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Abstract: The traditional concept of compartmentation guaranteed by fire resistance is mainly
concerned with the problem of destructive internal spread potential. External convective spread
potential pertains to the loss of compartmentation associated with windows and facade systems.
As such, it is assumed that internal fire spread occurs following mechanisms of excessive heat
conduction and/or successive failure of the compartment boundaries, which can be, in most
cases, conservatively characterised using traditional methods of performance assessment such
as fire resistance. Nevertheless, external fire spread represents a potentially more effective route
by which fire can spread through the convective advancement of flames and hot gases. This is
particularly important in cases such as timber construction, where the presence of exposed timber
can result in increased convective spread potential and where loss of compartmentation can result
in disproportionate consequences. A simplified compartment fire model is proposed with the
objective of quantifying the fuel contribution of exposed timber elements to the compartment fire and
determining the impact of variable percentages of exposed timber on the convective spread potential.
The overall results show that the convective fire spread potential increases with the increasing
percentage of available timber.
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1. Introduction

Compartment fires can be divided into five stages, each with specific characteristic
timescales [1]: ignition, growth, flashover, fully developed, and decay stages. A common
approach used to design a fire safety strategy is to address each stage separately while
including only the elements of protection associated with the specific characteristic timescale
of each stage of the fire. Thus, evacuation, detection, and suppression are traditionally
linked to the ignition and growth stages, while structural integrity and firefighting are
linked to the fully developed and decay stages [2].

In the context of high-rise buildings, due to the long evacuation times, the characteristic
timescales associated with egress can overlap with those related to the behaviour of the
structural systems and the preservation of compartmentation [3]. It is, therefore, critical to
maintain structural integrity (compartmentation and stability) to allow for safe evacuation,
effectiveness of fire protection systems, and intervention of fire services. Therefore, the
separation of these different processes is not always possible. As a consequence, in high-rise
buildings, specific compartmentation requirements are necessary to design detection and
alarm systems, automatic suppression systems, and smoke management strategies that
enable egress.

In fire-safe design, compartmentation has historically been exploited as a means of
limiting the probability of fire spreading beyond the compartment of origin for a long
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time. As a consequence, different forms of compartmentation permeate most prescriptive
codes under the implicit assumption that fire resistance-rated structures will serve as
barriers that the fire needs to breach before it involves another compartment [4]. So,
compartmentation has historically dealt with the destructive internal spread potential.
Nevertheless, fires can also spread by the spilling of flames out of the compartment of
origin, i.e., external convective spread potential through windows and along facade systems,
even when the internal compartmentation is still in place and no structural breach of its
boundaries has occurred. As such, it is assumed that internal fire spread occurs through
mechanisms of excessive heat conduction and/or successive failure of the compartment
boundaries, which can, in most cases, be conservatively characterised using traditional
methods of performance assessment such as fire resistance. However, external fire spread
represents a potentially more effective route by which fire can spread through the convective
advancement of flames and hot gases, as shown in Figure 1.
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Figure 1. Classically assumed vs. actual mechanisms of fire spread (based on a figure in [5]).

The historical concept of the compartmentation strategy limiting the probability of fire
spread implies that if compartmentation fails (i.e., probability = 1), then the fire spreads
at its maximum potential rate beyond the compartment of origin. If compartmentation
resists (i.e., probability = 0), then there is no fire spread beyond the compartment of
origin. In the case of timber buildings, the structure can become involved in the fire,
adding an additional level of complexity. If the structure continues to burn beyond the
consumption of the building furnishings, then structural integrity (compartmentation and
stability) can be compromised in a manner not anticipated by conventional structural
design approaches and structural performance assessment methods (i.e., fire resistance).
Fire growth supported by the structure, therefore, has the potential to further challenge
conventional fire safety design premises and firefighting protocols. This study takes the
more conservative approach that compartmentation will fail at some point. Therefore,
the role of compartmentation is not to limit the probability but to reduce the rate of
fire spread across the entire building when analysing the total timeline of the fire: from
ignition to burnout or self-extinction (when dealing with timber structures) assuming no
fire brigade intervention. This approach also intrinsically considers the consecutive failure
of compartments’ fire resistance (and ultimately failure) as a more realistic scenario, as
opposed to treating the single compartment of origin as a pass-fail criterion.

