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ABSTRACT

Wind can significantly influence fire development and spread in urban and forest environments causing fatal consequences
for the public, the first responders, and the environment. Wind-driven fires can have a significant impact on structural fires as
wind can increase the fire's intensity, development, and flame spread. Buildings with flammable materials tend to be more vul-
nerable to wind-driven fires, as suggested by available data and evidence. In this study, medium-scale compartment-facade fire
experiments were conducted using a reduced-scale ISO 9705 setup with heptane fuel and varied opening dimensions (20-40cm)
to examine Externally Venting Flames (EVF) under forced draught (FD) conditions. Using thermocouples and bi-directional
probes, a systematic analysis of EVF behavior was carried out, providing key insights into flame projection and facade impact.
These experimental results were then used to validate computational fluid dynamics (CFD) simulations performed in FDS. A
parametric study was conducted to investigate the influence of wind on EVF from fire compartments with different opening
dimensions. The research is beneficial in expanding understanding of EVF development using numerical and experimental
techniques to study the influence of wind velocity, ventilation conditions and opening dimensions. Predictions of EVF flow, oxy-
gen concentration and temperature profiles were investigated and results indicate that in forced draught conditions there is less
thermal impact on facade walls as the wind forces EVF outward and thus increases the EVF projection and decreases its height.

1 | Introduction

Factors such as fuel load, building height, compartment geom-
etry, ventilation, external wind conditions, and compartment
opening dimensions play a crucial role in the development and
spread of fire and smoke in buildings [1, 2]. In a compartment
fire scenario, following ignition, burning gases such as flames
or hot unburnt combustion gases may exit through the compart-
ment openings (through doors, windows, etc.) and burn outside
when this excess fuel mixes with ambient air; the phenomenon
of which is called Externally Venting Flames (EVF) [3]. The
rise in such fires has been further exacerbated by modern-day

design preferences and sustainability-focused building practices
have prompted the use of diverse facade materials and systems,
including those with combustible materials, contributing to
an increase in facade fires worldwide [4, 5]. Formation of EVF
and associated thermal exposure are primarily associated with
the compartment of origin where the fire develops and vents
externally and its intensity may be significantly influenced by
changes in compartment ventilation, horizontal and vertical
openings, and size [1, 6-7]. Significant research has been con-
ducted in the past to study the influence of wind on building
fires [8-11] and it is well understood that in many past fire in-
cidents, wind conditions have played a significant role in the
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FIGURE1 | High-rise building fire spread aggravated by wind and combustible cladding [14, 15].

spread of fire and smoke. A few such cases were reported such
as the Marina Torch tower in 2015 and 2017 [12]; The Address
downtown in 2015 [13], in Dubai, United Arab Emirates.
Figure 1 depicts the reported incidents where large fires have re-
sulted from the flame spread over buildings in the neighborhood
or community in which wind has been a critical factor, aggra-
vated by the presence of combustible building facade materials
[15, 16]. A few of the reported instances of such fires with strong
wind that affected the community largely are the Laerdal fire in
Norway (2014) [16] and the Cohoe fire in New York (2017) [17].

Understanding the interaction between wind and fire in build-
ing facades is critical for improving building fire safety, as this
may dictate the behavior of facade fire propagation [17, 18].
International building codes and regulations incorporate a
range of passive and active fire safety measures to reduce the
likelihood of ignition, limit fire development, and protect life
safety, property, and business continuity during building fires.
Eurocode 1 (EC1) [19] has provided a design methodology to as-
sess the fire safety of external structural elements based on EVF
characteristics, which also considers two ventilation modes,
namely No Forced Draught (NoFD) and Forced Draught (FD),
with the latter taking the wind factor into account [19]. No Forced
Draught (NoFD) condition is when openings are present only on
one side of the fire compartment and Forced Draught (FD) con-
ditions are only applicable when there are windows located on
opposite sides of the compartment or external influences such as
wind or mechanical ventilation systems [19]. When FD condi-
tions apply in cases of openings on two or more walls of the fire
compartment it is assumed that flames tend to emerge from one
set of openings influencing the rate of heat release, temperature
of the fire compartment, flame dimensions (height, horizontal
projection, width) and flame temperature emerging from the
window [19]. The methodology described in EC1 is limited in
nature, due to its prescriptive nature and limitations in account-
ing for variations in opening size, compartment geometry, and
thermal properties; the Eurocode 1 methodology may not be as
suitable as performance-based approaches for the fire safety de-
sign of complex or unconventional buildings. Studies conducted
by Abu-Zidan et al. [20]. suggest that both wind speed and direc-
tion have a considerable influence on fagade fire propagation.
A faster vertical propagation of fire was noticed for the case of
no wind but with minimum lateral spread [20]. Further, the re-
search concluded that when the fire is fully developed, the pres-
ence of wind can increase the risk of fire spreading along the
multiple facade surfaces on the building [20]. Under FD condi-
tions, when the wind is introduced, flames tend to emerge more

forcefully from one dominant opening typically on the leeward
or lower-pressure side. This concentrated outflow can increase
the horizontal projection of the EVF and lead to reattachment
to nearby facade surfaces, particularly in the presence of ar-
chitectural features such as overhangs, recesses, or balconies.
As a result, there is an increased risk of fire spread on multiple
external surfaces or adjacent structures, even though the flame
originates from a single outlet. Furthermore, as noted by Abu-
Zidan et al., wind direction can significantly influence the lat-
eral spread of flames along the building facade [20].

The characteristics of a building, such as its height, shape, and
construction materials, have also been found to have a signifi-
cant impact on the spread and intensity of facade fires. Hu et, al.
suggest that compared to a normal compartment fire, the fire be-
havior of high-rise buildings is more complex due to the special
features involved in high-rise buildings, which include complex
building structures and larger surface areas with extensive use
of external fagade insulation materials [21]. Lee et al. conducted
a series of small-scale experiments to investigate the influence
of a facing wall on externally venting flame behavior. The study
examined flame heights, heat fluxes, and general flame dynam-
ics, using a setup in which an opposite parallel wall represented
the facade of an adjacent building. This research provides valu-
able information on the separation distance between the build-
ing's external walls, and a new characteristic length scale was
developed that gives the length after which the flames turn from
horizontal to vertical [22].

EVF from compartment fires are significantly influenced by
surrounding boundary conditions, particularly the presence
of wind or adjacent structures. It was also observed that when
an externally venting flame emerges from an opening facing a
nearby wall either opposite or adjacent side wall, the proximity
of the surface restricts air entrainment into the plume, resulting
in increased flame height and elevated temperatures. This re-
sults in higher flame attachment and intensified heat flux to the
building envelope [22]. However, in the case of horizontal bar-
riers such as balconies, eaves, etc., this will result in increased
air entrainment, and the presence of barriers above will stop the
upward momentum of EVF and result in a lesser flame height.
However, this can lead to intense heat transfer to the horizontal
barrier itself [22].

