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1 | INTRODUCTION

| Xiaoning Zhang® | Asif Usmani?

Abstract

Fire accidents in buildings are occurring and claiming thousands of lives each year.
Due to various architectural designs, fire hazards would be unique to each building
layout. This paper discusses how fire hazard varies with the arrangement of the fuel
inside buildings. To comprehensively present the effect of fuel distribution on fire
behaviour, results from large-scale experiments, bench-scale experiments, empirical
correlations, and numerical studies are provided. In large-scale fire tests, two differ-
ent cases of wood cribs were tested to demonstrate the effects of porosity on heat
generation and fire spread behaviour. Due to the limitations of experimental condi-
tions, the variation in heat release rate attributable to differences in fuel porosity and
surface area has been also qualitatively investigated using a cone calorimeter test. To
bring the gap between experimental observations and real-word scenarios, a numeri-
cal study is also performed. This study further explores the effects of fuel distribution
(considering porosity and surface area of fuel throughout the compartment) and ven-
tilation on fire spread beyond the fire compartment. The computational fluid dynam-
ics (CFD) simulations show how the distribution of fuel in different ways can lead fire
to spread beyond its origin, as observed in many fire accidents. The paper suggests
that designers should consider such critical fire scenarios in performance-based

design.
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presented by many researchers.®” Some crude design models were
proposed based on travelling phenomenon observed in experimental

Each year nearly half a million building fires are reported in the
United States alone.! Despite the regular improvement of the codes
and standards, such trend is consistent. Over the last three decades,
fires have caused the collapse or severe damage of the structure.?~>
Since the World Trade Centre (WTC) disaster, several studies have
been performed to understand the fire behaviour and structural
response to the fire in tall buildings. During the investigation of the

WTC towers, a “travelling fire” phenomenon was observed, which is

studies. Due to the presence of large open spaces in modern build-
ings, it is necessary to consider such a phenomenon while evaluating
the structural resistance to fire. In the last two decades, a few travel-
ling fire models are proposed, that is, Clifton's travelling fire model,®

210 and its subsequent refined ver-

travelling fires methodology (TFM),
sions (i.e., improved TFM*! and TFM with flame extension'?), and an
extended travelling fire methodology framework.2*1> However,

these models have some limitations, such as consideration of uniform
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fire load and pre-defined fire trajectory. Fire load plays a vital role in
estimating the severity of a fire and evaluating the fire resistance of a
structure. The distribution of fuel can significantly affect the structural
fire response due to various fire-spread behaviour, including fire
spread rates and fire sizes.’® When estimating fire load for any kind of
occupancy, such as office or residential building, a deterministic value
is generally suggested in widely adopted codes and standards.!” In
determining the fire risks to the hotel buildings in Hong Kong, Chow

.18 carried out a survey considering fire load as the major parame-

eta
ter while ignoring the influence of the fuel distribution pattern or the
packing density of the fuel on fire severity. The fire spread and its
severity within a compartment depend on various factors such as ven-
tilation, fuel load, fuel distribution, and so on, and these factors can
affect the spread of fire (both vertically and horizontally) and overall
structural temperature.19

Fire load is generally defined in statistical terms.2° Khan et al.?*
reviewed various methods used to estimate the fire load for an occu-
pancy. Accurately estimating the fire load is crucial for establishing
realistic fire scenarios, which ultimately leads to the development of
the performance-based design (PBD) approach. It has been found that
fire behaviour is also affected by the structural geometry and the dis-
tribution of fuel. Standard methods of fire load calculation often
ignore the effects of fuel distribution, which can significantly influence
fire behaviour and are vital for structural stability in fire accidents. In
the Plasco Building fire accident (19 January 2017, Iran),*1??2 due to
the presence of a high fuel load and the manner in which the fuel was
distributed, the fire spread rapidly and reached the top floor within
30 min of ignition. It took fire less than 4 h to bring the whole building
to the ground, where more than 32 people lost their lives. It is clear
from these fire accidents that not only the fire load but also the fuel
distribution and other factors may lead to a unique fire scenario that
can lead to a catastrophe. One of the objectives of PBD is to limit fire
spread within a compartment,?® however, such fire accidents clearly
show that fire can spread beyond the room of origin, both internally
and externally.?® It is necessary to include the fire scenarios in PBD
that account for these factors. The materials and architecture in mod-
ern buildings have changed so fundamentally that the assumptions
presented in prescriptive approaches are being seriously questioned,
particularly in high-rise buildings. The prescriptive approaches such as
implementation of standard and parametric fires may produce mis-
leading results. For example, with high fuel loads on each floor and
combustible facades (common in modern buildings) around the perim-
eter of the building, the fire can be considered fuel-controlled (i.e., the
fire is concentrated around the openings or burning outside and will
continue until the fuel is consumed). In contrast, the standard and
parametric fire curves can only represent ventilation-controlled fire
scenarios. From the various experimental studies, it was observed that
fire in large compartments was generally fuel-controlled, with little or
no effect from ventilation.24"2” Although significant studies have
emphasised on the effects of fire load and ventilation on fire behav-
iour, limited attention has been given to the effects of fuel distribution