Finally, fire growth supported by the structure has the potential to result in a
multiple-floor fire that could involve the entire high-rise building. A fire that exceeds
one floor has the potential to increase the consequences of a fire beyond the building where
the fire originated, given that minimum separation distances are generally predicated
on one-floor fires (Section 14.2, Approved document B, UK. [6]). This has been reported
extensively in fires occurring in timber structures under construction, which, due to their
fire strategy not being fully operational, are typically more vulnerable to fire spread.

Thus, when designing high-rise timber structures, it is essential to revisit the principles
by which building performance is expected to support the fire safety strategy, particularly
the performance expected from components that are intended to limit the size of the fire.
This research draws attention to the crucial need for a reliable methodology to characterise
and quantify the potential for fire spread beyond the floor of origin in timber buildings.



Fire 2024, 7, 190

30f15

Internal fire spread has been heavily studied, and research has highlighted the performance
assessment approaches associated with fire containment. Research has highlighted the need
to guarantee that the structural timber does not ignite, either through non-combustible
encapsulation or, when structural timber is exposed, by ensuring that the required structural
performance is maintained through an analysis that demonstrates self-extinction of the
structural timber once the combustible furnishings have burnt out [7].

The fundamental backbone of a classic fire safety strategy for a building with a
non-combustible structure is that the fire will burn out once the combustible furnishings are
consumed. For such a strategy to be valid in a timber-structured building, it is necessary to
assess the conditions leading to the self-extinction of the structural timber. Several authors
have reported on the mechanisms and conditions of self-extinction in timber compartments
both at the material scale [8-11] and the compartment scale [12,13]. The phenomenon
has typically been reported to occur below a minimum external heat flux. Nevertheless,
Cuevas et al. [8] found that self-extinction cannot be defined solely based on the maximum
external incident heat flux on the timber surface; oxygen concentration also needs to be
considered. This multi-variable dependency of extinction conditions challenges the sole use
of the external incident heat flux as a surrogate to define the occurrence of self-extinction in
fire safety engineering design [13,14].

Recent research [12] involving medium- and full-scale fire compartments with exposed
timber surfaces has shown that external flames are larger and protrude further horizontally
as more exposed timber is present. These studies reveal the potential for enhanced
convective spread. In combination with a potentially combustible facade, as may be
the case in timber buildings, this increased external flaming results in a fire spread potential
that has yet to be fully characterised. This study focuses on the relationship between
compartment fire dynamics and the external fire plume, attempting to fully characterise
the fire process and quantify, through the application of a model, the relative contribution
of increasing exposed timber surfaces on the rate of heat released within and outside the
fire compartment.

2. Materials and Methods
2.1. The Burning of Wood

The burning of wood involves a series of tightly coupled processes that ultimately
depend on the geometric configuration of the fuel package.

When wood is heated to a certain temperature, it undergoes thermochemical degradation
(pyrolysis). As a result, combustible volatiles are released, and char is formed. The heat
necessary for pyrolysis stems from the balance between incident heat (from the flame
that results from the combustion of the volatiles and /or external heating), char oxidation,
and losses to the virgin wood. The char separates the gas phase from the pyrolysis zone,
generating two zones of interest: the interface between the char and the gas phase (‘char
surface’) and the interface between the virgin wood and the char (“pyrolysis surface”). If
the energy balance at the char surface is negative, char oxidation will cease, and if the
energy balance at the pyrolysis surface is negative, pyrolysis will cease. Extensive studies
have been conducted to characterise these energy balances, showing the critical coupling
between both fronts. Therefore, the burning rate of wood depends on the rate of heat
supply to the material and the relative rates of conversion of wood into char and char into
gas-phase oxidation products.

