upper and
lower limits and can be obtained as a weighted average with weighing factor ξ using Equa-
tion 41 and Equation 43.
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ξ = 0.58 + 10−4ρw,dry + 0.5u (41)

k1 = ξkmax + (1− ξ)kmin + kr (42)

where kr is a term added to account for radiative heat transfer in the cell cavities.

kr =
4πgσ(T + 273)3dp

1− πg
(43)

where dp is the average diameter of the cell cavity, m given by Equation 44.

dp = 3.5× 10−5
√
πg (44)

Following Janssens and Douglas [34], a further temperature dependency correction is
made such that the thermal conductivity of the oven dry wood at temperature T is given
by:

ko(T ) =
k1ρo(T )co(T )

ρo(Tr)co(Tr)
(45)

where co(T )/co(Tr) is the ratio of the specific heat using Equation 57 and ρo(T )/ρo(Tr)
is the ratio of the density using Equation 25.

4.4.2 Char

Janssens and Douglas [34] also provide similar equations for the thermal conductivity of
the char but excluding the water component, and with the properties used here being non-
reversible such that the property is based on the maximum temperature reached, Tmax.

kmax = πsks + πgkg (46)

πs = ρw,dry/ρs (47)

where ρs = 1305 kg/m3 is the bulk density of char taken at 600 °C [34].

πg = 1− π − s (48)

ks = 0.33 + 0.00016Tmax + 0.000000108T 2
max (49)

kg = 0.024 + 0.0000705Tmax − 0.0000000159T 2
max (50)

kmin =
kgks

(πgks + πskg)
(51)

dp = 0.000035
√
πg (52)
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kr = 4πgσ(T 3
max)dp/(1− πg) (53)

The thermal conductivity of the char is given by:

k2 = ξkmax + (1− ξ)kmin + kr (54)

where, the weighing factor ξ is given by:

ξ = 0.58 + 0.0001ρw,dry (55)

4.5 Specific heat

The overall effective specific heat applying to each element is weighted based on the rela-
tive proportion of wood and char at any given time and using the values of specific heat
calculated for the wood from Equation 56, with latent heat of vaporisation (Equation 61)
and heat of wetting (Equation 62) added, and with the specific heat of char from Equa-
tion 63.

4.5.1 Wood

Specific heat depends on temperature and moisture content but not on density or species
[38]. Janssens and Douglas give the specific heat of wood at temperature, T in ° C and
moisture content fraction u based on extensive surveys of wood from the literature.

cu(T ) =
co(T ) + 4187u

1 + u
+ ∆c(T, u) (56)

with

co(T ) = 1159 + 3.86T (57)

and

∆c(T, u) = (23.55T − 1326u+ 2417)u (58)

where: cu(T ) is the specific heat of wood with moisture content u at temperature T , in
J/(kg °C); ∆c(T, u) is a correction term in J/(kg °C) and accounts for the water bound to
the cell walls; and co(T ) is the specific heat of oven dry wood at temperature T in J/(kg °
C).

Janssens and Douglas [34] give the heat of vaporisation of water in kJ/kg of water as a
function of temperature in °C as:

∆hv = 2552− 2.93T (59)

They also give the integral heat of wetting in kJ/kg of water as:

∆hw =
92.1

0.07 + u
(60)
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These enthalpy terms can either be accounted for directly in the heat transfer calcula-
tions or they can be included within the temperature dependent specific heat equations
over a defined temperature range (e.g. 100 - 120°C). Here, in the temperature range 100 to
120 ° C, while the temperature is increasing, terms for the latent heat of vaporisation, and
for the heat of wetting are added.

Using the midpoint temperature of 110 ° C and assuming the water is evaporated over
the 20 ° C range from 100 to 120 ° C, ∆hv is reformulated in kJ/(° C) per kg of wood as:

∆h′v = [2552− (2.93× 110)]u/20 (61)

Similarly, the integral heat of wetting in kJ/(° C) per kg of wood is given as:

∆h′w =
92.1u

20(0.07 + u)
(62)

4.5.2 Char

Janssens and Douglas [34] give the specific heat for wood char in Equation 63 with tem-
perature units in ° C.

cc = 714 + 2.3(T )− 8× 10−4(T )2 − 3.7× 10−7(T )3 (63)

5. Kinetic pyrolysis submodel

5.1 Wood surface burning rate

In this wood pyrolysis submodel, the decomposition of solid wood is described by an
Arrhenius equation that gives a relationship between the reaction rate and temperature of
the solid. This requires the kinetic properties - activation energy Ei, pre-exponential factor
Ai and reaction order ni (also known as the kinetic triplet) to be specified to determine the
decomposition rate. A multiple-component scheme is used that assumes a solid material is
composed of several components with each component undergoing a single independent
reaction to generate products [39]. The constituent components of solid wood included
in the model are cellulose, hemicellulose, lignin and water. The reaction rate for each
component wi,j at a given time can be described with a first order differential equation
where Yi,j is the mass fraction (mi/mi,init) of component i at time j, mi is the mass of
component i and mi,init is the initial mass of component i. For each component the initial
mass fraction is Yi,init = 1 at the start of the simulation. ci is the initial fraction of the overall
unheated composite solid represented by component i i. e. mi,init/minit. Equation 64 is
solved using numerical methods to give the value of Yi at each time step.

wi,j =
Yi,j
dt

= ciAiexp
(
− Ei

RTi,j

)
(Yi,j)

ni (64)

The solid is represented by the one-dimensional finite difference scheme illustrated
previously in Figure 3 and the overall reaction rate at a given time is the sum of the re-
action rates of all the components within a given layer or slice of the solid material at a
given temperature. The mass loss rate is derived from the reaction rates for each layer and
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summed over all the layers to give a total reaction rate for the wood material at a given
time as described next.

For the cellulose, hemicellulose and lignin components, a char residue yield νi is spec-
ified with the mass fraction of char Xi,j at time j given by Equation 65 and Equation 66.