To investigate the influence of wind, research has been con-
ducted considering different fuel sources including propane gas
burners [8, 23-26], heptane pool fires [9, 10, 27-28] or wood cribs
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TABLE1 | Selected research work on wind-driven medium scale fires.

u (m/s) Fuel Comp. dim. |(mm) Measurements Variables No. Vents References
0-6.0 C,H, 800X 800x 800 T T U u, HRR 2 [8]
0-3.6 C,Hg 800x 800X 800 T, u u, HRR 2 [8]
0-3.0 CH 600x600Xx 600 T, T, u, HF u 2 [9]
0-3.0 CH,, 10001000 x 1000 T Ty Us 15 u, pan size 2 [10]
0-2.0 C,Hy 400%x400x400 T, T, u, EVF height u, op. size 1 [25]
0-2.0 C,Hy 400x400x400 T, T, us HRR — 1 [25]
0-2.0 LPG 400%x400x400 T, Tt u, op. size 1 [25]
0-3.5 CH,, 580% 580580 T, T . u HF u, op. size, fuel posit. 2 [27]
0-3.0 C,H,, 600X 600X 600 T, T, U, MLR, HRR u 2 28]
0-4.4 C,H,O 900x900X%900 Tis Ty s 1y — 2 [31]
0-2.9 CHj 900X 600% 600 T, T 0 U m, EVF u, op. size 2 Current

[29, 30]. Table 1 shows selected medium-scale experiments from
recent literature along with the relevant wind velocity ranges,
compartment dimensions, measured quantities (such as tem-
perature at the interior, T, , exterior, T, of the fire compart-
ment, fuel consumption rate, m, heat flux at the facade, HF),
parametric studies (such as opening sizes, fuel pan size, and fuel
position) and number of openings tested. From those studies, it
has been established that increased wind velocity (1) can affect
EVF in largely two ways. First, it affects EVF height (EVF, ght)
and projection (EVF__ ), and second, it also affects heat release
rate (HRR) and fuel Mass Loss Rate (MLR).

Hu et al. [25]. studied the influence of opening sizes, HRR and u
on the EVF and concluded that the EVF height decreases with
increasing wind speed. However, it is important to note that
this study considered a single opening at the center of the side
wall of the fire compartment [25]. Also, Li et al. [8]. studied the
wind effect on EVF projection probability from a compartment
with opposing opening of different sizes (considers as a door and
window) and concluded that when considering the “no wind”
case, or wind with very low velocities, there are both inflow and
outflow from the openings. However, with increased wind ve-
locities such bidirectional flow will become unidirectional flow
at low fuel supply rate and at high wind velocities, only unidirec-
tional flow can be seen at the openings regardless of fuel supply
rate [8]. Both studies considered the external wind normal to the
opening [8, 25]. However, Hu et al. investigated the influence of
wind on EVF where wind is introduced parallel to the facade
and concluded that facade flame height decreased with increase
in sideward wind speed. Additionally, horizontal flame distance
increased for larger opening and decreased for relatively smaller
openings with an increase in side ward wind speed [32]. From
the existing literature, it can be inferred that the influence of
wind, along with its direction, significantly affect the thermal
and geometrical characteristics of EVF.

As seen above, previous works have mainly focused on fire
compartment and do not fully address how wind affects EVF
development and its impact on the facade in varied ventilation
conditions with respect to FD and NoFD conditions. The present

study focuses on a reduced-scale compartment with a facade
wall on both sides. Openings of equal size are provided at the
center of both side walls of the compartment, and an external
wind that is normal to the opening was considered. The aim of
the present study is to further widen knowledge of EVF devel-
opment using numerical and experimental techniques to inves-
tigate the influence of wind velocity, ventilation conditions and
opening dimensions.

2 | Experimental and Numerical Investigation
2.1 | Experimental Setup

Figure 2 illustrates the complete experimental setup built, in-
cluding the smoke extractor's locations, the fire compartment
and the two facade rigs at the inlet and outlet. The experimen-
tal compartment was built based on a 1:4 scale of the ISO 9705
room, having a length of 900 mm, width of 600 mm, and height
of 600mm and two facade rigs 600mm width and 600mm
height installed at the inlet and outlet side. It was constructed
of 50mm thick fire-resistant vermiculite boards (THERMAX
ECO) and facade rigs were made of fiber cement boards. Both
openings on inlet and outlet side were placed under hoods for
smoke extraction with dimensions of 1000 mm x 1000 mm. The
smoke extractor was connected to an industrial centrifugal
blower extractor fan with a capacity of 2600 m3/h.

For the parametric study, it was decided that three sizes of open-
ing dimensions, such as 200mm X200 mm, 300 mm X 300 mm,
and 400mm x400mm, which are located on opposite sides,
would be investigated. An external wind speed of 2.9m/s was
set normal at a distance of 2.5m from the opening to simulate
FD conditions for all three opening sizes. The fan was set to
start when the fire was fully evolved in the compartment, e.g.,
when the compartment temperature reaches 500°C or when
EVF are visible; whichever happens first, as this will ensure
to investigate the characteristics and consequences of EVF on
the facade extensively. Current work builds up on the previous
experimental work of the authors on forced draught conditions
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FIGURE2 | Frontand side view of the experimental setup (dimensions in mm).

in enclosure fire development [33]. In these previous exper-
iments, an extensive range of different fan speeds, from Om/s
(no wind) to 3.5m/s at different horizontal fan distances from
the opening (ranging from 1.5 to 4.5m), were studied and crit-
ical conditions relevant to the study (with respect to the mass
loss rate, heat release rate, temperature, uni- and bi-directional
flow) were observed at a fan speeds of 2.6-2.9m/s [33]. In each
experiment, 500 g n-heptane was used as the fire source, placed
in a 200mm X 200 mm steel pan made of 2mm steel sheets and
welded at the center of the compartment.

The medium-scale compartment-facade fire test was designed
to investigate the feasibility of simulating full-scale physical phe-
nomena in a reduced-scale experiment by preserving key non-
dimensional parameters. The Buckingham Pi theorem has been
applied to scale down the fire power to be used in the medium
scale experimental configuration, ensuring the preservation of the
second group (I12) as specified in Equation (1) [34]. The I12 group
is derived from the energy conservation equation, it requires that
the model fire power is selected in conformity with the prototype
as specified in Equation (2). The length scales [, and 1,,, correspond
to the physical dimension of the prototype and model system re-
spectively, with their ratio llﬂ being V4. The fire power measured
during the test conducted in’the compartment varied between 250
and 350kW. Here, Q denotes the heat release rate (HRR), while
Q,," and Q," represent the HRR, in kW for the model and the pro-
totype respectively. The terms p,, C, T, and g are the density in
kg/m3, specific heat in kJ/kg K, temperature in Kelvin under ambi-
ent conditions and g is the gravitational acceleration in m/s%

Q
m=—<
2 prpTw\/g(l)S/z @®

TABLE 2 | Main parameters of the test setup and the corresponding
full-scale experiment.