Nevertheless, there is still controversy surrounding the fundamental theory of
compartment fires regarding the underlying mechanism of burning cellulosic fuel packages
(e.g., experimental wood cribs as opposed to real furnishings). Traditionally, it is assumed
that flame radiation is the main source of heat that sustains pyrolysis. If internal flaming
is limited by the supply of oxygen, then this supply would also limit the burning rate.
However, Harmathy’s model of burning wood [15] states that the rate of the decomposition
reactions (i.e., the pyrolysis rate) is largely controlled by the rate of heat supply to the
decomposing fuel. In the case of cellulosic materials, the primary source of heat is the
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combustion of charcoal, the rate of which is controlled by the rate of flow of air enveloping
the charring surfaces, i.e., the rate of oxygen transport to the wood surface. In other words,
in an ideal quiescent surrounding atmosphere, the rate of pyrolysis, and consequently the
burning rate, is thus only limited by the rate of char oxidation. This, in turn, is limited by
the supply of oxygen to the fuel [16].

2.2. Regimes of Behaviour and External Flaming

Studies based on the compartment fire framework [17,18] establish two regimes for
fully developed fires: small- and large-opening regimes. The first regime, or Regime I, is
known as the “well-mixed” or “one-zone” case, which assumes that the smoke layer reaches
the floor, and the entire enclosure is filled with almost stationary gases at a uniformly
elevated temperature. During this stage, the pressure, and thus the velocity of the air
drawn to the fire zone, is determined by the compartment acting as a suction pump with
the opening size being the throttle. When relatively larger openings exist, the second
regime, the fuel-controlled regime, or Regime II, occurs and is described as follows: a
rapidly moving flow around the flame zone is observed, and there is little or no part of
the enclosure where the gases may be regarded as nearly stationary. In this case, the air
drawn to the fire zone will not be determined by the compartment but by the turbulent
entrainment into a flame with significant vertical pressure accelerations, resembling an
exterior buoyant plume.

It has become customary to assume [2] that the reason behind external flaming in
Regime I fires is an oxygen-starved internal atmosphere that forces the fuel gases to
burn outside once they mix with fresh air. This has led to this regime being termed
ventilation-limited. Nevertheless, Thomas [17] and Harmathy [19,20] revealed that in
Regime I fires, the ratio of the rate of inflow air to the rate of volatile production could be
much higher than the stoichiometric air requirement for the combustion of wood.

Thomas found evidence of this much earlier [21], explaining that in Regime I situations,
the maximum velocity of air is proportional to the height of the opening, /,, while the
maximum velocity of the fuel gases is proportional to the square of the ratio of the burning
rate to the opening area, (R/A,)?. He stated that if the latter was large compared to the
former, combustion could not further occur within the compartment and there would be
insufficient heat received by the fuel to sustain the combustion process. Therefore, he
supported the idea that there is an upper limit on the ratio of these two maximum velocity
heads and hence on the burning rate inside the compartment, which, in turn, promotes the
typically observed external flaming in Regime I fires:

(%)

hy

= upper limit| — [R « (4, Vo)) 1)

Thomas’s explanation is the only theoretical link to the empirical equation found by
Kawagoe [22] (derived as Equation (4) later in this work), which describes the burning rate,
R, in a Regime I fire as follows:

R = 0.09(A;v/hy) [kg/s] )

Harmathy estimated that the stoichiometric fuel-air ratio for the combustion of wood
is approximately 4.2 [23], while the ratio of the airflow into the compartment and the
burning rate, U, /R, is never less than 5.3:

U,
— > 53 >42 (€)
R

The assumption that external flaming is a consequence of oxygen starvation in Regime

I fires is thus not supported by evidence. Moreover, in relation to the presumed oxygen
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starvation, for the reasons explained in Section 2.1 above, Harmathy [19] redefined the
terminology of Regime I from “ventilation-limited” to ventilation-controlled fires instead.
This redefinition acknowledges that the rate of air inflow literally controls—and not
limits—the rate of burning in an indirect way by regulating the rate of heat supply to
the fuel.

Another indicator for the claim that external flaming is not linked to the lack of oxygen
is the fact that even in Regime II fires, where the overall fuel-air ratio is recognised to be
well above the stoichiometric ratio, external flaming can still occur. In this case, there is
no doubt that external flaming is due to either insufficient mixing or high momentum of
the flow that carries the flames outside (or a combination of both). The characteristics of
external flaming, in both regimes, must thus be the result of the system’s flow conditions
where the overall stoichiometry is lean, but the compartment is broadly divided into a very
rich zone (deeper in the compartment), a close stoichiometric zone (where it is burning),
and a very lean zone close to the opening.