and building geometry.

In this paper, to investigate the influence of fuel distribution on
compartment fire behaviour, a multifaceted research approach has
been employed. As porosity allows for greater airflow, enabling more
efficient fuel combustion, the large-scale experiments focus on wood
cribs with varying porosities (i.e., spacing between the wooden sticks).
Complementing this, a qualitative analysis using a cone calorimeter
provides insights into the variations in heat release rate (HRR) due to
fuel porosity and surface area, thereby addressing experimental limita-
tions. Bridging the gap to real-world fire scenarios, CFD simulations
were used to investigate the effects of air gaps between the fuel and
surface area on the variation in HRR and fire behaviour. In the numeri-
cal study, the effects of fuel load distribution (different spacings
between the fuel) on peak compartment temperatures and fire spread
behaviour are evaluated by considering different cases of the same
fuel loads. The effects of heat generation and fire duration are also
studied in this study. Additionally, it analyses and presents fire scenar-
jos that illustrate how fire can spread to upper floors due to the fuel
distribution within the compartment.

2 | EXPERIMENTALINVESTIGATION

2.1 | Large-scale wood-crib experiment
Due to the enormous uncertainties associated with fire, it may behave
differently even if one of the environmental parameters is altered. In
the current study, two different fuel distribution patterns with varied
porosities (i.e., spacing between the wooden sticks) are investigated
to demonstrate the burning behaviour of fire using the same volume
of fuel load. In the experiment, wood cribs were set up in two configu-
rations, where porosity was changed for both cases, however, the
number of wooden sticks remained the same to keep the same fuel
load density. The configurations of the wood cribs with distribution
patterns and dimensions of cribs and sticks are presented in Figure 1.
The tests were carried out in a large tunnel (140 m long tunnel of an
8 m wide and 5 m high with 4.5 m high protected inner section). The
fire phenomenon observed in this study can provide a qualitative and
quantitative understanding of the fire spread and intensity of the fire
for the same fuel load density but with different configurations. Due
to the large aspect ratio of the tunnel (similar to a “slice” of a large
open-plan compartment?®) and sufficient ventilation, the fire could be
considered “fuel-controlled” during the whole burning period. The
“spruce” type wood cribs were used in the experiment where average
density of the wood was 430 kg/m® with a moisture content of
14 + 2%. The heat of combustion (AH,) is estimated as 18 MJ/kg for
determining the fuel load in terms of the equivalent weight of wood
presented in the Society of Fire Protection Engineering (SFPE) Hand-
book and other literature.?’

Two cases were presented in this experiment where Case 1 was
considered as “low porosity” (sticks were spaced closely) (Figure 1A),
and Case 2 as “high porosity” (sticks were spaced at a larger distance)

(Figure 1B) wood cribs. As shown in Figure 1, the fuel bed comprised
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FIGURE 1 The configurations of the wood cribs: (A) Case 1 (low porosity); and (B) Case 2 (high porosity).