Main parameters

of test setup Reduced scale Full scale
Compartment length/ 900/600/600 3600/2400/2400
width/height (mm)
Opening width/ 200/300/400 800/1200/1600
height (mm)
Fire Power (kW) 250/350 8000/11200
Q' Q’ o ()"
= 52 . 5/2=}Qm =GQp lﬂ
@

In Table 2, the geometrical dimensions of the reduced
scale setup and the corresponding full-scale compartment
are shown.

To measure the mass loss rate, which was further used for calcu-
lating HRR, a scale made from an Arduino, a 20kg load cell sen-
sor, and 24 bit Analog/Digital convertor HX711 were used. The
scale was constructed from 3D-printed parts made of PET-G
with adequate robustness and durability and calibrated with
accuracy of 1g. STL files are published on Thingiverse [35]. A
total of 72 K-type thermocouples with a bead diameter of 1.5mm
were used for measurement of the temperature profile of com-
partment fire and EVF. In this work, thermocouples with the
limits of error values of +1.1°C or +0.4% have been used [36].
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FIGURE3 | Thermocouples layout at the experimental configuration.

The schematic of measuring instruments is shown on Figure 3
which describes the locations of thermocouples located in the in-
ternal and external spaces of the experimental setup on 12 ther-
mocouple trees. Thermocouples were positioned horizontally
extending outward from the side of the facade wall, to capture
the gas temperature distribution adjacent to the facade. Because
EVF may induce high fire plume velocities, which could cause
displacement of thermocouples, one of the main design require-
ments for the measurement system was to ensure that the spatial
position of the thermocouple tips remained unaltered during the
tests. Prior to each fire test, the thermocouples were carefully
positioned and aligned, and post-test inspection confirmed that
the majority of the thermocouple tips remained in their intended
positions.

The airflow velocity and hot gas pressure difference inside the
compartment were measured using a bi-directional velocity
probe (BDVP). The probe was calibrated in a custom 3D-printed
wind tunnel, as described and validated by Smolka et al. [37]
and consistent with the original calibration methodology of
McCaffrey & Heskestad [38]. This setup enables velocity mea-
surements up to 4m/s with a standard deviation of 1.2% and a
turbulence intensity of 1% [37]. Prior to each fire test, the airflow
field generated by the fan was evaluated in the absence of com-
bustion to ensure stability and uniformity. The results showed a
relatively consistent velocity profile, with variations within +5%

”<cr__ TC6 __ TC5 __ TC4 _ TJC3 TC2_  _TCT
com13-To
L 4
-7 Facade I'Ig N [com19 - T7
e S~ *
\\\\\ com13 - T5 lcom19 - T4
~< > *
e
yoMI3-T4 lcomts - T3
*
- GoM24 lcom19 - T1
¢
-¢Com14
- ¢om12 lcomig -T2
*
- ¢oM14
- ¢com13 lcom19 - To
*
100 \\\ 300 450 700 |/ 850 900 910 1130
\ /
/

‘. |Fire Compartment |-/ /

\ /

—{ Compartment Opening %

across the measurement grid—demonstrating that the flow field
was reasonably uniform in the region of interest [37]. The fan
used in the experiments was positioned 2.5m from the compart-
ment opening, with the intention of creating a uniform forced
draught condition at the plane of the compartment opening. The
air velocity of 2.9 m/s refers to the average velocity measured at
the center of the compartment opening during pre-fire testing
using a calibrated BDVP [37]. The fan outlet itself had a circular
cross-section with a diameter of 350mm, and the airflow pro-
file was reasonably uniform across the horizontal centerline of
the opening due to the fan distance and axial alignment. The
BDVP and thermocouple locations are described in the openings
shown in Figure 4.

Table 3 describes the list of experiments, including wind
speed, opening dimensions, and ventilation factors used for the
experiments.

2.2 | Numerical Setup

To investigate the influence of FD conditions on the development
of an EVF, the experimental test cases mentioned in Table 2 have
been simulated using the Fire Dynamic Simulator (FDS, Version
6.7.9) [39]. Developed by NIST, the FDS code is a CFD tool designed
to address fire protection engineering problems by investigating
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fundamental fire dynamics and combustion. The simulation solves
a form of the Navier-Stokes equations, which are suited for low-
speed, thermally driven flows and focus on smoke production and
heat transfer from fires, using a 3D Cartesian grid [39]. The numeri-
cal model was designed to replicate the experimental configuration
and dimensions. All solid surfaces, including walls and floors, are

Opening inlet Which FD
condition is introduced

Opening outlet )-—‘ | Non dimensional height } ff{ Fire Compartment

R,

Inlet

Outlet

# Thermocouple

FIGURE4 | Thermocouples and BDVP location at the openings.

® Pressure Probe

TABLE 3 | Experimental test scenarios.

Opening

dimensions Wind
Test Width Height Ventilation speed
cases (m) (m) factor (m>/?) (m/s)
NoFD- 0.20 0.20 0.0358 0.0
20x20
FD- 0.20 0.20 2.9
20x%20
NoFD- 0.30 0.30 0.0986 0.0
30x30
FD- 0.30 0.30 29
30%x30
NoFD- 0.40 0.40 0.2024 0.0
40x40
FD- 0.40 0.40 2.9
40x40

Numerical

FIGURE5 | Numerical (left) and experimental (right) setup.

provided with boundary conditions with the material properties
corresponding to the experimental setup. Figure 5 shows the ex-
perimental along with the numerical setup. The soot yield, which
represents the fraction of heptane fuel mass converted to smoke
particulates, was set equal to 0.015kg/kg and the corresponding
CO yield was set equal to 0.006kg/kg [40]. FDS incorporates a sub-
model for wind that imposes mean flow velocities based on Monin—
Obukhov similarity parameters. This method enables the modeling
of velocity and temperature profiles as a function of height within
the domain, taking into account aerodynamic roughness length,
scaling potential temperature, and the Obukhov length [39, 41].
However, the experimental setup in the current study uses a fan to
establish the FD conditions, which is represented in FDS by model-
ing a vent with a constant velocity profile of 2.9m/s.

2.2.1 | Computational Domain

The computational domain was selected to accurately represent the
flow and thermal characteristics of the EVF flame. However, an in-
creased domain was chosen for the FD condition in all cases, as the
fan was placed at a distance of 2.5m from the edge of the opening.
The domain was extended 1 m in the positive and negative X axes
for the NoFD conditions from the edge of the respective openings
on the opposite side of the compartment and 2.7 m in the positive X
axis for the FD due to the location of the fan. The increased domain
dimensions considered are depicted in Figure 6 below.