Considering the above, it can be conjectured that the compartment will define a flame
length, and therefore the characteristics of the compartment could be a predictor of the
occurrence of external flaming. The length of the flame inside the compartment is defined
by the size of the fuel bed (total amount of fuel surface area, ¢G, where ¢ is the specific
surface area of the fuel in m?/kg, and G is the fire load in kg) or the buoyant entrainment
(dependent on the ventilation through the ventilation factor, ®, in kg/s). The former has a
characteristic length scale consistent with the compartment’s floor area when dealing with
fully developed fires (Ar), while the latter has a characteristic length scale consistent with
the compartment height, &, (see Figure 2). Thus, considering the oversimplified scaling,
if it occurs to any extent, external flaming (I.) can be related to the h./I ratio, where h,
is the compartment height and [ is the flame length. This ratio serves as a simplified
surrogate for the chemical and physical processes behind the behaviour of the fire within
the compartment, rendering this approach a coarse assessment tool.

e P

leo(_

hex @

Af x q[)G

Figure 2. Simplified compartment and flame scaling.

2.3. The Model

The model and its application are explained in detail in the original publication [24]. It
numerically characterises both the potential for destructive fire spread (H) and convective
fire spread () in terms of the fire’s ability to retain heat in the compartment or expel
heat outwards into a fire plume. To obtain a quantitative assessment of both fire spread
potentials, the model relies on input information related to the compartment, the fuel, and
the ambient atmosphere, as well as the calculation of empirical factors and variables. It
calculates 6 dependent variables, which are as follows:

1.  R: The burning rate of fuel [kg/s].

2. U,: The flow rate of air [kg/s].
3. Q: The rate of heat evolution from the fuel within the compartment [kW].
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4.  g: The penetration heat flux absorbed by the compartment boundaries, averaged over
all internal surfaces apart from the floor [kW/ m?].

5. t: The duration of a fully developed fire [s].

6. Ty: The temperature of the compartment gases, averaged over the compartment
volume [K].

These six dependent variables not only define the overall characteristics of a given fire
scenario but also serve as inputs for calculating the destructive spread potential (H) within
the compartment, which, in combination with the convective spread potential (i) external
to the compartment, estimates the inherent fire severity of a given scenario. The explicit
forms of equations for most of these factors and variables are presented next, detailing
the entire process that allows for the calculation of both H and y, following the sequence
shown in Figure 3.

Select P

R Eq.(25) I Eq.(29)
¢ & Eq.(28)
7 Eq.(12)
U, Eq.(6)

7 Eq.(26) | Assume value
for T

» Ty Eq(21)

.i\:-;:-;u me a 1new

value for T,_,

=T,

g8 8

T

gcale

NO

v Y

H Eq.(13) p Eq.(30)

Figure 3. Flowchart for calculating all 6 process variables and the final convective fire spread.
Adapted from [24]. Equation numbers correspond to original paper.

As described in Section 2.2, there are two distinct regimes that need to be characterised:
Regime I, which is dominated by momentum induced at the compartment opening and
thus by the ventilation factor, and Regime II, which is dominated by momentum induced
by the fire and thus is characterised by the fuel area.
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The amount of fuel produced is defined by the heat transferred internally from the
oxidation of the char into the virgin wood and externally from the flames and smoke towards
the fuel surface. Thus, it is controlled by the manner in which air is driven towards the
glowing surface of the fuel and towards the flame. The following empirical equations [19] for
the burning rate, R, at Regime I and Regime II, respectively, were introduced by Harmathy:

R=0026-®[kg/s]  if ®/¢G <0263

flx) = )
R =0.0062- (¢G) [kg/s| if D/¢G >0.263

where ¢ is the specific surface area of the fuel, which, for conventional furniture, is taken to
be 0.13 m?/kg; G is the fire load in kg; ® is the model’s adjusted ventilation parameter;
and ®*is referred to as the ventilation factor, ® = 50*:

D" = pAv\/ghy — P =5(paAv/gho) [kg/s] (5)

where, p, is the density of the air in kg/m3, A, is the area of the opening in m?, g is the
gravity acceleration in m/s?, and h; is the height of the opening in m.