FIGURE 2 Maximum flame

height for both the configurations Thc'r';""‘;‘:
yees

of the wood cribs: Case 1 (low
porosity) and Case 2 (high

porosity).

multiple wooden sticks. For both cases, the same number of sticks well-protected test region near an opening of the tunnel. Besides, in
was used (50 sticks of 0.75 x 0.05 x 0.05m® and 40 sticks of the fire laboratory of Sichuan Fire Research Institute (Sichuan, China),
1.0 x 0.05 x 0.05 m3). For Case 1, the spacing between the wooden several experiments with the same wooden sticks distribution pat-
sticks was 0.05 m, while for the Case 2, the sticks were separated by terns as described above were conducted to investigate fire spread
0.185 m approximately. The cribs were placed at the centre of the and burning dynamics of non-uniform wood crib.*¢
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Temperatures were measured using a set of thermocouple trees
equipped with K-type thermocouples, positioned near the fire source.
The weighing scales (10 cm high) were placed underneath the fuel bed
to measure the mass loss of the wood cribs. Detailed setup information
is presented in Appendix A. For both cases, seven wooden sticks soaked
in heptane were used as ignitors, and placed at the bottom of the wood
crib. Each stick was 0.5 m long with a cross-sectional area of approxi-
mately 9 cm?. The wooden stick ignitors were chosen due to the diffi-
culty in igniting the wooden sticks because of their moisture content.
However, these ignitors had an impact on the burning behaviour, for
example, accelerating the burning rate and fire spread rate, and increas-
ing the size of fire. The effects of the ignitors should be considered
further in future research. Some of the observations are presented in the

following sub-sections.

211 | Fire development and gas temperature
As observed in the tests, the wood stick ignitors impacted the burn-
ing behaviour of the wood cribs at the early development stage,
approximately 4 minutes until the ignitor's burnout. This included
accelerating the evaporation of moisture and the burning rate, as
well as increasing the fire spread rate and fire sizes, as shown in
Figure 4. After the ignitors burnt out, the burning of the wood cribs
reached a stable stage. It is worth mentioning that due to the high
porosity of Case 2, there was a noticeable collapse of the wood crib
around 12 min after ignition. In comparison, the porosity of Case
1 was lower, resulting in a less significant effect on wood crib col-
lapse. The total fire duration of Case 1 and Case 2 was 19 and
35 min, respectively. Figure 2 shows the maximum flame height
reached during the experiment for both cases. In Case 1, the flame
reached as high as 3 m during the peak burning rate, while in Case
2, the flame impinged on the ceiling at a height of 4.5 m. It impli-
cates that the flame height can be much larger, and the ceiling
would be heated directly by flame for the same fuel load density. It
is worth noting that the fuel height was 0.5 m higher in Case
2. According to Hasemi's fire model for localised fire, the flame
height depends on the HRR and the diameter of the fire. The HRR
of Case 2 is much higher than Case 1° (Figure 4).

Figure 3 shows the gas temperatures near the ceilings (around
4.5 m). It is worth noting that the overall temperatures are much
lower than expected near the ceiling, it is mainly because of the dis-
tance of the thermocouple from the centre of the flaming region, as
shown in Figure 2 and Figure Al. The distance from the thermo-
couple to the centre of the wood crib is 0.65 m. The present experi-
ments demonstrate the localised fire, therefore temperature
becomes lower with the radial distance from the centre of the
fire.%% As expected, the gas temperatures for the Case 1 are found
to be lower than the Case 2. Other than the lower HRR, another
reason for lower gas temperature near the ceiling is the shorter
height of the flame. It implies that the structure would be exposed

to lower temperatures for a “low porous” fuel load.
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FIGURE 3 Gas temperatures near the ceiling for both the
configurations of the wood cribs: Case 1 (low porosity) and Case
2 (high porosity).
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FIGURE 4 The mass loss rate and heat release rate for both the
configurations of the wood cribs: Case 1 (low porosity) and Case
2 (high porosity).

2.1.2 | Mass loss rate and heat release rate

Figure 4 shows the mass loss rate (MLR) and HRR for both cases.
Since the ignitors are very light, their mass can be neglected. The peak
MLR for Case 1 is almost half to Case 2, that is, 0.08 kg/s and
0.14 kg/s for Case 1 and Case 2, respectively. For Case 2, the MLR
decreases drastically after 12 min, when the total mass reduces to
20% (Figure 5), while the fuel was burning steadily for Case 1 configu-
ration between 4 and 15 min since the ignition. Due to the high MLR
for Case 2, the fuel was burnt out much quicker than Case 1. The fuel
was kept burning for 35 min for Case 1, while the fuel was almost
consumed fully within 19 min for Case 2. The large duration of the fire
(e.g., Case 1) has significant implications on a compartment fire.
Although the fuel may burn with lower intensity for low porous fuel
distribution, the fire may last longer and keep heating the structure
for an extended period. In the 1980s, Law®! conducted several experi-
ments and proposed an empirical relationship between the mass flow
rate and the duration of the fire (Equation 1). As shown in Equation 1,

the duration of the fire (1) is inversely proportional to the mass flow
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rate () (or burning rate). So, for the same fuel load (L), the case of
the lower burning rate would burn for a longer duration, which is Case
1 in these experiments. If the fuel load is high such as in data room,
printing room in an office building, the fuel with high porosity may last

longer with high intensity (or high heat generation).