2.2.2 | Grid Independence

The non-dimensional expression D*/dx is a measure of how well
the flow field is resolved in the simulation of buoyant plumes,
where dx is the size of cells and D* is the characteristic fire di-
ameter [39]. The D*/dx ratio indicates the adequacy of the grid
resolution. A higher D*/dx would mean a better resolution for
the simulation of fire, as FDS uses a structured mesh. A grid sen-
sitivity analysis for three different D*/dx values namely 4 (coarse
mesh), 10 (moderate mesh), 16 (fine mesh) was conducted and
results for the temporal evolution of temperature and velocity at
the middle of the opening for the case of FD-20x 20 of FD con-
dition are depicted in Figure 4. The D*/dx ratio of 16 was found
to be optimal in terms of accuracy with a corresponding cell size
of 0.02m. Further to this, to reduce the computational time for
the simulation, an additional sensitivity analysis was performed
with multiple mesh sizes. To capture the buoyant plume and fire
flow field accurately, the inside of the compartment is provided
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with a 0.02m mesh and the rest (both sides of the opening) with
a 0.04m mesh size. However, a coarse mesh was deemed insuf-
ficient for the test cases as it failed to accurately resolve the flow
field for fire simulation; thus it was not included in the study.
Additionally, the fine mesh was tested using two approaches: a
single uniform mesh and a multi-mesh setup with the same cell
size. Figure 7 plots temperature and velocity values at the open-
ing's center, showing that moderate mesh results are slightly
higher with more fluctuations compared to the others. The re-
sults from both fine mesh approaches showed no significant
differences in terms of velocity and temperature. The multiple
mesh configuration with 0.02m cell size was adopted for numer-
ical simulations, as it provided the same level of accuracy while
significantly reducing computational time. The total computa-
tional grid consisted of 498432 cubic cells for NoFD conditions
and 542784 cubic cells for FD conditions.

2.2.3 | Turbulence Model

A preliminary study of turbulence models including Large
Eddy Simulations (LES), Very Large Eddy Simulations

(VLES), and Simply Very Large Eddy Simulations (SVLES)
was conducted for the case FD-20 X 20 to ensure proper mod-
eling of flow turbulence. Figure 8 plots the resulting tem-
perature and velocity at the opening's center, indicating that
SVLES has a wider range with more fluctuations compared
to LES and VLES. However, the current study uses Large
Eddy Simulations (LES) to model flow turbulence with the
Smagorinsky sub-grid scale model [42]. The Smagorinsky
model’s constant value, C;=0.2, and the CFL region of 0.8 and
1, along with a Schmidt and Prandtl number of 0.5 were used.
Previous studies [43] have shown that the Smagorinsky model
performs well in simulating wind flow.

2.2.4 | Validation of Numerical Simulation

To validate the numerical results, experimental data of FD
20X 20 case was used to analyze the temporal evolution of ve-
locity and temperature measurements at the opening's center.
The validation of these velocity and temperature measurements
is considered important to determine outward gas temperature
and its velocity for the FDS validation. Figure 9 thus illustrates
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FIGURE 6 | Computational domain and relevant dimensions of the model NoFD (left) and FD (right).
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the outward gas velocity for the FD 20 X 20 case, where the verti-
cal axis represents numerical results and the horizontal axis rep-
resents experimental data. The error margins are represented by
dotted lines, and the red diagonal dashed line indicates a per-
fect match between simulation and experimental data. Figure 9
presents the temporal velocity values obtained from both the ex-
perimental measurements and the numerical simulation at the
center of the outlet opening. In the numerical results, the veloc-
ity is represented as a single scalar value corresponding to the
magnitude of the total velocity vector, computed from the three
orthogonal components. These values were directly compared
with experimental data recorded using a Bi-Directional Velocity
Probe (BDVP). The data show that 70% of the predictions fall
within a #30% error margin, indicating good agreement. The R?
value, also known as the coefficient of determination, is found
to be 0.9, and the linear regression slope is approximately 1, sug-
gesting a moderate-to-strong positive linear relationship and a
good fit for the data.

Figure 10 depicts the validation case for temperature at the cen-
ter of the opening. The validation also considered the temperature
distribution at horizontal distances of 10-900mm. The data in
Figure 10 presents temporal temperature measurements obtained
from both experimental observations and numerical simulations
at the center of the outlet opening. In addition, temperatures mea-
sured by the thermocouple tree, positioned at horizontal distances
of 10-900mm with sensors located at different heights (as shown
in Figure 3), were analyzed using a 20-s time-averaging window
applied over the period from 310 to 330s after ignition. This in-
terval corresponds to the fully developed fire stage, during which
flame behavior was stable and externally venting flames were
consistently observed. For the current validation case, the focus
is primarily on the outward-flowing gas temperature distribution.
Additionally, the model considered the temperature distribution at
the opening and facade for different opening sizes and compared
these results with experimental results in sections 3.1 and 3.2, re-
spectively. The data show that 70% of the predictions fall within
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a +30% error margin, indicating good agreement. The R? value is
found to be 0.98, and the linear regression slope is approximately
1, suggesting a moderate-to-strong positive linear relationship and
a good fit for the data.

3 | Result and Discussion

3.1 | Effect of Opening Size on EVF Thermal
Characteristics

Figure 4 depicts the placement of five thermocouples at equal
intervals at the compartment openings for the various opening
sizes. Figure 11 presents the temperature readings from five ther-
mocouples positioned at varying heights along the compartment
opening for the NoFD 20X 20 experimental setup. For the NoFD
cases, the experimental setup was fully symmetric, with identical
opening dimensions and boundary conditions on both sides of the
compartment. During testing, the EVF behavior and temperature
measurements at both openings were observed to be consistent, to
avoid redundancy and maintain clarity, Figure 11 presents the tem-
perature results from one representative opening. It was observed
that the flame consistently spilled out of the opening around 310s,
coinciding with the time when the fuel was nearly fully consumed.
Data collection ceased at approximately 350s. The recorded data
from the loggers were analyzed, and the selected data represents
the time-averaged values for a 20-s period, spanning from 310 to
330s, when the fire was at its peak and flames were visible outside.
This approach was applied consistently across all experiments,
where data were analysed, and the selected data represents the
time-averaged values for a 20-s period. To assess the sensitivity of
the 20-s averaging window, we performed an additional analysis
using 10-s, 15-s, and 30-s time-averaging intervals centred around
the fully developed fire period (310-3305s). The variation in the av-
erage temperature values was found to be within +5% for the 10-
and 15-s windows. However, the 30-s average showed up to +10%
variation, as in some cases this interval fire extended into the decay
phase where the mass burning rate dropped significantly. For
consistency and reliability, we used the mean value over the 20-s
interval in all comparisons, rather than the midpoint value. This
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FIGURE 11 | Temperature measurement at the opening for the case
of NoFD 20 20.

method ensured that transient fluctuations were smoothed out
while still capturing the peak fire behavior in a stable phase. Also,
to ensure consistency across all test cases, a 20-s time-averaging
window (where flame consistently spilled out from the opening)
was applied to thermocouple measurements, chosen to reflect the
steady-state EVF condition, regardless of the exact burn duration.