Xi,j = (1− Yi,j)νi (65)

The mass fraction of char residue at time j for each layer and for the three components
(excluding moisture/water) is:

Xj =

3∑
i=1

(Xi,jci) =

3∑
i=1

((1− Yi,j)νici) (66)

At a given time j, the mass of solid wood that remains per unit volume is given by
Equation 67 where ρinit is the initial density of wood.

m′′′j =

3∑
i=1

(Yi,jciρinit) (67)

The total mass loss rate in kg/(m3s) can then be given by:

dm

dt
= −(mj −mj−1)

∆t
(68)

Ignoring any char oxidation, the gasification rate of fuel available to be converted to
combustion energy in the fire model (ṁs,j) in a single layer of the finite difference scheme
is given by:

dms,j

dt
= −(ms,j −ms,j−1)

∆t
(69)

At each time step this can be summed over all the layers (L=1 to N) in the finite differ-
ence scheme as per Equation 70 where ∆x is the thickness of each layer, assuming that the
gases are instantly transported to the fire-exposed surface of the material where they may
burn.

ṁ′′j =

N∑
L=1

(
3∑

i=1

(Yi,j − Yi,j−1) ciρinit∆x

)
(70)

The rate of heat release (Q̇′′) from the combustible gases determined from the mass flux
(ṁ′′) and the heat of combustion ∆Hc is given by Equation 71 adapted from Wang et al.
[40] with the temperatures inside the solid found using a one-dimensional heat conduction
equation to compute the solid phase temperature gradient at x depth.

Q̇′′ = ∆Hcṁ
′′ = ∆Hcρinit

∫ N

L=1

3∑
i=1

(1− νi)Ai

(
ρi
ρinit

)ni

exp
(
−Ei

RT (x)

)
dx (71)

A flow chart illustrating the coupling of moveable fire load and the contribution of the
mass timber when the kinetic submodel is used is shown in Figure 5.
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Figure 5. Flow chart for the moveable fire load coupled with the kinetic model for mass
timber [5].

5.2 Material kinetic properties

Matala et al. [41] estimated the kinetic model parameters given in Table 1 using ther-
mogravimetric experiments and a genetic algorithm. The parameters were estimated by
modelling thermogravimetric experiments and minimising the error between the experi-
mental and numerical results. The sample of hemicellulose used was xylan. The residue
can be assumed to be the char fraction. Janssens and Douglas [34] give the typical chemical
composition of dry wood as shown in Table 2. Sjöström gives the chemical composition
for Spruce (Picea glauca) as 39.5% cellulose, 30.6% hemicellulose, 27.5% lignin and 2.1%
extractives [42].
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COMPONENT Ei (J/mol) Ai (s−1) ni RESIDUE

Hemicellulose 1.64× 105 5.78× 1013 4.166 0.268

Cellulose 1.95× 105 2.68× 1014 0.85 0.1

Lignin 1.38× 105 2.18× 1010 7.0 0.567

Water 1.62× 105 1.0× 1020 1.0 0

Table 1. Kinetic parameters of materials, estimated using a genetic algorithm [41].

TYPE CELLULOSE HEMICELLULOSE LIGNIN

OF WOOD (%) (%) (%)

Hardwood 40-44 23-40 18-25

Softwood 40-44 20-32 25-35

Table 2. Chemical composition of dry wood [34].

Richter et al. [43] found that variations in kinetics had only a small effect (±1 gm−2s−1)
on the predicted mass loss rate at both the microscale (mg-samples) and mesoscale (kg-
samples) and to have a negligible effect on the predicted temperatures (±16 K) across dif-
ferent depths, heat fluxes and oxygen concentrations at the mesoscale. They stated that the
variation in kinetics is negligible for predicting charring across scales and a kinetic model
of charring derived for one wood species should be valid for all wood species [43].

The mass of water that remains at a given time j per unit volume can be expressed by
Equation 72 where Ywater,j is determined by solving Equation 64 for water as the compo-
nent i.

mwater,j = Ywater,jcwaterρinit (72)

The mass of char present at a given time per unit volume is:

mc,j = Xjρinit (73)

The total mass present at a given time per unit volume (which is also the apparent
density of the material) is therefore:

mj = ms,j +mwater,j +mc,j (74)

5.3 Model limitations

Despite addressing a wide range of phenomena in the pyrolysis model, not all those that
may be important are captured, leading to the ultimate char depth predictions generally
being underestimated in the absence of any calibration. The most significant phenomena
or other effects not addressed in the pyrolysis submodel are:

• Oxidation of the char.

• Cracking and continued degradation or erosion of the wood char during the decay
phase such that in reality the char rate is greater than expected during the decay.
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• Water vapour within the timber panels evaporating but then condensing again deeper
into the enclosure surfaces.

• Where exposed wood surfaces are oriented to face each other, reradiation between
the surfaces may prolong the burning and result in greater charring.

Furthermore, the zone model formulation may also not correctly capture effects such
as:

• The actual mass loss rate for the wood cribs (representing the moveable fire load)
may differ from the assumed burning rate given by correlations rate due to the en-
closure heating and ventilation effects, collapsing cribs or other reasons.

• Representing actual fuel packages and materials as wood cribs may not be realistic.

• Not accurately representing the conduction heat losses within the enclosure due to
the thermal properties applying to the partial areas protected with gypsum plaster-
board being represented by the properties of wood/char.

• Although B-RISK is a multi-room model, the mass timber pyrolysis model has only
been developed considering a single enclosure, and has not been tested and is there-
fore not currently recommended for use as part of a multi-room configuration.

5.4 Calibration

A calibration factor is proposed as a multiplier to the calculated thermal conductivity ap-
plicable to each non-char element where the temperature of that element is higher than
50 °C. This effectively corresponds to the pyrolysis region and a heated zone that extends
deeper within the section. The multiplier is based on a simple trial and error procedure.
The calibration process first involves isolating the pyrolysis model from the fire model
and supplying defined boundary conditions to the pyrolysis model i.e. a time tempera-
ture curve or heat flux value along with the oxygen mass fraction, and then comparing the
char depth (based on the 300 °C isotherm) with experiments where the boundary condi-
tions are clearly defined. The pyrolysis and charring submodel is benchmarked against
constant heat flux experiments by Pope et al. [44] and furnace experiments by König and
Walleij [45] as described in subsubsection 6.2.1 and subsubsection 6.2.2. These experiments
are used to inform the selection of a suitable calibration factor. Results are then given in
subsection 6.4 using the coupled fire and pyrolysis model for simulations of three full-scale
fire experiments in CLT enclosures where the resulting gas phase enclosure temperatures
and solid phase char depths are compared with and without calibration.