r=— (1)

To estimate the value of the mass flow rate, some empirical corre-
lations for the MLR for wood cribs are presented in SFPE Hand-
book.?? The burning rate can be numerically represented as
Equation 2. The higher value of porosity contributes to an increase in
the burning rate () of fuel as expressed in Equation 2.2° An experi-
ment conducted by Gross®? confirmed that the fuel burning rate
increased with an increase in fuel porosity. In the current study, Case
1 had lower porosity; therefore, the burning rate was found to be sig-
nificantly higher for Case 2.

m=4.4x10"4 <%> () 2

where m, and D are the initial mass and thickness of the fuel, respec-
tively. S is the distance between the stacks (porosity between the
fuel), and H is the total height of the fuel load. Although the porosity
hugely influences the burning rate, the inverse effect of H was not
apparent in the observed behaviour.

MLR is calculated for understanding the HRR for both cases. The
rate of fuel burning can be evaluated using Kawagoe's equation,?®
however, it is worth noting that it is generally applicable for
ventilation-controlled fires.?12¢ Figure 4 also presents HRR for both
cases. To estimate the HRR using MLR, Equation 3 is employed where
n represents the combustion efficiency. The value of n is taken as 0.8
from the literature.*>® The peak HRR approached 2 MW for Case
2, while the peak value for Case 1 was around 1 MW. Such fire
behaviour may lead the fire to spread much quicker and generate a
high-intensity fire. In small compartments, flashover may reach
quicker due to high heat fluxes from the flames and the thermal feed-
back of heated surfaces. In terms of the fire intensity, a 1 MW fire
itself may cause severe damage to the structure and the duration of
the fire would play a significant role. Figure 5 shows the ratio of the
remaining mass with respect to time, that is, the ratio of the remaining
mass (m,) to the original mass (m,). Almost 70% of the fuel was con-
sumed in the first 10 min for Case 2. On the other hand, it took

around 18 min for Case 1.

HRR(t) = yHCMLR(t) (3)

2.2 | Bench scale calorimeter test
The full-scale experiments (in the previous section) discuss, qualita-
tively and quantitatively, the effect of porosity, however, the surface

area was the same for both the fuel configurations. The rate of heat

1.0
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0.2 S
l\
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FIGURE 5 The ratio of the remaining mass (m,) to the original
mass (m,) of the fuel for both the configurations of the wood cribs:
Case 1 (low porosity) and Case 2 (high porosity).

generation is also affected by the fuel surface area. However, due to
the limitation of large-scale fire tests, finding representative fuel that
varies in surface area and fuel porosity proved challenging. Specifi-
cally, large wooden blocks in large-scale tests might self-extinguish
due to charring layers, which could inherently impact the test results,
diverging from our research objectives. Therefore, for a qualitative
understanding of the effect of surface area, the authors conducted a
simple calorimeter test. Along with the large-scale experiment, to illus-
trate the variation of HRR due to differences in fuel porosity and sur-
face area, a cone calorimeter test has been conducted. In the bench
scale experiments, two cases were used. In the first case, a solid block
of wood measuring 10 x 10 x 3 cm® was used, as shown in Figure 6.
In Case 2, 12 sticks, each 10 cm long with a diameter of 1 cm, were
stacked to a height of 3 cm. The same wood was used for both cases
and exposed to irradiation of 50 kW/m?2 The HRR was calculated
based on oxygen calorimetry.>* Figure 6A shows the significantly
higher HRR for the case when fuel was placed in the form of sticks
compared to the solid block. These results are intuitive and confirm
the well-established analytical, numerical simulations (Section 3) and
using fire dynamics principles.r’ Figure 6B shows the ratio of the
remaining mass (m,) to the original mass (m,). As shown in Figure 6
the HRR and mass consumption rate are much higher in sticks com-
pared with solid block. The mass-loss rate is lower for block; however,
it keeps burning for a longer period (Equation 1). The current large-
scale experiment, presented in Section 2, justifies the findings from
the calorimetry tests of high HRR for high porosity fuel.