Figure 12 depicts the experimental and numerical analysis (FDS)
results for all the three different wall opening sizes, under NoFD
and FD conditions. The term “non-dimensional height” refers to
the relative placement of thermocouples along the opening height
(H) of the compartment. For each opening size (20, 30, and 40cm),
thermocouples were placed at five discrete vertical positions: OH,
0.25H, 0.5H, 0.75H, and H, where H corresponds to the full open-
ing height. This approach enables consistent comparison of tem-
perature distributions across different opening configurations by
normalizing sensor locations relative to opening height.

For experiments under NoFD conditions, it can be observed that
there is a decrease in temperature in the middle of both the wall
openings with the increase in wall opening dimensions. Also, tem-
perature values at the top of the compartment opening increase
with the increase in the compartment opening dimension. This is
mainly due to the change in the opening size, which influences
the air entrainment and the exiting of EVF gases. For wall open-
ing sizes 20 and 30cm, (NoFD-20x 20 and NoFD-30X 30 cases) the
FDS and experimental results are in good agreement. However,
for the 40cm wall opening (NoFD-40x40 case), there is a major
difference in the FDS and experimental results, for the tempera-
ture at the bottom of the compartment opening. This is due to the
evident bi-directional flow in and out of the compartment, with
more fresh air entering the compartment from the lower part of
the opening during the FDS simulation. Additionally, FDS uses a
simplified chemistry approach for turbulent combustion. In FDS,
the experimentally measured MLR was prescribed directly as an
input parameter. While this approach ensures that the target MLR
is accurately modeled, it also means that the combustion model ac-
curacy is not adequately predicting experimentally measured MLR
in under-ventilated conditions. This behavior is consistent with
the limitations of the simplified combustion treatment in FDS: al-
though it reproduces the experimentally measured MLR, it does
not fully resolve the fire and ventilation dynamics. Consequently,
in the 40x40 opening case, this limitation can accentuate dis-
crepancies between numerical predictions and experimental mea-
surements For the no-wind condition for all three opening sizes,
bidirectional flow was observed, whereas in the FD condition only
unidirectional flow was observed in the experiment.

During the experiments under FD conditions, temperature pro-
files at compartment openings are higher compared to the NoFD
conditions. It is noted that as the compartment opening dimen-
sion increases, the temperature in the center of the compartment
opening decreases. For compartment openings 20 and 30 cm (FD-
2020 and FD-30% 30 cases), it is noted that the temperatures
are almost identical, except the value for the thermocouple at the
bottom. In contrast to NoFD conditions, it is observed that once
the fire is fully evolved with forced draught, there is only unidi-
rectional flow through the compartment opening instead of bi-
directional flow. In the 20 and 30cm FDS cases, it is observed that
a uniform temperature profile is maintained through the entire
opening. For 40cm openings, flames are exiting mainly through
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FIGURE 12 | Non dimensional vertical distribution of the temperature at the outlet opening for NoFD (left) and FD (right) conditions.

the lower part of the opening, and thus there is an increased tem-
perature in the lower part of the opening. This can be attributed
to the fact that with forced draught wind resulting in more effi-
cient airflow exchange. This further results in increased burning
within the fire compartment pushing the flames outwards, also
changing the fire dynamics within the fire compartment. For
cases with 40cm openings and FD conditions more flames will
exit through the bottom of the opening as there is a larger open-
ing dimension. This behavior was observed specifically in the FD
40X 40 case, where the forced draught induced by the fan signifi-
cantly influenced the flow field at the compartment opening. Due
to the increased vertical height of the opening, the incoming air-
flow from the fan primarily goes through the upper portion, while
the hot gases and flame are pushed downward, exiting through
the lower part of the opening. The wind effect causes the flame to
tilt downward. In contrast, for cases with smaller opening heights
(e.g., 20 and 30cm), the entire opening is generally filled with
flame. Additionally, a notable discrepancy in temperature was
observed at the lower part of the opening in the FD-40Xx40 case
when comparing experimental and simulation results. This vari-
ation is primarily attributed to the turbulence model employed in
the numerical analysis. As the opening size increases and wind
influence is introduced, turbulence becomes more pronounced,
leading to greater modelling uncertainty. In addition, the influ-
ence of radiative heat flux on thermocouple readings can lead to
higher measured temperatures in experiments. Although the FDS
thermocouple model accounts for this effect to some extent, since
the thermocouple (TC) model, temperature lags the true gas tem-
perature depending mainly on bead size. During the experiments,
sheathed thermocouples were used to mitigate direct radiative ef-
fects. The presence of multiple metal and air gaps in the thermo-
couple device construction may limit the model's ability to fully
capture the complex radiative-convective balance. This limitation
is particularly relevant for scenarios with strong flame impinge-
ment, such as the 40 x40 opening case.

To investigate the EVF temperature profile outside the com-
partment opening, a further analysis has been carried out

considering horizontal distances of 10, 200, 400, 700, and
900mm, normal to the compartment opening center, and results
are plotted in Figure 13. A total of 35 thermocouples were posi-
tioned as depicted in Figure 3 to effect a temperature analysis of
the EVF spilling out from the opening. However, only the data
from the thermocouples that are located normal to the compart-
ment opening center line were considered for the analysis. The
selected data is the time average for a period of 20s, when the
fire is at its peak for all the experiments.

It was observed that the temperature at the centerline of the
opening decreases with the increase in horizontal distance,
in NoFD conditions, for all opening sizes. Furthermore, as
the vertical distance from the opening increases, the EVF
temperature is observed to be increasing as well. This agrees
with results agreed with Asimakopoulou's [5] that presented
time-averaged temperature contours at the centerline plane
perpendicular to the facade of medium-scale experiments
demonstrating that the developing EVF temperatures gradu-
ally decrease with increasing height and projection from the
facade. The EVF shape has been demonstrated to depend on
both the fire load and the opening geometry resulting in the
total volume of the EVF envelope increasing with increasing
fire load and opening area.