This adjustment—referred to from now on as the safety factor, s, and set to 5 as an
arbitrary but conservative design value [24]—is due to the fact that in real compartments,
there is often more than one opening, either intentional (such as open windows and doors
for ventilation) or unintentional (such as broken windows due to the fire), inducing a
cross-draft which increases the ventilation of the in comparison to the classic laboratory
draft-free case. This scenario represents the minimum ventilation condition that can occur
in real-world fires. Therefore, the model’s ventilation factor, ®, is used as the input variable
for the calculation of y. In Equation (5), p, is the density of the atmospheric air, A, is the
area of the ventilation opening, h, is the height of the opening, and g is the acceleration
due to gravity.

The ratio (®/9G = 0.263) in Equation (4) clearly defines the breakpoint between
Regime I and Regime II, with the transition occurring at a well-defined critical value. It is
recognised that this concept is oversimplified, given that it is more likely that both regimes
are separated by a critical regime rather than an exact breakpoint value. Nevertheless,
it provides a useful framework to define the transition. Thus, Equation (4) (top) applies
to Regime I fires, whereas Equation (4) (bottom), applies to Regime II fires, as explained
above. The former describes a scenario where the air supply is limited by a small value of
® relative to the fuel area (¢G). In this case, the momentum induced by the compartment
controls the air intake through the opening, leading to Regime I, and thus the burning
rate is dominated by the ventilation factor. In contrast, Equation (4) (bottom) describes
a Regime II scenario, where an increase in fire size results in greater momentum, with
the flame getting closer to the fuel surface and an increased burning rate. The result is a
burning rate dominated by the fire size.

Harmathy introduced the concept of a normalised heat load to account for the
comparison of destructive potential comparison in enclosures with different boundary
materials, represented by their thermal inertia (,/kpc). Therefore, the normalised heat load,
or destructive spread potential, H, is defined and calculated as follows:

_ 14

where 7 is the net heat flux to the compartment surfaces in W/m? and +/kpc is the thermal
inertia of the enclosure boundaries in J/(m? s!/2 K).

Simplified approaches have been proposed for this variable; they can be found in [7,24]
but will not be further discussed here. Similarly, the characterisation of other variables
relevant to the destructive spread potential, H, (e.g., Ty) can be found in [7,24]. These are
not the subject of this study and, therefore, will not be discussed any further.
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The final variable of reference is the characteristic duration of the fire or the burn-out
time, T. The simple equation for the duration of the fully developed fire can be written
as follows:

v o= 20 %

2.3.1. Convective Fire Spread

The model defines the potential for convective spread as the ratio of the evolution of
the rate of heat outside the fire compartment to the evolution of the total heat release rate
from the fuel:

rate of heat evolution outside fire compartment

= ®)

total rate pf heat evolution from fuel

The ratio p depends on a series of parameters related to the combustion process of the
solid cellulosic fuel inside the compartment, as both the production of volatiles and their
combustion are the result of a highly sensitive combined heat balance coupled with the
availability of fresh air to feed the reaction, as explained in Sections 2.1 and 2.2.

The heat release rate from the fire can be expressed by the following simple formulation:

Q = R(0.932AH, + 0.068AH.) [W] )

where AH, is theheat of combustion of volatiles and AH, is the heat of oxidation char.

The constants 0.932 and 0.068 add up to one and are empirical approximations of
the fraction of the energy used for char formation and volatile production, respectively.
Assuming that J is the fractional heat evolution within the fire compartment (< 1) and that
all the heat produced outside the compartment is the result of volatile combustion, then
the heat released outside the compartment is given by:

Qo = (1 - 5)AHU [W] (10)
So, the explicit form of Equation (8) can be expressed as:

0.932- (1 — 8)AH,

_ 1
# 0.932 - AH, + 0.068AH, (1)

The denominator in Equation (11) reflects the fact that the evolution of heat in the
compartment is attributable partly to the combustion of the volatile products of pyrolysis
and partly to the oxidation of the char. The factor (1 — ¢) in the numerator, in turn, reflects
the part of the heat of combustion of the volatile decomposition products that burns outside
the compartment. Thus, by including the factor 4, account is taken of the fact that, in
general, only part of the heat of combustion of the volatile decomposition products is
released inside the compartment [25], so this variable relates to the potential for convective
fire spread quantification.