3 | NUMERICALSTUDY

3.1 | Critical fire scenario

To bridge the gap between experimental findings and real-world fire
scenarios, CFD simulations were employed in this section to explore
the influence of air gaps between the fuel and its surface area on vari-

ations in HRR and fire behaviours. Although ventilation-controlled
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FIGURE 6 The comparisons between two cases of different fuel surface areas, that is, block and sticks: (A) HRR; and (B) ratio of the

remaining mass (m,) to the original mass (m,).

fires are identified as critical stages in prescriptive design for tradi-
tional small compartments, their applicability to modern high-rise
buildings may not always be straightforward. Observations from fire
incidents reveal that due to changes in boundary conditions during a
fire, such as glass breakage and failure of compartmentalization, deter-
mining the onset of ventilation-controlled fire becomes challenging.
Therefore, an investigation that considers both more realistic ventila-
tion and fuel load conditions is important to further explore fire
spread and development in PBD. PBDs are based on the “goals and
objectives” where the designers need to demonstrate that the pro-
posed design achieves the desired fire safety goal. The designer pre-
sents various fire scenarios based on the objective. The minimum
objectives of the PBD are to limit the fire within the fire compartment
and affect the nearby buildings.2 The above experiments show that
even for the same fuel load fire behaves differently. The authors
numerically demonstrate the effect of fuel distribution on the fire
spread and suggest designers to include such scenarios in “fire safety
designs”. Since the tragic event of WTC, the use of the capabilities of
the computational fluid dynamics CFD for fire simulation has
increased extensively, particularly for modelling smoke movement in
the fire-safety PBD. To conduct numerical study for the effect of fuel
distribution and fire spread phenomenon, Fire Dynamics Simulator
(FDS) 6.7—developed by National Institute of Science and
Technology—is used.>®> Among the researchers and practicing engi-
neers for fire engineering design, the FDS is the most popular CFD
fire modelling software globally. It is worth mentioning here that it is
still not possible to carry out an accurate computational study for the
effect of porosity due to the limitation of the computational modelling
of the pyrolysis process of the solid fuel. It may be required to carry
out the direct numerical simulation for such study, which is generally
not a practical approach for large computational domains. Therefore,
the numerical study presented in these sections is for qualitative
understanding and providing the methods to conduct a large-scale
experiment for such cases, as presented in Section 2. The data from
experimental studies can be used for calibrating the CFD models that
can be further utilised for PBD.

To study the effects of the porosity (spacing between the fuel in
case of numerical study) and fuel distribution, a compartment of
6 x 6 x 3m?° is generated in FDS. The size of the computational
domain to carry out the fire simulations is 8 x 8 x 4 m®. Two differ-
ent set-ups of fuel distribution are studied. The same fuel density is
considered for both configurations. It is worth noting that the fuel
(1x04x02m® and
1 x 1 x 0.35 m%), therefore, there are more blocks for the smaller

size is different for both cases
one, as a result, the surface area is also higher. Furthermore, two dif-
ferent ventilation conditions are presented to understand the effects
of the openings in the compartments. In the first case, a soffit is pro-
vided on three sides of the compartment, and in another configura-
tion, all soffits are removed, and the compartment is kept open to
three sides (similar to the experimental conditions). The open com-
partment presents the case of a fire in a large compartment. Figure 7
shows the configuration for all four cases, that is, Case A: high
porosity with soffits, Case B: high porosity without soffit (open),
Case C: low porosity with soffits, and Case D: low porosity without
soffit (open). Figure 7 also shows the dimensions of the block of the
fuel for each configuration. The material properties of the combusti-
bles for simulation were assigned according to SFPE Handbook.??
The primary motive of these numerical simulations is to understand
qualitatively the fire behaviour in the above-mentioned configura-
tions. Such configurations of the fire can be used in further experi-
mental studies. Furthermore, in business and storage occupancies,
such configurations of the fuel can be found. This study shows that
despite having the same fuel load density, the fire behaves differ-
ently and can be more severe than the other. After performing a few
numerical tests as sensitivity analysis, the cell size of 0.1 m was cho-
sen when the variation in gas temperatures was negligible. The cho-
sen cell size of 0.1 m represents a reasonable fire spread at a lower
computational cost. As discussed, due to the simplification used in
CFD modelling for solid phase pyrolysis, to simulate the fire spread,
the “surface ignition method” available in FDS was used. The igni-
tion temperature of the fuel surface (250°C in the case of wood) was

set for its ignition to simulate the fire spread.
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FIGURE 7
low porosity with soffit; and (D) Case D: low porosity without soffit.
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FIGURE 8 The comparisons for all four cases, that is, Case A-Case D: (A) HRR; and (B) gas temperatures.