Maximum temperature was measured at a distance of 10mm
in NoFD condition and in FD, the maximum temperature ap-
pears at 200mm. The overall horizontal temperature profile
for the FD conditions is much higher in consideration to the
NoFD conditions. For the 20 and 30 cm cases, similar tempera-
ture profiles were identified; however, in the 40cm case, less
overall temperatures were observed. The numerical results
exhibit good agreement with the experimental results. Under
the NoFD conditions, there is an average percentage of approx-
imately 6% in values when compared to the outcomes of the
numerical analysis. Similarly, in the FD conditions, there is an
approximately 15% temperature differential, as shown in the
Figure 13.
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3.2 | Effect of Opening Size on the Facade

Thermocouples were positioned in the facade as depicted in
Figure 3. Figure 14 shows the temperature profile at the facade
for NoFD and FD conditions. The temperature for the 40cm
compartment opening (both FD-40Xx40 and NoFD-40 X 40)
during numerical and experimental analysis in NoFD, is not in
agreement. This is due to the turbulence modeling issue with
numerical analysis. A similar observation is found in the 30cm
FD-30x% 30 case with FD conditions. In NoFD conditions, the
30 and 40 cm opening sizes (NoFD-30 X 30 and NoFD-40 X 40)
were showing increased temperatures when compared to the
20cm opening size (NoFD-20x%20). In FD conditions, for all
opening sizes, the facade temperatures were observed to be
less, when compared to the NoFD condition. This is due to
the forced draught wind pushing the EVF gases outwards,
and thus increasing the horizontal projection and there is a

corresponding decrease in the flame height. The decreased
flame height leads to a diminished radiative and convective
thermal impact on the facade surfaces in FD conditions rel-
ative to NoFD conditions. This finding is consistent with the
results reported by Ren et al. [44]. who conducted small-scale
compartment fire tests in a wind tunnel. Ren's study found
that the maximum temperatures measured on the fagade de-
creased with increasing wind velocity from 0 to 2.0m/s. In
NoFD conditions, an average temperature increase exceeding
30% was observed for the 20cm case, while the temperature
increased by 150% and 200% for the 30 and 40 cm NoFD cases,
respectively. Numerical results of facade temperatures under
NoFD conditions for the 20 and 40 cm cases, are in good agree-
ment with experimental results as there is an average percent-
age of approximately 7%, but this was increased to 10% when
compared with experimental measurements of temperature
under FD conditions.
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FIGURE 13 | Temperature profile versus the horizontal distance at the center of the outlet opening for NoFD (left) and FD (right) conditions.
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FIGURE 14 | Vertical distribution of the temperature profile at the centerline of the outlet facade for NoFD (left) and FD (right) conditions.
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3.3 | Developed Thermal Field

The evolution of the thermal field near the facade was analysed
under both NoFD (no forced draught) and FD (forced draught)
conditions for two different facade geometries (20 and 40 cm), as
presented in Figure 13. The analysis focuses on representative
time points that capture the fully developed fire stage, during
which external flames were consistently visible and the wind
flow, when applied, had reached a steady state. Instead of time-
averaged 20s slice files in Smokeview, instantaneous snapshots
were chosen to present the thermal field. This is because the
overall profiles and values obtained from the averaged slice files
are comparable to those from the instantaneous snapshots pre-
sented in Figures 15 and 16. The primary difference is that the
averaged plots exhibit smoother contours with reduced turbu-
lence, which is consistent with the expected effect of temporal
averaging.

For the 20cm facade geometry, temperature distributions are
shown at 150s. This time point was selected as it corresponds to
the period when the fire had fully evolved, the fan was operating
in the FD scenario, and the wind flow had stabilized. Similarly,
for the 40cm facade geometry, results are presented at 200s,
which also marks the fully developed fire stage with established
external flaming and a steady wind field. These selections en-
sure comparability between cases in terms of fire development
and ventilation state.

The thermal field shows significant differences between
NoFD and FD conditions. Under FD conditions, temperatures
near the compartment opening reached values between 700°C
and 800°C. However, as the external plume rose, a rapid

temperature decay was observed due to increased air entrain-
ment and mixing. Inside the compartment, the forced venti-
lation disrupted thermal stratification, resulting in relatively
uniform and much lower gas temperatures ranging from ap-
proximately 30°C-100°C. This mixing effect is characteristic
of wind-driven ventilation and limits the build-up of hot gas
layers.

In contrast, NoFD conditions led to the formation of distinct
thermal stratification within the compartment. Higher gas
temperatures, in the range of 700°C-900°C, were observed in
the upper layer near the opening. The absence of wind allowed
for a more vertically extended flame, which increased the ther-
mal impact on the facade surface. These differences in flame
behaviour under varying ventilation conditions are clearly re-
flected in the facade temperature distributions.

For the 40cm facade, NoFD conditions resulted in maximum
temperatures along the facade surface between 600°C and
750°C, indicating strong exposure. In comparison, the 20cm
facade under NoFD conditions exhibited lower facade surface
temperatures, around 150°C-200°C, suggesting a more con-
fined heat plume and reduced external exposure. Under FD
conditions, both facade geometries experienced significantly
reduced temperatures at the facade surface, highlighting the
dampening effect of wind on vertical flame spread.

The results clearly indicate that forced draught plays a critical
role in modifying fire plume behaviour and reducing thermal
exposure to external surfaces. The presence of wind suppresses
plume rise, limits external flame height, and promotes mixing,
which collectively result in lower facade temperatures. These
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FIGURE 15 | Spatial distribution of gaseous temperature 150 and 200s after fire initiation under NoFD (a) and (c) and FD (b) and (d) conditions;

20cm (top) and 40cm (bottom) opening size.

12

Fire and Materials, 2025

85U8017 SUOLULLIOD BATE81D 3(dedl|dde sy} Aq peusencb a.e s9oile O ‘8sN o se|ni Joj AIq1T 8UIUQ A8]IM UO (SUONIPUOD-PU-SWLB) D" A8 M ARe.q 1 |Bul[UO//:SANY) SUONIPUOD PUe SWLB | 8L 88S [5Z0Z/TT/ET] uo Akiqiauluo A8|IM ‘B1iuseoue ] JO AiseAIUN Ag 6TO0L We)/Z00T 0T/10p/wod"As | kg jeul|uo//sdny wo.j pepeojumod ‘0 ‘8TOTE60T



a) NoFD-20x20

= > g b) FD-20x20

¢) NoFD-40x40

5.5 5.0 4.5 3.5 3.0 2.5
Velocity, m/s

FIGURE 16 | Gas mixture velocity and EVF 150s and 200s after fire initiation under NoFD (a) and (c) and FD (b) and (d) conditions; 20 cm (top)

and 40 cm (bottom) opening size.

findings are consistent with previous studies by Hu et al. [25],
Ren et al. [44], and Zhao [45], all of which reported reduced
flame height and facade temperature with increasing wind
velocity.

3.4 | Effect of Wind Velocity on EVF Development

Figure 16a,b depicts predictions of gas mixture velocity and
flame locations at 150s after ignition for a 20cm opening with
NoFD and FD conditions (wind speed of 2.9m/s for FD condi-
tions) respectively. Similarly Figure 16 (c) and (d) depicts pre-
dictions of gas mixture velocity and flame location at 200s for
40cm opening size in both NoFD and FD conditions. Times
of 150 and 200s were chosen to ensure that the fire has fully
evolved in the compartment, fan was switched on and wind flow
was stabilized for both opening sizes.