6. Benchmarking

6.1 General

Benchmarking of the model is presented as three parts. Firstly, examining the pyroly-
sis model in isolation by imposing known boundary conditions in the form of a constant
heat flux (see subsubsection 6.2.1) or a defined gas time temperature curve (see subsubsec-
tion 6.2.2). Secondly, the underlying zone model capability of characterising the thermal
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environment in a fully protected CLT enclosure is examined without a contribution from
any exposed timber surfaces (see subsection 6.3). Thirdly the two models are coupled and
then used to predict the thermal environment and extent of charring in an enclosure with
known areas of mass timber exposed (see subsection 6.4).

6.2 Pyrolysis model - decoupled

6.2.1 Constant heat flux experiments by Pope et al.

As part of an investigation into the measurement errors associated with thermocouples in-
serted perpendicular to a thermal wave in a charring material, Pope et al. [44] carried out
experiments using the cone calorimeter apparatus that exposed laminated bamboo blocks
to a constant heat flux. The specimens had dimensions 120 × 120 × 100 mm thick and the
lamellae were bonded together with a phenol-formaldehyde resin. The density of the bam-
boo was given as 675 kg/m3 and moisture content was found to be approximately 6.5–7%.
The composition of the bamboo was assumed to be 71% cellulose, 12 % hemicellulose, 10
% lignin and 10% water [46]. The ambient temperature was 25 °C.

Simulations using the pyrolysis and charring submodel are made, where the ambient
oxygen mass fraction is taken as 0.23, the convective heat transfer coefficient as 10 W/m2K
and the heat of combustion as 17.5 kJ/kg. The flame heat flux was determined using
Equation 20 and it was further assumed that if there was a flame present on the surface of
the timber (i.e. q̇f > 0) then there was no convective heat losses from the surface.

Figure 6 was adapted from Pope et al. [44] and shows the measured depth of the 60°C
(blue lines) and 300°C (orange lines) isotherms based on thermocouples installed from the
side and from the back of the specimen. The plot has been overlaid with the predicted char
depths versus time without calibration (the dashed lines) and with calibration factors of
1.6 and 1.9 applied to the wood thermal conductivity, as previously described. The uncali-
brated simulations provide reasonable agreement in the first 20 minutes of the experiment
but underpredict for longer times. The calibration factor of 1.6 provides a reasonable cor-
rection though may have still underpredicted the measured char depth if the experiment
had continued beyond 60 minutes.

6.2.2 Furnace experiments by König and Walleij

Three experiments using a fire resistance test furnace were carried out by König and Walleij
[45] to measure the depth of char in timber sections 95 mm deep. The timber species used
was a spruce with a dry density of 420 – 430 kg/m3 conditioned at 20 °C and 65% RH.
For the present calculations, a wet density of 470 kg/m3 and moisture content of 10%
are used. The furnace thermal exposures represented a standard time temperature curve
and two parametric curves that both included decay phases as shown in Figure 7 from
reference [45]. Oxygen concentration in the furnace was not recorded but it is assumed in
the present analysis to be no more than 10% by mass for the heating phases returning to
ambient level (23% by mass) for the decay phase. Figure 8 shows the char depth versus
time based on the thermocouple measurements and 300 °C isotherm measured by König
and Walleij [45] for the standard fire resistance curves labelled SFE in Figure 7. The char
depths predicted from the pyrolysis and charring submodel are overlaid on the plot and
show the uncalibrated pyrolysis and charring model gives good agreement for the first 40
minutes or so but thereafter the char rate decreases in comparison with the experimental
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Figure 6. Laminated bamboo exposed to 60 kW/m2 [44] with and without calibration.

values. The calibrated curve using a calibration factor of 1.6 provides more conservative
predictions but the difference between the measured and predicted values is seen to reduce
with time.

Figure 9 shows the char depth versus time based on the thermocouple measurements
and 300 °C isotherm for the Test Series C1 to C3. This is the curve labelled 510/0,12 in
Figure 7. The predicted char depths with and without calibration are overlaid on Figure 9.
Again, the uncalibrated prediction shows good agreement only in the early period and
underpredicts the ultimate char depth. While the prediction using a calibration factor of 1.6
provides good prediction of the ultimate char depth it tends to overpredict the char depth
at earlier times. Figure 10 shows the char depth versus time for the second parametric
curve labelled 170/0,04 in Figure 7. Again, the predicted char depths with and without
calibration are overlaid on Figure 10 with similar trends shown, however the calibration
factor of 1.6 produces an ultimate char depth that may still be considered too low.
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Figure 7. Furnace time-temperature histories for experiments (from König and Walleij
[45]).

Figure 8. Depth of char due to standard fire resistance test exposure (König and
Walleij [45] – SFE Test Series A) compared with model prediction.
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Figure 9. Depth of char due to standard fire resistance test exposure (König and
Walleij [45] – Test Series C1 to C3) compared with model prediction.

Figure 10. Depth of char due to standard fire resistance test exposure (König and
Walleij [45] – Test Series C4 to C6) compared with model prediction.
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6.3 Zone model - decoupled

This section describes four enclosure fire tests where the CLT was fully protected by gyp-
sum plasterboard, to provide benchmarking cases for the zone model alone when decou-
pled from the pyrolysis model.