The ¢ factor is quantified through empirical equations suggested by Harmathy after
analysing a large amount of experimental data [26] and finding that the compartment
height has an important bearing on external flaming. These equations depend on the
relationship between the model’s flame length (/) and the compartment height (%.). The
relationship between these two variables is a surrogate for the physical and chemical
processes responsible for the relationship between internal and external flaming, as explained
in Section 2.2.

S=1Au=0 if 1<h
(12)

32 0932-(1—(he/1)*?)AH,
6 = (he/1) 2 A p= OA93<2AHZ;+0.068~>HC if 1>he
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where [ is the effective flame height, which can be empirically estimated as follows:

117-®3[m] if ®/¢G < 0.263
I = (13)
0.75(¢G)V3 [m] if ®/¢G > 0.263

Equation (13) (top and bottom) illustrates two different cases. Equation (13) (top)
describes a scenario where the fuel area (¢G) is large relative to the air supply ®. In this
case, the momentum induced by the compartment controls the air intake through the
opening, leading to Regime I. Thus, in Equation (13) (top), the flame length is dominated
by the ventilation factor. It is important to note that this cannot be seen as a flame length
controlled by fuel and air supply to combust at stoichiometric conditions. In such a scenario,
an increase in air supply would result in a reduction in the flame length. In a compartment
fire, regardless of the regime, there will be excess air. Thus, under Regime I conditions, air
supply controls the overall production of gaseous fuel and the burning rate. Therefore,
an increase in ® will increase the flame length (as per Equation (13) (top). In contrast,
Equation (13) (bottom) describes a Regime II scenario where, once again, there is excess air.
Consequently, an increase in fire size will result in greater momentum, flame getting closer
to the fuel surface, and an increased burning rate. The result is a flame length dominated
by the fire size.

At this point, y can be calculated in the model.

2.3.2. Destructive Fire Spread

As mentioned above, the model has been designed to calculate 6 process variables that
define the overall characteristics of a given fire scenario and serve as inputs for calculating
the destructive spread potential, H. Although the design for fire safety in regard to fire
spread potential has these two well-defined components—convective and destructive—this
part of the study is mainly concerned with the former, not only due to the historical urge
to start considering it but also due to the fact that the addition of available fuel in timber
buildings, the main focus of this research, enhances the convective spread mode.

2.3.3. Preliminary Diagnosis for y

After investigating the model’s background equations, assumptions, and suggestions,
the following can be concluded prior to and in support of any analysis of the parametric
results for y, which is the focus of this study:

(i) pranges from 0 to a maximum value of 0.83 (When substituting appropriate heats of
combustion AH,, AH,).

(ii) In Regime I fires,  depends on and increases/decreases with the increase/decrease in
the ventilation factor @, i.e., the window height and area.

(iii) In Regime II fires,  depends on and increases/decreases with the increase/decrease
in the effective fuel load density (¢G), i.e., the specific area of exposed fuel, that is, on
the type, arrangement and total amount of fuel in the compartment.

(iv) For both regimes, y ultimately depends on and increases/decreases with the ratio of
the flame length and the compartment height (1/h.)

3. Results

In this parametric study, some variables embedded in the process variables mentioned
above were chosen to remain constant while others—all compartment-related—were varied
to reveal their relative influence on and sensitivity to the overall results.

The parametric constants chosen were the average air temperature (T;), the average
density (p,), the X-factor (>1) that accounts for the coupling by the fire plume between the
streams of air and hot fire gases, the single opening location, the furnishing-specific fuel
load (Lgp) that depends on the occupancy, the average specific heat capacity of the fire gases
(cg), the heat of gasification for pyrolysis (AH)), the heat of gasification for volatiles (AH,),
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the heat of oxidation of the char (AH,), the empirical factor (v) that accounts for the slight
spatial non-uniformity of the temperature of the fire gases, the height of the window (h),
and the temperature of the gases (Ty). Although evidently not a constant, the calculation of
u is independent of it.