Under NoFD conditions, as there are two openings in the
opposing directions, cold air enters from both sides of the
compartment opening resulting in the formation of two re-
circulation zones inside the compartment (from both sides).
For all opening sizes, bidirectional flow is observed as fresh
air enters through the bottom part of the opening and hot
gases exits through the upper part of the opening. EVF is lo-
cated closer to the adjacent facade, causing high heat transfer
to the facades. As in the case of NoFD, the fire behavior is
similar to a conventional compartment fire and air entrain-
ment in the compartment varies primarily with the ventila-
tion factor Ay H, where A represents area of the opening and
H represents height of the opening. Higher ventilation factor
increases air entrainment rate and higher venting of fire gases
exiting from the compartment. Additionally, this can also

influence the gas mixture velocity and flame locations as rep-
resented in Figure 16 below.

Under FD conditions, a similar inflow of air from the bottom
part of both openings formulates two recirculation zones; how-
ever, once the fan induces the presence of wind, the recircula-
tion zones near the openings are no longer visible, and a single
recirculation zone in the interior of the fire compartment is
created. Only unidirectional flow can be observed for all three
opening sizes, where hot gases including flame exit through the
entire opening. A similar observation was found in the NoFD
condition, as, in all three opening size cases, a bi-directional
flow was observed in the experiment.

Additionally, as the area of opening increases, for example,
as observed in the case of 40cm opening size FD-40Xx 40, it
is observed that the flame exits through the bottom part and
hot gases exit through the upper part of the opening. A max-
imum velocity of 5.5m/s was measured for the FD conditions
due to the presence of wind speed and EVF flow velocities are
relatively low in the NoFD condition for all the cases. The in-
troduction of wind changes the in-compartment fire dynam-
ics, flow behavior, pressure distribution, temperature, velocity
and the flame locations. Also, wind creates a positive pressure
on the windward side and a negative pressure on the leeward
side; further aided by an increase in opening size resulted in
a more efficient way of venting hot gases (due to the higher
ventilation factor) as EVFs are pushing outwards resulting in
higher EVF projection. The results demonstrated that wind
significantly impacts the fire dynamics within the compart-
ment. These findings align with a previous study conducted
by Beshir [11], which investigated the effect of external wind
conditions on fire spread between two informal settlement
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FIGURE 17 | Gas mixture velocity and EVF at 200s after fire initiation under FD condition with different wind velocities.

dwellings spaced 1m apart. They underscore the critical im-
portance of considering wind effects when assessing the fire
safety of buildings, particularly concerning fire separation
distances in densely populated areas.

Figure 17 presents the velocity field and EVF characteristics
for the FD-20x 20 configuration under three different fan inlet
velocities: 1.0, 2.9, and 3.5m/s. The analysis demonstrates the
significant influence of wind speed on flame trajectory, facade
attachment, and flow symmetry. At 1.0m/s, the flame behavior
closely resembles that of the NoFD condition. Flames emerge
symmetrically from both openings with a predominantly ver-
tical projection, maintaining attachment to the facade surfaces.
This condition results in increased thermal exposure to the ex-
ternal wall, thereby promoting upward flame spread. As the
inlet velocity increases to 2.9m/s, the incoming airflow causes
the flame to tilt toward the leeward opening, resulting in a more
pronounced EVF with horizontal projection. At 3.5m/s, the
highest fan velocity condition, the forced draught dominates the
flow behavior. The flame is strongly pushed out through a sin-
gle opening and redirected with a fully tilted profile. EVF under
this condition exhibits the longest horizontal projection with in-
tense velocity among the three cases.

To evaluate the thermal impact at the compartment opening under
different wind conditions with three velocities. Figure 18 presents
the temperature distribution at the opening and the results demon-
strate a strong correlation between wind velocity and temperature
distribution. At 1.0m/s, the temperatures are significantly lower,
particularly at the lower portions of the opening. This is consis-
tent with the observed bi-directional flow. In contrast, at 2.9 and
3.5m/s, the forced draught conditions dominate the flow field,
pushing hot gases and flames directly toward the opening. The

10 " 1 " 1 " 1 " 1 " 1 i 1 " 1 " 1
—a— FD-20x20: 1.0 m/s

—&— FD-20x20: 2.9 m/s
—a&— FD-20x20: 3.5 m/s

o (= o
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1 1 1

Non-dimensional Height

o
N
1

0.0

s~ 17— %7
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Temperature (°C)

FIGURE 18 | Non-dimensional vertical distribution of the tempera-
ture at the outlet opening with different wind speed.

3.5m/s case shows a slightly broader distribution of high tempera-
tures, indicating a more forceful redirection of the EVF outward.

Figure 19 presents the thermal exposure to the facade. At 1.0m/s,
the facade experiences significantly higher temperatures, indi-
cating strong flame attachment to the facade. This condition re-
sembles the NoFD scenario, where the flame rises vertically and
remains in contact with the building surface, resulting in higher
thermal exposure and potential for upward fire spread. In con-
trast, for both the 2.9 and 3.5m/s cases, the temperatures at all
measured heights are notably lower. This reduction is attributed
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to the increased horizontal projection of the externally venting
flame (EVF), where the flame is tilted away from the facade due
to the imposed wind.

3.5 | Oxygen Concentration

Figure 20 depicts the spatial distribution of oxygen concentration
inside the compartment at 150s for 20cm opening size (NoFD-
20%20 and FD-20x%20) and 200s for 40cm opening size (NoFD-
40x40 and FD-40x40) after fire initiation. A decreased oxygen
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FIGURE 19 | Vertical distribution of the temperature at the facade
with different wind speed.

concentration was observed during NoFD conditions compared
to FD conditions. As stated previously in temperature field, when
fire sustains with consumption of oxygen, oxygen concentration
inside the upper part of the compartment decreases and tempera-
ture increases. This zone is termed the hot zone, whereas the en-
trainment of fresh air from the opening resulted in formation a
cold zone similar to the temperature field, characterized by lower
temperature and higher oxygen concentration.

3.6 | Turbulence Model and Forced Draught
Impact on EVF

The numerical simulations were conducted using the default
turbulence model settings in FDS. However, during the journal
submission process, reviewer feedback considered evaluating
the influence of different turbulence sub-models to improve the
accuracy of the predictions.

Given these findings, it was deemed essential to investigate the
influence of different turbulence sub-models on the accuracy
of numerical predictions. For this purpose, the FD-40x 40 test
case was selected for comparative analysis using the turbulence
sub-models given in Table 4.

3.6.1 | Temperature at the Opening With Different
Turbulence Models

Figure 21 depicts the relationship between non-dimensional
height and temperature at the compartment opening with dif-
ferent turbulence models. The data corresponds to five ther-
mocouples placed at discrete vertical positions: 0H, 0.2H, 0.5H,

a) NoFD-20x20 b) FD-20x20
¢) NoFD-40x40 d) FD-40x40 |
_——— e SR

0.22 0.20 0.18 0.16 0.14 0.12

0.10 0.088 0.066 0.044 0.022 0.0

Oxygen Concentration, mol/mol

FIGURE 20 | Spatial distribution of oxygen concentration 150 and 200s after fire initiation under NoFD (a) and (c) and FD (b) and (d) conditions;

20cm (top) and 40cm (bottom) opening size.
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TABLE 4 | Turbulence model test scenarios.