Figure 8A shows the HRR for all cases. The HRR for high porosity
(Case A and Case B) is much higher than the low porosity configura-
tions (Case C and Case D). The peak HRR for high porosity fuel con-
figurations reaches around 1.3-1.4 MW, however for low porosity
cases, the peak HRR is between 0.7 and 0.8 MW. The high value of
the HRR for the high porosity case can be explained by the high sur-
face area of the exposed fuel. In an experimental study performed by
Gross and Robertson,*® a considerably higher burning rate was
observed for fuel distribution with the higher surface area under

unrestricted ventilation conditions. This behaviour validates the

observations made in this study, as Cases A and B show the higher
burning rate due to the availability of higher fuel surface area com-
pared to Case C and Case D.

Besides the fuel porosity (as discussed in Section 2), surface area
and fuel thickness play an important role in the burning rate
(Equation 2) (the effect of surface area is also presented in the bench
scale test in Section 2.2). The burning rate can also be presented using
Equation 4.2 Equation 4 shows that the burning rate (i) is inversely
proportional to the thickness of fuel (D) (0.2 and 0.35m for Case A

and Case B, respectively?’). By conducting theoretical and
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experimental studies, a similar relationship between the burning rate

and the thickness of the fuel bed has been presented by Block®”
(Equation 5).
. 4 m\*
m=5MoVp (m—o> (4)
where m, is original mass and v, is the regression velocity, which
depends on the type of the material.?’
. C

where C is the material property and is independent of the size and
geometry of the fuel.

Although the HRR for soffit and non-soffit cases are quite similar
in both configurations (Cases A and B and Cases C and D), the varia-
tion in the temperatures observed for different ventilation conditions
is quite significant. Figure 8B shows the gas temperature-time history
recorded near the ceiling. In the case of the high porosity, the maxi-
mum temperature reaches nearly 900°C. On the other hand, the
maximum temperature in the low porosity is below 600°C. The varia-
tion of the maximum gas temperatures between the soffit and non-
soffit conditions is around 200 and 150°C for high porosity and low
porosity cases, respectively. In the case of the soffits, higher tempera-
tures are obtained mainly because of the temperatures raised by the
deep smoke layer, which is not generated in the open boundaries.>® In
a number of experiments carried out by Wakamatsu et al.>’ and
Hasemi et al.3>° much higher temperatures have been obtained for sof-
fit cases.

Not only the accumulation of smoke raised the temperatures, but
also the air entrainment is one of the major causes of the temperature
differences for the soffit and non-soffit cases. Figure 9 shows the

contour plots for velocity profile obtained from the CFD simulations

FIGURE 9 Velocity vectors
after 600 s since ignition for

(A) Case A; (B) Case B; (C) Case C;
and (D) Case D.

for all cases at X = 3 m (Centre of the room). During the combustion
process of the fuel, the products of combustion such as hot gases and
soot rise due to buoyancy and escape the compartment through the
openings. It allows drawing cool air inside, as illustrated in Figure 9.
Kawagoe and Sekine® conducted an experiment to study such
phenomenon. An empirical relationship (Equation 6) between the heat
losses and the mass flow rate of the cooler air entering the compart-
ment has been presented. The colder air entering the compartment
replaces the hot gases and reduces the overall temperatures. When
comparing the effects of the soffit on overall temperatures inside the
compartment, higher temperatures are observed in cases with the
soffit. Figure 9B,D (Case B and Case D) show that the hot gases leav-
ing the compartment have higher velocities than the compartments
with soffits (Figure 9A,C) (Case A and Case C). The replacement of the
hot gases with the colder air reduces the overall temperatures of the

compartment.