6.3.1 Carleton University room fire experiments

Two room experiments conducted at Carleton University were reported by Li et al. [47]
where the room measured 4.5 m long × 3.5 m wide × 2.5 m high with a door opening
1.069 m wide × 2.0 m high. The CLT walls were protected with two layers of 12.7 mm
thick gypsum board. These were identical tests with no contribution from the CLT. The
average HRR of Test 1 and 2 was reported, and due to system malfunction, only the gas
temperature for Test 2 was reported [47]. All rooms were constructed from CLT panels
manufactured by Nordic Engineered Wood [48]. They were 105 mm thick with nominal
density 515 kg/m3 and comprised three layers each 35 mm thick. The layers were adhered
with a polyurethane-based adhesive. The CLT floor panel in each room was protected
with a layer of 15.9 mm (5/8 inch) thick Type X fire-rated gypsum board with a layer of
12.7 mm thick cement board installed on top. Over the cement board, a layer of 19 mm
thick hardwood tongue and groove maple flooring was installed.

The thermal properties for the plasterboard linings were taken as: thermal conductiv-
ity 0.24 W/mK, specific heat 950 J/kg K and density 784 km/m3 [49]. The fuel load was
bedroom furniture and clothing and also included maple boards on the floor. Integrating
the measured heat release rate curves from calorimetry, McGregor [50] estimated the ac-
tual energy release from the furniture for this case as 366 MJ/m2. In these simulations, a
heat of combustion for wood of 17.5 MJ/kg from Eurocode 5 [32] with an assumed com-
bustion efficiency of 0.8 is used giving an effective value of 14 MJ/kg. The characteristic
fuel thickness for the wood crib representation assumed in the simulations is 50 mm (and
used in the mass loss rate equations for the wood crib). Since the CLT was fully protected
it is assumed there is no contribution to the burning.

The postflashover model burning wood cribs allows an excess fuel factor to be in-
cluded. For the case of the moveable fire load, a simulation with GER of 1.3 was used.
GER of 1.3 means that, for ventilation control, the mass loss rate from the fuel will be 30%
higher than can burn inside the room, and this is of the same order as noted previously for
wood cribs burning in an enclosure.

Figure 11 and Figure 12 show the measured and predicted heat release rate and average
upper layer gas temperature for these experiments. The rate of heat release is the sum of
the energy generated inside the enclosure plus any combustion outside the room. The
prediction is comparable to the average rate of heat release from oxygen calorimetry in the
experiment. The gas temperature is also comparable to (with a slightly higher peak) the
gas temperature history for the experiment.
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Figure 11. Measured and predicted total heat release rate for Carleton room fire
experiments CLT fully protected with two layers of 12.7 mm thick gypsum board.

Figure 12. Measured and predicted enclosure gas temperatures for Carleton room fire
experiments CLT fully protected with two layers of 12.7 mm thick gypsum board.

6.3.2 NFPA Research Foundation room fire experiments

For research done for the NFPA Research Foundation, Su et al. [51] conducted a series of
full-scale enclosure experiments in a CLT enclosure with various amounts of exposed wall
and ceiling areas. These enclosures were intended to represent a studio sized apartment
unit. The CLT was 175 mm thick with five lamellae each 35 mm thick. The lamellae were
adhered with a polyurethane adhesive that was not considered to be thermally resistant.
The enclosure measured 9.1 × 4.6 × 2.7 m high.

Two of these experiments are included here where all the CLT surfaces were fully pro-
tected with gypsum plasterboard. The only difference between the experiments was the
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size of the opening located in one of the shorter walls. The two opening sizes considered
were: 2.0 m high× 1.8 m wide; and 2.0 m high× 3.6 m wide. In addition to the main open-
ing, there were two additional small openings in the opposite (rear) wall. Each one was
150 mm diameter and positioned 0.3 m and 1.8 m above the floor. These were intended to
simulate leakage of gases through a protected entrance doorway.

The fuel load comprised mostly cellulosic furniture (white pine, hardboard and dou-
glas fir) with a small amount of polyurethane foam (about 3% by mass). Wade [5] esti-
mated the fire load density to be 391 MJ/m2 consistent with an average effective heat of
combustion of 14 MJ/kg.

In Test 1-1, with an opening 1.8 m wide × 2.0 m high in one wall, the walls and ceiling
were fully protected with 3 layers of 15.9 mm Type X gypsum plasterboard. The t2 growth
rate coefficient used is 0.0037 kW/s2 to approximately match the experimental time to
reach 500◦C (flashover). The experiment is modelled assuming both the walls and ceiling
were 175 mm thick wood covering with 48 mm of gypsum plasterboard.

Once again assuming an excess fuel factor of 1.3, Figure 15 shows the measured and
predicted total rate of heat release and Figure 16 shows the measured and predicted gas
temperatures. In both cases the agreement between the model and the measured values is
considered to be good.

Figure 13. Measured and predicted total heat release rate for NFPA Research Foundation
room fire Test 1-1 with CLT fully protected with three layers of 15.9 mm thick gypsum
board.
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Figure 14. Measured and predicted total heat release rate for NFPA Research Foundation
room fire Test 1-1 with CLT fully protected with three layers of 15.9 mm thick gypsum
board.

The second test configuration was referred to as Test 1-2 by Su et al. [51]. There was an
opening 3.6 m wide × 2.0 m high. The walls and ceiling were fully protected with 2 layers
of 15.9 mm Type X gypsum plasterboard. The t2 growth rate coefficient used was 0.0052
kW/s2 to approximately match the experimental time to reach 500◦C (flashover). This test
differed from Test 1-1 by having double the area of ventilation for the largest opening.

Flashover occurred at 15.3 min followed by a large external fire plume. The fire started
to decay at 37 min and external flaming ceased from 40 min. The model prediction of the
peak gas temperature is clearly lower than measured in this experiment as seen in Fig-
ure 16 unlike for Test 1-1 where a good prediction of the peak gas temperature is achieved.
On the other hand, the prediction of the total rate of heat release appears in good agree-
ment as seen in Figure 15. The model considered this experiment to be fuel surface area
controlled and not ventilation limited as for Test 1-1 where a period of ventilation con-
trolled burning of about 20 minutes duration is apparent from the plateau in the predicted
rate of heat release curve (Figure 15). The poor agreement for the gas temperature might be
interpreted as suggesting that the fuel surface controlled (free-burning) mass loss rate for
the wood cribs was not a good representation of the real furniture used in this experiment.
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Figure 15. Measured and predicted total heat release rate for NFPA Research Foundation
room fire Test 1-2 with CLT fully protected with two layers of 15.9 mm thick gypsum
board.