The parameters chosen were varied one at a time while leaving all other parameters
constant. These parametric variables were the compartment height (i), the window width
(wy), the compartment floor area (Ar), and the safety factor (s). These variables were
analysed for different scenarios that exhibit increasing timber influence.

The introduction of exposed timber surfaces is complex because the surfaces can
correspond to vertical elements (walls) or the ceiling. These will have a different impact on
the manner in which momentum is generated by buoyancy [12]. Nevertheless, in this case,
the impact of timber exposure will be introduced through the combined variable ¢G, and
thus the burning area, independent of its particular configuration.

Therefore, by combining these parametric variables (one at a time), the following
variations were obtained:

(i) Overall compartment dimensions [m?] through changes to the floor area [m?] or
compartment height [m].

(i) Timber panelling, which added extra fuel load [kg], and therefore contributed to
changes in the total fuel load (G).

(iii) Average specific surface area of fuel ¢ [m?/kg]. This was calculated by averaging the
specific surface area of timber furnishing (0.13 m?/kg) with that of timber panelling,
estimated at 0.07m?/kg. These values were determined considering a density of
600 kg/m3 and a panel thickness of 2.5 cm).

(iv) The effective fuel load exposed surface (¢G) was varied as a result of the combination
of variations of both variables mentioned above, i.e., (ii) and (iii).

(v) Ventilation regime: The fire was regarded as either ventilation-controlled or fuel-controlled
depending on the threshold @/ (¢G) < 0.263. The ventilation regime determines the
burning rate (R) and flame length (/) equations (and, therefore, the d factor, which
accounts for the part of the heat of combustion of the volatile decomposition products
that is released inside/outside the compartment and directly affects u and indirectly
affects H through 4.

(vi) Overall thermal inertia (kpc): This also depends on the extent of the timber panelling
variations mentioned in (ii).

Figures 4-7 show graphs where the convective fire spread potential is quantified
and represented by the p-factor on the ordinate axis. These graphs compares changes
in each parametric variable—compartment height (Figure 4), window width (Figure 5),
compartment floor area (Figure 6), and safety factor (Figure 7)—shown on the respective
abscissa. The analysis considers five different scenarios of increasing timber panelling
exposure while leaving all other parameters constant. In relation to the safety factor
(Figure 7), its purpose is to address drafty conditions, which are not considered in this
model or in any classic compartment fire framework correlation.

Figure 4 shows that the convective fire spread potential increases with greater exposure
of timber and decreases as the compartment height increases, eventually reaching a point
where it vanishes, depending on the amount of exposed timber. These results were
expected, as mentioned earlier, as y ultimately depends on the ratio of flame length to
compartment height (I/h.), with ratios > 1 causing flames to escape the compartment
(either externally and/or internally to an adjacent compartment or corridor). Therefore,
the taller the compartment, the higher the probability of containing the flames within
it, thereby preventing convective flame escape and reducing the convective fire spread
potential originating from the original fire cell. For the 4.2 m height compartment, the
flame remains completely contained within the compartment in all five scenarios, resulting
in a quantified convective spread potential of nil for each. It is important to note that the
model was designed for non-combustible compartments; therefore, the flame height is
estimated assuming a fuel package evenly distributed and centred at floor level. This means
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that the model does not consider flames emerging from the walls at higher levels or their
impact on the overall compartment fire dynamics (e.g., flow, pressure, and temperature
fields), as reported by several authors after testing the contribution of timber panelling and
consequent modifications to the classic compartment fire framework [19].

Convective Spread Potential vs. Compartment Height
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Figure 4. Convective spread potential over the compartment height.
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Figure 5. Convective spread potential over the window height.

Figure 5 shows that the convective fire spread potential increases with a higher
percentage of timber panelling for constant window widths. The plateau (i.e., constant
u) beyond the 3 m window width for all timber scenarios reveals the breakpoint between
behaviour regimes [2]. After this point, all scenarios fall under Regime II, where the
convective spread potential in this model becomes independent of the ventilation factor &
and thus the window size. Below a certain window width, the convective spread potential
decreases. With this fuel load configuration, this decrease occurs only for very low window
widths, specifically when the ventilation-to-fuel ratio is low enough to induce Regime I
behaviour in a compartment fire, where the convective spread potential is proportional to
the ventilation factor ®. In this regime, the convective spread potential in this model is
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independent of the fuel load; hence, the 0.5 m window width data point is the same for all
five scenarios.