QL:’hGo(Tg—Ta)Cp (6)

where G, (m3kg™!) is the volume of the combustion gases produced
by the fire. Tg and T, are the gas temperature and outside air tempera-
ture, respectively. m (kgs—1) and Cp (kJm=3K~1) are the mass flow rate
of burning gases and the specific heat of the hot gases, respectively.

i o M (7)
out X M (8)

As presented by Magnusson and Thelandersson in their work*!
that the rate of incoming colder air (;,) and outgoing hot gases (royt)
is also a function of the burning rate (Equations 7 and 8). Therefore,
the volumes of the cool air coming in and hot gases going out
increases with an increase in the burning rate. As the burning rate is

much higher for Case A and Case B compared to Case C and Case D,
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TABLE 1 Effects of soffit and porosity on the overall temperatures.
Overall
Cases Description Soffit effect Porosity effect  temperatures Reasons
Case A High porosity with Low velocities Highest Highest The burning rate increased temperatures.

soffit of gases burning rate

Case B High porosity High velocities

Nearly similar High

High gas velocities bring in colder air faster, resulting in

without soffit of gases to Case A lower temperatures compared to Case A. However, with
higher burning rates, temperatures are higher than in
Case C.
Case C  Low porosity with Low velocities Low burning Low The burning rate is much lower than in Case A, resulting in
soffit of gases rate lower temperatures. However, the slower replenishment of
colder air makes the temperature higher than in Case D.
Case D Low porosity High velocities Nearly similar Lowest High velocities quickly replace hot gases with colder air,
without soffit of gases to Case C reducing the overall temperatures.

Velocity (m/s) [
8 6.4

Temp. (°C)
1000

800

600

400

200

FIGURE 10 Simulation of vertical fire spread for two floor fire the vertical fire spread for high porosity cases at 60 s and 600 s: (A) and
(B) fire; (C) and (D) temperature contour; (E) and (F) velocity contour; and (G) and (H) velocity vector.

more mass of hot air escapes from the compartment, and to maintain
the equilibrium, an equivalent volume of cool air is drawn inside the
compartment. The burning rate has a dominant effect on the overall
temperature of the compartment; therefore, higher temperatures are
observed in cases with high porosity. Table 1 summarizes the overall

effects of porosity and soffit on compartment temperatures.

3.2 | Vertical fire spread

One of the implications of high HRR and flame height is that the fire
can reach upper floors in a building. Such phenomenon has been
observed in many fire accidents. The fire may reach upper floors in a

high-rise building through windows, facade, or vertical openings such
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as stairways and elevator shafts. In many fire accidents, the fire
reached upper floors from the floor of fire origin such as MGM Grand
Hotel fire (1980, USA), which took the lives of around 85 people; the
Plasco Building (2017) in Tehran collapsed and claimed the lives of
more than 32 people, including more than 15 firefighters.

For a qualitative understanding of the vertical spread of fire, a two-
floor building (one room on each floor) model is generated in FDS. Each
room of floor area 4 x 4 m? and 3 m high is modelled as shown in
Figure 10A. The case of high porosity is evaluated to represent the
vertical fire spread. As the flame height depends on the HRR, it is clear
from Section 2 that the HRR for the low porosity case is much lower.
Figure 10A,B shows the computational model of the two-floor geometry
at 60 and 600 s since ignition. It can be seen in Figure 10 that once the
fire started, it grows, and flames can be seen coming out through the
openings and reaching the upper floor. Figure 10 also shows the temper-
ature and velocity contour plots, and velocity vectors at the centre of
the compartment (x = 1.5 m). Figure 10C shows that very high tempera-
tures are observed near the openings at lower floors during the early
stages of the fire, and also gases are leaving the compartment at high
velocity (Figure 10E,G). It is clear from Figure 10 that due to the buoy-
ancy and stack effect (entrainment of air due to temperature differences
between two regions of a building), hot gases travel upward and reach
the upper floors. The openings (sufficient ventilation) allow a high volume
of fresh air to enter continuously inside the fire compartment and keep
the fire in the fuel-controlled regime. The higher velocity of incoming
and outgoing gases makes the rapid replacement of the hot gases with
the fresh air inside the compartment; eventually, the faster burning rate
of the fuel is observed.