Figure 16. Measured and predicted total heat release rate for NFPA Research Foundation
room fire test 1-2 with CLT fully protected with two layers of 15.9 mm thick gypsum
board.

6.3.3 NRCC room fire experiments

An enclosure fire experiment with CLT panels and Glulam structural elements protected
with 3 layers of Type X gypsum plasterboard (1/15.9 mm + 2/12.7 mm) were conducted at
the National Research Council of Canada by Su et al. [52]. The enclosure was constructed
from 175 mm thick CLT manufactured from spruce-pine-fir lumber using five lamellae
each 35 mm thick and bonded together with a thermal resistive polyurethane adhesive
which met the full-scale fire test requirements in ANSI/APA PRG-320-2018 [53]. The den-
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sity of the CLT was not reported by Su et al. [52] but the same CLT specification was re-
ported by Janssens [54] to have a nominal density of 505 kg/m3 and similar to the nominal
density of 515 kg/m3 for the CLT used in experiments by McGregor [50]. The enclosure
measured 4.5 m long × 2.4 m wide × 2.7 m high with a single doorway opening in one of
the longer walls measuring 0.76 m wide × 2.0 m high. The fuel contents in each experi-
ment comprised three wood cribs each weighing 120 kg. The wood cribs were constructed
from 0.9 m long sticks of 95 × 38 mm spruce.

Based on the mass of wood cribs (360 kg) and an assumed effective heat of combustion
of 14 MJ/kg [32], it is determined that the fire load energy density for the moveable fire
load is 467 MJ/m2. The initial fire growth is assumed to be a Fast t2 fire until flashover
after which the mass loss rate of the moveable fire load is determined from the lesser of
the ventilation-controlled burning rate, crib porosity-controlled burning rate and the fuel-
controlled burning rate for wood cribs.

This experiment was designated Experiment 1 by Su et al. [52] and did not include any
wood surface contribution. The average gas temperature shown in Figure 17 is the average
temperature reading from the thermocouple trees inside the enclosure. The shaded region
shown corresponds to the range of temperatures measured by individual thermocouples
on the thermocouple trees. Figure 17 also shows the gas temperature measured in the
doorway opening at heights of 0.6, 1.2 and 1.6 m above the floor. The peak average gas
temperature in the room of 1129◦C was measured at about 19 min. The gas temperature
predicted by the fire model (peak 1146◦C at 21 min) provides good agreement with the
measured average gas temperature from the thermocouple trees until the latter part of the
decay where the predicted temperatures are higher than those measured. This change in
slope in the predicted temperature occurs following predicted burnout of the contents and
is due to the ‘hot’ layer ceasing to vent once the layer interface in the enclosure lifted to
reach the top of the opening.

Figure 17. Measured and predicted gas temperatures for room fire experiment 1 with CLT
fully protected with three layers of gypsum board.
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6.4 Zone and pyrolysis model - coupled

6.4.1 NRCC room fire experiments

Su et al. [52] at the National Research Council of Canada conducted five full-scale fire ex-
periments burning wood cribs within a CLT enclosure with an opening. The CLT was 175
mm thick CLT manufactured using five lamellae, each 35 mm thick and bonded together
with a thermal resistive polyurethane adhesive. The enclosure measured 4.5 m long × 2.4
m wide × 2.7 m high with a single doorway opening in one of the longer walls measuring
0.76 m wide × 2.0 m high. The fuel contents in each experiment comprised three wood
cribs each weighing 120 kg providing a nominal fire load of 467 MJ/m2 (assuming an ef-
fective heat of combustion of 14 MJ/kg). Encapsulation was provided, where required, by
2–3 layers of 15.9 mm thick Type X gypsum board. Two of the experiments are considered
here which only involved areas of exposed wall and ceiling. Experiment 2 had 33% of the
wall and 10% of the ceiling area exposed (or unprotected) and Experiment 5 had 35% of
the wall and 100% of the ceiling exposed.

Figure 18 shows the gas temperature versus time measured inside the enclosure and
in the doorway for Experiment 2. The maximum char depths measured in the upper wall
ranged from 50 – 70 mm (mean 55.6 mm) and the maximum char depth in the ceiling
ranged from 45 – 63 mm (mean 52.5 mm). Figure 18 also shows the predicted gas tem-
perature from the coupled fire and pyrolysis submodels with several different calibration
factors used as well as with no calibration (i.e. k = 1.0).

Figure 18. Enclosure Experiment 2 (33% walls and 10% ceiling exposed).

Figure 19 shows the corresponding graph for Experiment 5. The maximum char depths
measured in the upper wall ranged from 81 – 109 mm (mean 88.6 mm) and the maximum
char depth in the ceiling ranged from 70 – 90 mm (mean 77.5 mm).

6.4.2 NFPA Research Foundation room fire experiments

Su et al. [51] conducted a series of full-scale enclosure experiments in a CLT enclosure
with various amounts of exposed wall and ceiling areas. The CLT was 175 mm thick with
five lamellae each 35 mm thick. The lamellae were adhered with a polyurethane adhesive.

FRG Report 2102009/1 30



Figure 19. Enclosure Experiment 5 (35% walls and 100% ceiling exposed).

One of these experiments is included here – referred to as Test 1-4. The enclosure mea-
sured 9.1 × 4.6 × 2.7 m high with an opening 2.0 m high and 1.8 m wide. The ceiling was
fully exposed with all walls protected with gypsum plasterboard. Figure 20 shows the gas
temperature versus time measured inside the enclosure. The increase in gas temperature
after 120 minutes is due to delamination of CLT that allowed the fire to grow again upon
exposing fresh fuel. For the current analysis, delamination is ignored on the assumption
that it can avoided by using a thermally resistive adhesive to bond the CLT lamellae to-
gether or through improved consideration of the CLT lay-up, e.g. increasing the thickness
of the room facing lamellae. Brandon [55] conducted additional intermediate scale exper-
iments and estimated the char depth for this experiment as 50 mm in the absence of any
delamination.