Convective Spread Potential vs. Floor Area
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Figure 6. Convective spread potential over the floor area.
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Figure 7. Convective spread potential over the safety factor.

Figure 6 again shows the increase in convective spread potential as the timber panelling
increases. It also shows that y remains constant in all timber scenarios, regardless of
variations in the compartment floor area. The model has incorporated the typical specific
fire load density for an office building [27], in addition to the extra fuel load brought about
by increasing the area of internal timber panelling. Thus, y’s trend responds to the fact
that while the total fuel load increases proportionally with the increase in the compartment
floor area, ventilation remains constant. Therefore, their relationship pushes the behaviour
regime towards Regime I, where the convective fire spread potential does not depend
on fuel load, only on ventilation. It is evident in the graph that the breakpoint between
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behaviour regimes was not reached within this range of floor area range, so all scenarios
fall under Regime II.

Finally, Figure 7 shows an increase in the convective fire spread potential in all
situations as the amount of timber panelling increases. At the same time, it reveals that
the breakpoint between regimes falls somewhere between 1 and 2.5 for all configurations,
demonstrating that they all fall under Regime II beyond 2.5, where the model’s convective
spread potential quantification is independent of the ventilation. It is important to note
that the model’s recommended adjusted ventilation parameter, or ventilation factor, i.e.,
® = 50%, as a random input variable, is conservative. Even after doubling it, there is no
increase in the convective spread potential in any scenario. This is due to the fact that
the safety factor affects F in a proportional /direct way. Therefore, increasing the safety
factor while keeping the effective fuel load of the exposed surface (¢G) constant, tends
the compartment fire towards Regime Il behaviour, where the convective spread potential
becomes independent of the ventilation factor ®, as explained above.

4. Discussion
The limitations of the analytical model and analysis are as follows:

(i) The model assumes a post-flashover situation with full involvement of the combustibles
within the compartment evenly distributed and centred at floor level. Consequently,
the flow field is not influenced by the fuel location or position, especially with respect
to the opening, or by the buoyant and inertial forces generated by the burning walls [19].

(ii) Itisa single- and vertical-opening model, i.e., no cross-drafts are considered beyond
the adjusted ventilation parameter.

(iii) Determination of fire load G [kg]: The extra structural timber or that from the
interior compartment linings is accounted for directly as extra fuel load density.
The model does not consider the vertical or horizontal configuration influence that
the extra timber would have, nor its distance with respect to the ventilation and
other combustible surfaces.

(iv) Determination of the p-factor: This ultimately depends on the model’s flame length
(I) in relation to the compartment height (/). In turn, the flame length depends only
on @ (ventilation, i.e., window height and area) when falling within Regime I fires,
or on the effective fuel load density (¢G) (specific area of exposed fuel, i.e., type and
arrangement of fuel, and total fuel load) when falling within Regime II fires.

5. Conclusions

The safety case, particularly for tall timber buildings, must explicitly address the
increased hazard of fire spread beyond the compartment of origin. In principle, self-extinction
could render a timber building fire strategy equal to that of a non-combustible building,
as long as the fire is contained in the compartment of origin. However, without full
containment, a feasible self-extinction strategy is not possible. External convection dominates
the fire spread in real-world fires, so preventing the fire from spreading by cutting off the
main routes of convective spread is crucial to achieving tall timber building fire safety. This
is why the convective fire spread potential must be addressed, especially in timber-lined
compartments where this spread mode appears to be enhanced. The present study introduces
an existing model to characterise and quantify the convective spread potential out of the
compartment of origin in timber buildings and introduces a formal method to address the
u-factor. Beyond the inherent limitations of the model’s simplicity, this study provides
guidance for designers regarding variables that enhance the convective fire spread potential.
The convective fire spread potential is enhanced by the exposure of timber surfaces and the
window width and height (through the window area), while increases in the compartment
height decrease it. Safety factors beyond the model’s proposed five and the floor area have
a negligible impact on the convective fire spread potential.
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