Test case Turbulence sub models
FD-40x40 Deardorff's Model
Dynamic Smagorinsky model.
Vreman's Model.
Constant Coefficient Smagorinsky model.
1 0 " 1 i 1 " 1 i 1 i 1 " 1 " 1 " 1 " 1
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FIGURE 21 | Non-dimensional vertical distribution of the tempera-
ture at the outlet opening with turbulence models.

0.75H, and H, where H represents the full height of the opening
(40cm) in the FD 40X 40 experimental configuration. The ther-
mocouple layout is shown in Figure 4 for reference. Consistent
with the methodology presented in Section 3.1, the temperature
values represent a 20-s time-averaged period during peak fire
conditions for all turbulence model cases under consideration.

Figure 21 illustrates the non-dimensional height versus tempera-
ture profile for the FD-40x 40 test case, comparing experimen-
tal data with FDS simulations using four different turbulence
sub-models: Deardorff, Vreman, Constant Smagorinsky, and
Dynamic Smagorinsky. The non-dimensional height represents
five thermocouple locations distributed along the opening
height (H=0.4m). The FDS default model (Deardorff) showed
significant deviations from the experimental temperature pro-
file, particularly at the bottom and mid height levels with an
error margin exceeding 40%. Both the Vreman and Constant
Smagorinsky models also demonstrated noticeable overpredic-
tions, especially at higher elevations. In contrast, the Dynamic
Smagorinsky model yielded temperature predictions that closely
followed the experimental trend across most of the thermocou-
ple heights. Although it exhibited a slight overestimation, the
temperature deviation remained within a 10% margin, indicat-
ing a good level of agreement with experimental result and in
capturing the outward flow and stratification dynamics within
the compartment and at the compartment opening. This com-
parison highlights the critical influence of turbulence model
selection on compartment fire scenario under forced draught
conditions with large openings.
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FIGURE 22 | Vertical distribution of the temperature at the center-
line of the outlet facade with different turbulence models.

3.6.2 | Temperature at the Facade With Different
Turbulence Model

Thermocouples were positioned in the facade as depicted in the
Figure 3. Figure 22 presents the facade temperature distribution
along vertical heights ranging from 600 to 1200 mm for the FD-
40X 40 test case.

The comparison includes experimental measurements and sim-
ulation results obtained from FDS using four different turbu-
lence sub-models. Among the simulation models, the Deardorff
and Dynamic Smagorinsky sub-models show reasonable align-
ment with the experimental trend. The constant Smagorinsky
and Vreman Models, however, tend to significantly overpredict
temperatures, with the Vreman Model showing values exceed-
ing 600°C—more than double the experimental peak. Overall,
the dynamic Smagorinsky Model maintain the good alignment
with the experimental results and shows the best physical repre-
sentation and maintaining error margins in less than 10% of the
experimental values.

4 | Conclusions

The present study focuses on the impact of ventilation condi-
tions on the development of EVF and its impact on the facade
in medium-scale configurations. A numerical model was used
and validated with the experimental results to investigate what
the effect of different wind velocities and opening sizes is on
the EVF development and its impact on the facade of the outlet
opening.

The effect of opening size on the EVF thermal characteristic
and on the facade was experimentally and numerically inves-
tigated. As experimentally investigated, under FD conditions,
the thermal impact on the facade wall is reduced compared to
NoFD conditions as the wind pushes EVF in the outward di-
rection from the outlet opening and thus increases EVF projec-
tion. This is an important aspect to consider when determining
the fire separation distance between buildings for the fire and
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life safety design of structures. Notably, in NoFD conditions, an
average temperature increase exceeding 30% was observed for
the 20cm case, while the temperature increased by 150% and
200% for the 30 and 40cm NoFD cases, respectively. Also, the
overall projection of the EVF for FD conditions is higher com-
pared to NoFD as indicated by the maximum recorded exper-
imental measurements. The maximum temperature observed
at the top of the window lintel is 870°C for the FD 20X 20 case
and 430°C for the NoFD case. This is another critical aspect to
consider when selecting facade materials, designing horizontal
fire barriers, and implementing passive fire stopping measures
in building design. Numerical results of NoFD conditions are
in good agreement with experimental results as there is a 6%
variance but this was increased to 15% when compared with ex-
perimental measurements of temperature under FD conditions.
As indicated in both experimental and numerical work, results
are in good agreement, and the numerical model is able to pre-
dict the phenomena of compartment fire development both in-
side and outside the compartment. This numerical model can be
used with confidence as part of the performance-based design in
building fire and life safety design.

It was revealed that opening size has significant influence on
the development and temperature distribution of EVF under
both NoFD and FD conditions, as increased opening resulted
in different flow fields and reoutlining recirculation zones near
the openings. For increased opening sizes, the vertical distribu-
tion of the temperature profile at the centerline of the outlet at
the facade yielded increased gas temperatures. Under FD con-
ditions, for all different sizes, the facade temperatures recorded
were decreased compared to NoFD conditions. Numerical re-
sults of facade temperatures under NoFD conditions for 20 and
40cm cases, are in good agreement with experimental results
as there is 7% variance. This increased to 10% when compared
with experimental measurements of temperature under FD con-
ditions. Stratification of the gas layer at the interior of the fire
compartment was not observed during FD conditions as there
was increased mixing of air due to the presence of wind, as also
observed from the analysis of the gas mixture velocity profile
for different opening sizes where a maximum of 5.5m/s was
calculated for the FD-40x 40 case. This is supported by the de-
creased oxygen concentration observed during NoFD conditions
compared to FD conditions due to the introduction of wind and
this changes the in-compartment fire dynamics, flow behavior,
temperature, velocity, and the flame locations.

Numerical modelling has predicted the temperature profile
reasonably well when smaller compartment opening sizes are
considered. However, when the opening size is increased, and
the wind factor is introduced the model becomes more com-
plex and the relevant error difference was in the range of 30%
or more. As the default Deardorff model in FDS, and the re-
sults were not in good agreement with the experimental result,
and this prompted further investigation into alternative turbu-
lence models to improve simulation accuracy. The results indi-
cate that while all models capture the general EVF trends, the
Dynamic Smagorinsky model provided the closest agreement
with experimental data in terms of temperature distribution and
EVF shape, with less than 10% error. In contrast, other models
like Vreman and Constant Smagorinsky significantly overpre-
dicted temperature profiles, especially at the fagade and opening

regions. This study also highlights the importance of turbulence
model selection, particularly in scenarios involving complex
wind and opening interactions, and supports the use of dynamic
models for improved predictive accuracy in future fire safety
simulations.

Overall, this study highlights the critical importance of consid-
ering ventilation conditions in fire safety design and the neces-
sity of precise modeling to predict fire behavior and its impact
on building structures. The insights gained from this research
can shape fire safety regulations and lead to the development of
more effective fire protection strategies, ultimately enhancing
the safety and resilience of building designs.
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