Figure 20. Enclosure Test 1-4 (100% ceiling only exposed).
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6.5 Char depth validation

Six compartment fire experiments were selected to provide validation for the char depth
predictions using compartment fire experiments where:

1. the contents fuel was furniture or wood cribs;

2. the exposed wood surfaces were principally on one surface or where reradiation
between surfaces was small; and

3. there was no significant char falloff (ie delamination or debonding of lamella) during
the fire;

4. the experimental char depth had previously been determined or estimated at the end
of the experiment.

The experimental parameters and measured char depths for each experiment are taken
from summary data provided by Brandon [2] (and previously used to validate the engi-
neering method proposed by Brandon) and also from Wade [5].

The fire experiments are summarised in Table 3. Experiments 1 and 2 were conducted
by Su et al. [51]; Experiments 3 and 4 by Zelinka et al. [56]; Experiment 5 by Medina
Hevia [57] and Experiment 6 by Su et al. [52].

Brandon [2] previously proposed an engineering method based on the parametric fire
equations in conjunction with an iterative procedure to estimate the char depth in an en-
closure with exposed mass timber by adjusting the fuel density at each iteration. The
method is not described here (see [2]) but the predictions are also included in Table 3 for
comparison.

A plot of predicted versus experimentally determined char depth for the B-RISK ki-
netic submodel, B-RISK simple GE submodel and the calculated char depth using Bran-
don’s method is shown in Figure 21. The B-RISK model predictions have conservatively
assumed all the pyrolysed fuel is burned in the enclosure (i.e. GER = 1) with nominal char
temperatures of 270 ◦C and 300 ◦C as shown.
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Figure 21. Predicted versus experimentally determined char depth for the kinetic
submodel, simple GE submodel and also including calculations using Brandon’s method.

All three methods give reasonable and mostly conservative predictions of the char
depth. More conservative B-RISK predictions can be ensured by using a slightly lower
assumed char temperature, and by assuming all combustion takes place within the enclo-
sure.

7. User guide

7.1 Instructions for the mass timber kinetic pyrolysis submodel

This section describes how to set up and use the kinetic submodel for a fire in an exposed
mass timber compartment.

1. The thermal properties database should contain a material corresponding to the mass
timber, for example that shown in Figure 22. The values for thermal conductivity and
specific heat will be overridden by the calculations described in subsection 4.4 and
subsection 4.5, with the remaining inputs used as entered here.
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Figure 22. Example entry for a CLT material in the thermal database.

2. The material should be added to the wall and ceiling of the compartment as shown in
Figure 23 along with the relevant dimensions for the enclosure. Note that the overall
thickness of the CLT should be an exact multiple of the CLT lamella thickness, and
no substrate material should be specified.

Figure 23. Room input parameters.

3. The relevant parameters for the mass timber pyrolysis model are entered from the
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Room Design, Mass Timber (CLT) menu item shown in shown in Figure 24 and
with the input form shown in Figure 25.

Figure 24. Menu selection for the mass timber pyrolysis model.

Figure 25. Parameters for the mass timber pyrolysis model.

4. As shown in Figure 25, to use the mass timber pyrolysis model the CLT model is
on radio button option should be selected along with the Kinetic wood pyrolysis
model radio button option.

5. The percentage of wall and ceiling area comprising exposed mass timber should
be entered. The char temperature can be specified. For this submodel, it is rec-
ommended that a char temperature of 270 ◦C be used instead of 300 ◦C for added
conservatism.

6. The lamella thickness should be entered. It must be exactly divisible into the overall
specified wall thickness. In this example for a 140 mm thick wall or ceiling element
there will be four lamella each 0.035 m thick.

7. The moisture content as a percentage by mass is entered.
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8. The kinetic properties shown in the table on the form can be used with the initial
component fractions adjusted as requested to suit the specified mass fraction of wa-
ter. The sum of the component fraction should be 1. It recommended that the default
kinetic property set be used.

9. The solver settings are reached using the Misc Settings, Solvers menu item with the
form shown in Figure 26. It is recommended that the number of nodes per layer
for the wall and ceiling be set such that the finite element thickness is 1 mm. In the
example shown for a 140 mm thick wall with each lamella 35 mm thick, the number
of nodes for each lamella is then 36.

Figure 26. Solver settings for the mass timber pyrolysis model.

10. The mass timber pyrolysis model is used in conjunction with the postflashover sub-
model with the settings reached from the Misc Settings, Postflashover Behaviour
menu item as shown in Figure 27. The option for Use Wood Crib Postflashover
Model should be set to yes. To ensure a more conservative prediction, it is suggested
that the Excess Fuel Factor be set equal to 1. This will mean all the fuel will burn
inside the room with no external burning.
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Figure 27. Post flashover settings for the mass timber pyrolysis model.

11. Once the model is set up and the preceding parameters for the pyrolysis model have
been set, the model is run as usual using the Start Simulation menu item.

12. Output from the model for the char depth can be obtained from the Single Run
Graphs, Surface Internal Temperatures, Wall - char depth menu item as shown in
Figure 28 and Figure 29.
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Figure 28. Menu item to view graph of char depth output.

Figure 29. Graph of char depth output.
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7.2 Calibration factor for the mass timber kinetic pyrolysis submodel

A calibration factor acting as a multiplier to the calculated thermal conductivity on the
non-char elements above 50 ◦C, as discussed in subsection 5.4 and section 6, is set at 1.6 as
a default value. This can be changed by the user, if required, from the File, Utilities, Kinetic
Model Testing menu item as shown in Figure 30.

Figure 30. Changing the kinetic pyrolysis calibration factor.
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A. Sensitivity of the post-flashover wood crib model in B-RISK
to the plume entrainment algorithm used

For ventilation-controlled burning, the oxygen in the plume flow is used for combustion
determining the ventilation-controlled heat release rate. As for pre-flashover burning, a
single axisymmetric plume is assumed. However, it doesn’t seem likely that a single ax-
isymmetric plume developed using data from small preflashover fires would be a very
good assumption for a post-flashover fire. The following discussion demonstrates the sig-
nificance and sensitivity of B-RISK results for ventilation-controlled burning given this
assumption and shows that the the results are relatively insensitive to the exact form of
the plume correlation.