In a numerical investigation study, Satoh and Kuwahara®?
observed that large-scale vorticities in the upward motion of the hot
gases because of the entrainment of cool air. Hayeshi*® found out
that due to the oscillatory motion within the gases or flames, the
flames adhere to the exterior wall and enter the upper floor through
windows. Figure 10H shows the large vorticities in upward fire flows
(white circles), which may have caused the fire to reach the upper
floor. This oscillatory motion pushes the fire toward the wall, eventu-
ally allowing the fire to enter the upper floor. Forstrom and Sparrow*
found that the oscillatory motion is influenced by HRR, and it gets
accelerated with an increase of HRR. The HRR for the high porosity
fuel is much larger than the low porosity fuel, therefore the probability
of the fire reaching upper floors is higher for such cases.

It is clear from the above discussion and CFD simulations that the fuel
distribution methods can greatly influence the factors that lead the fire to
reach upper floors, such as oscillatory motion and flame height due to the
generation of high magnitude of HRR and burning rate. Therefore, it is
recommended that the impact of fuel distribution be included in fire sce-

narios for PBD approaches, both in deterministic and probabilistic analyses.

4 | CONCLUSIONS

The fire behaviour observed in many fire accidents clearly shows

that the current fire safety design practices require improvements.

The uncertainties associated with the fire behaviour arise by varying
certain parameters such as fuel load, fuel distribution, ventilation, etc.
Such variations make each fire a unique fire scenario. To demonstrate
the effects of the porosity between the fuel, a few experiments were
performed using the two configurations of wood crib. Furthermore,
the effects of the fuel distribution and smoke layer are illustrated by
carrying out the CFD simulations. The key findings in the current

papers are listed below:

e Even for the same fuel load, the fire behaves differently. In the high
porosity case, much higher values of HRR and MLR are observed.

e Flame height and gas temperatures are also higher for the high
porous wood crib configuration. It suggests that flames may reach
the ceilings if the fuel is loosely distributed within a compartment.

e The slow burning rate for low porous material extends the fire
duration, and the fuel was kept burning for a longer period.

e The CFD simulations show the effect of the fuel distribution,
where much higher differences in temperatures and HRRs are
obtained for the same fuel load density but with different
surface areas.

o Vertical fire spread is presented using the CFD simulation for the
high porous case. It can be deduced that factors such as buoyancy,
stack effect, oscillatory motion, and most importantly the height of
the fuel influence the fire to reach the upper floors.

Due to the current limitations of the computational modelling of
solid fuel pyrolysis, it is required to conduct experiments of different
fuel configurations. The data from the experiments can further be
used for calibrating the CFD models. The CFD is widely used in PBD,
and it is recommended that a designer must include effect of fuel dis-
tribution in terms of fire spread from lower floors to upper floors.
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NOMENCLATURE

CFD computational fluid dynamics

DNS direct numerical simulation

FDS fire dynamics simulator

fTFM  flame extension travelling fire model
HRR heat release rate

iTFM  improved travelling fires methodology
MLR mass loss rate

NIST National Institute of Science and Technology
PBD performance-based design

SFPE  society of fire protection engineering
TFM travelling fires methodology

WTC  World Trade Centre
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FIGURE A1 The sketch of the experimental set-up of tests with the location of sensors: (A) elevation view; and (B) plan view.

85UB0| SUOLILLIOD 3A 18810 3 [dedldde ay) Aq peusenob e sejoile VO ‘88N Jo se|ni Joj Al 8UlUO A8]IM UO (SUORIPUOD-PUR-SWLB)L0O" A3 1WA e.d|1|BU[UO//SANY) SUONIPUOD PUe SWiB | 8L 88S *[7202/0T/60] U0 A%eiqiTaulluo A8|im ‘1Ra AISAIUN OIUYIe | AQ i€ We)/Z00T OT/I0p/Wod A8 | im Aeiq puljuo//Sdiy Wwolj pepeojumod ‘0 ‘8TOT660T



	Effects of fuel distribution on thermal environment and fire hazard
	1  INTRODUCTION
	2  EXPERIMENTAL INVESTIGATION
	2.1  Large-scale wood-crib experiment
	2.1.1  Fire development and gas temperature
	2.1.2  Mass loss rate and heat release rate

	2.2  Bench scale calorimeter test

	3  NUMERICAL STUDY
	3.1  Critical fire scenario
	3.2  Vertical fire spread

	4  CONCLUSIONS
	ACKNOWLEDGMENTS
	ORCID
	REFERENCES
	APPENDIX A