The mass flow in the plume comes from both the mass inflow through the vents and
from any near vent mixing flow. The near vent mixing flow deposits gases from the upper
layer into the lower layer and is the sole mechanism for contamination of the lower layer
gases with combustion products. The mass fraction of oxygen in the vent inflow (coming
from outside) will be ambient (0.231) while the mass fraction of oxygen in the near vent
mixing flow (coming from the upper layer) will be largely depleted and close to zero after
flashover or during ventilation controlled burning. These two flow streams mix together
in the lower layer such that the oxygen mass fraction in the mixed lower layer lies between
the two source flow values. The mass flows are illustrated in Figure A.1.

Figure A.1. Mass flows in compartment with opening with vent mixing term.

In B-RISK, after flashover and with the layer height close to the floor, the plume en-
trainment continues to be calculated using the McCaffrey “flaming” correlation [13] as fol-
lows, where Q̇max is the maximum heat release rate that can be supported by the available
oxygen supply:

ṁp

Q̇max
= 0.011

(
z

Q̇
2/5
max

)0.566

(A.1)

The mass flow of oxygen in the plume (kg-O2/s) needed for complete combustion of
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the fuel is given by:

ṁO2 needed =
Q̇f

13100
(A.2)

Q̇f is the theoretical, free-burning heat release rate. This equation is based on the obser-
vation that approximately 13,100 kJ of energy is released for every kg of oxygen consumed
during the combustion reaction [19].

The actual mass flow of oxygen in the plume (kg-O2/sec) is given by:

ṁO2 actual = ṁpYO2,l
C (A.3)

YO2,l
is the mass fraction of oxygen in the lower layer. C is a coefficient described by

Peacock et al [25] as given by Equation A.4 representing the fraction of fuel that can be
burned with the available oxygen and varies between 0 and 1 to provide a smooth cut-off
of the burning over a narrow range above the oxygen limit. An oxygen limit of 10% by
volume is assumed with the corresponding mass fraction given in Equation A.5.

C =
tanh

(
800

(
YO2,l

− Ylim
)
− 4
)

+ 1

2
(A.4)

Ylimit = 0.1
MWO2

MWl,avg
(A.5)

When cool air flows into the room through a wall vent, it is assumed to entrain some of
the upper layer gases from the upper layer into the lower layer. This can result in a blur-
ring of the sharp distinction between the two stratified gas layers. The near vent mixing
correlation developed by Utiskul has been applied where the incoming cold air behaves
like a jet entering the vent with a characteristic velocity and diffusing downward because
of buoyancy [11]. While the cooler air descends, the surrounding hot gas is entrained with
a velocity that is proportional to the incoming flow characteristic velocity. An equation
for the ratio of mass entrained to the total incoming mass flow was developed by Utiskul
and single-vent compartment fire experiments were conducted to establish the correlation
for the mixing at the quasi-steady state. The correlation exhibited a linear relationship up
to an apparent asymptote for the mixing ratio of about 1.3 [11]. This vent mixing mass
flow, taken from the upper layer and added to the lower layer, applies both to vents to the
exterior and vents to adjacent rooms.

Since the mass flow in the plume depends on the fire heat release rate, and the heat
release rate depends on the oxygen available in the plume, these calculations are done
iteratively at each time step until the difference between successive calculations of the
oxygen constrained heat release rate is sufficiently small. Ultimately the inflow of air to
the compartment determines the heat released inside the compartment rather than the
total mass flow in the plume. This is demonstrated by an example.

Example

Consider a room 8.6 m long × 5.9 m wide × 3.9 m high, with an opening 2.2 m high ×
1.906 m wide. The fuel is wood cribs 285 MJ/m2 (floor area basis). A simple estimate of
the ventilation limit for this compartment using Q̇max = 1500Ao

√
ho is 9329 kW.
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Simulations to test the sensitivity of the compartment mass flows and heat release rate
to the magnitude of the plume flow were run. The plume flow calculated using Equa-
tion A.1 for the McCaffrey flaming correlation was multiplied by factors of 0.5 and 2.0.

Figure A.2 compares the calculated plume flow using the McCaffrey correlation [13]
for the flaming region (black line) with that obtained by multiplying the right hand side
of Equation A.1 by a factor of 0.5 (blue) and 2.0 (red) respectively. The three cases clearly
result in a different calculated total plume flow, but they are not one-half and double the
original value because the plume flow and layer height are dependent on each other. If
the plume flow is increased, the upper layer volume increases lowering the layer height
(and reducing entrainment and plume flow). The plume flow effect on the calculated layer
height is shown in Figure A.3.

Figure A.2. Plume entrainment, flaming region.

Figure A.3. Effect of plume flow on the layer height.
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In addition, if the burning is oxygen-constrained the rate of heat release is determined
by the oxygen mass flow in the plume which in turn is dependent on the rate of heat
release. If the plume flow increases (assuming the same mass fraction of oxygen in the
plume) the rate of heat release would also increase.

Now compare the calculated heat release rate in the compartment shown in Figure A.4
for the three cases. The oxygen-constrained heat release rate is identical. This means that
the oxygen mass flow in plume must be the same in each case even though the total plume
flow is different (as per Figure A.2). This requires the oxygen mass fraction feeding the
plume to be also different. For completeness, Figure A.5 shows the effect of the plume
entrainment on the upper layer temperatures.

Figure A.4. Effect of plume flow on the heat release rate.

Consider a snapshot of the mass flows in the compartment at 1000 seconds for each
case. In all three cases the calculated oxygen mass flow in the plume is calculated as 0.65
kg/s as shown below.

At 1000 sec (using McCaffrey plume × 1.0)

Vent flow output from B-RISK is shown in Figure A.6. The corresponding flow schematic
is shown in Figure A.9. The mass flow of oxygen in the plume is calculated as follows:

ṁO2 = ṁpYO2,l
= ṁpVO2,l

MWO2

MWl,avg

= ṁpVO2,l

MWO2

MWl,avg

= 4.355×
13.6

100
×

32

29.19
= 0.65kg/s

(A.6)
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Figure A.5. Effect of plume flow on the calculated upper layer gas temperature.

At 1000 sec (using McCaffrey plume × 2.0)

Vent flow output from B-RISK is shown in Figure A.7. The corresponding flow schematic
is shown in Figure A.10. The mass flow of oxygen in the plume is calculated as follows:

ṁO2 = ṁpYO2,l
= ṁpVO2,l

MWO2

MWl,avg

= ṁpVO2,l

MWO2

MWl,avg

= 4.499×
13.2

100
×

32

29.205
= 0.65kg/s

(A.7)

At 1000 sec (using McCaffrey plume × 0.5)

Vent flow output from B-RISK is shown in Figure A.8. The corresponding flow schematic
is shown in Figure A.11. The mass flow of oxygen in the plume is calculated as follows:

ṁO2 = mpYO2,l
= mpVO2,l

MWO2

MWl,avg

= mpVO2,l

MWO2

MWl,avg

= 3.961×
14.9

100
×

32

29.127
= 0.65kg/s

(A.8)
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Figure A.6. B-RISK Wall vent flow output with McCaffrey plume flow × 1.0.

Figure A.7. B-RISK Wall vent flow output with McCaffrey plume flow × 2.0.

Figure A.8. B-RISK Wall vent flow output with McCaffrey plume flow × 0.5.
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Figure A.9. Flow schematic at 1000 s with McCaffrey plume flow × 1.0.

Figure A.10. Flow schematic at 1000 s with McCaffrey plume flow × 2.0.
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Figure A.11. Flow schematic at 1000 s with McCaffrey plume flow × 0.5.
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B. Mass timber simple GE submodel

B.1 Description

The mass timber simple GE submodel provides an alternative, simpler means of account-
ing for the pyrolysis of the mass timber surfaces as they char. The preflashover fire and
combustion of the moveable fire load (contents) is as previously described in section 2
and after flashover are assumed to burn as wood cribs with a mass corresponding to the
unburned fuel in the room at flashover.

A flow chart illustrating the coupling of moveable fire load and the contribution of the
mass timber when the simple GE pyrolysis submodel is used is shown in Figure B.1.

The general form of the heat conduction calculations through the walls are as previ-
ously described in subsection 3.1. At any given time, each finite difference element or slice
is designated ’wood’ or ’char’ depending on whether it has previous reached the desig-
nated char temperature.

The specific heat of wood and char are as described in subsection 4.5. The density of
wood is taken as a constant specified by the user, while the density of char is determined
from:

ρc =
0.63ρw
1 + u

(B.1)

where ρw is the density of the wood at ambient and u is the moisture content by mass.

Hankalin et al. [58] proposed the temperature dependent thermal conductivity values
in Equation B.2 to Equation B.4 for a pyrolysing wood particle where thermal conductivity
at ambient temperature is given as the average of the longitudinal and radial directions so
may be higher than actually applicable for this application. Although Hankalin indicated
Equation B.4 applied up to 923 K, it has been used for higher temperatures (up to 1200°C)
here. Furthermore, the thermal conductivity of ’char’ is treated as being non-reversible
such that the maximum temperature reached is used for any subsequent determination
of thermal conductivity. Any wood that has reached a minimum temperature of 300°C is
considered to be ’char’.

k = 0.285 for T ≤ 473 K (B.2)

k = −0.617 + 0.0038T − 4× 10−6T 2 for 473 < T ≤ 663 K (B.3)

k = 4.429× 10−2 + 1.477× 10−4T for 663 < T ≤ 923 K (B.4)

The incident heat flux to the enclosure surfaces are calculated by Equation 14 to Equa-
tion 17. The depth below the surface of the isotherm within the CLT surface corresponding
to the char temperature (typically assumed as 300 ◦C) is assumed to have pyrolysed. At
each time step the change in the char depth from the previous time step is determined and
the corresponding mass is determined. This is converted to an equivalent fire load energy
per unit floor area and is added to the contents fuel load for use in subsequent calculations
for the contents pyrolysis.

FRG Report 2102009/1 55



Figure B.1. Flow chart for the moveable fire load coupled with the simple GE submodel
for mass timber [5].

B.2 Instructions for the mass timber simple GE submodel

This section describes how to set up and use the simple GE submodel for a fire in an
exposed mass timber compartment.

The room materials and thermal properties are set by following Steps 1 to 3 in subsec-
tion 7.1 as for the kinetic submodel.

1. As shown in Figure B.2, to use the mass timber simple GE model the CLT model is on
radio button option should be selected along with the Global equivalance charring
model radio button option.
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2. The percentage of wall and ceiling area comprising exposed mass timber should
be entered. The char temperature can be specified. For this submodel, it is rec-
ommended that a char temperature of 270 ◦C be used instead of 300 ◦C for added
conservatism.

3. The lamella thickness should be entered. It must be divisible into the specified wall
thickness. In this example for a 140 mm thick wall or ceiling element there will be
four lamella each 0.035 m thick.

4. The moisture content as a percentage by mass is entered.

5. The solver settings are reached using the Misc Settings, Solvers menu item with the
form shown in Figure 26. It is recommended that the number of nodes per layer
for the wall and ceiling be set such that the finite element thickness is 1 mm. In the
example shown for a 140 mm thick wall with each lamella 35 mm thick, the number
of nodes for each lamella is then 36.

6. The mass timber pyrolysis model is used in conjunction with the postflashover sub-
model with the settings reached from the Misc Settings, Postflashover Behaviour
menu item as shown in Figure 27. The option for Use Wood Crib Postflashover
Model should be set to yes. To ensure a more conservative prediction, it is suggested
that the Excess Fuel Factor be set equal to 1. This will mean all the fuel will burn
inside the room with no external burning.

7. Once the model is set up and the preceding parameters for the pyrolysis model have
been set, the model is run as usual using the Start Simulation menu item.

8. Output from the model for the char depth can be obtained from the Single Run
Graphs, Surface Internal Temperatures, Wall - char depth menu item as shown in
Figure 28 and Figure 29.

Figure B.2. Parameters for the mass timber simple GE model.
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