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Abstract 
This paper investigates the influence of wind speed and direction on external fire spread in an isolated 
rectangular building using computational fluid dynamics models validated with wind tunnel data and 
facade fire tests. Two wind speeds (2 m/s, 4 m/s) are considered for each of four wind directions (0°, 
45°, 90°, 180°) and compared to a reference case of no wind. Results indicate that facade fire spread 
is heavily influenced by the near-wall flow fields generated by the building geometry. These flow 
fields explain counterintuitive findings such as the upstream tilting of flames under the influence of 
reverse flow near the side walls. The presence of external wind was found to inhibit the initial 
development of facade fires, but can greatly exacerbate fire spread once the fire has fully developed. 
The largest fire occurred for the case of no wind (7.5 GJ in 15 min) while the smallest fire occurred 
for the 4m/s diagonal wind case (2.2 GJ). An additional case with temporally varying wind conditions 
demonstrated a 50% increase in fire spread area compared to no wind. The study provides valuable 
insight into wind and fire interaction in building facades that can help improve the fire safety of 
buildings. 
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1 Introduction 

Recent incidents around the world have demonstrated the potentially devastating impact that 
combustible cladding can have on the loss of life and property [1]. Modern trends towards 
environmental sustainability and energy efficiency have resulted in the use of combustible facade 
materials that are highly vulnerable to fire. Every year, an average of five tall buildings experience 
fire spread along the external facade [2], with recent events such as the Grenfell Tower fire in 
London, UK [3, 4] (Figure 1) and the Lacrosse fire in Melbourne, Australia [5] demonstrating the 
significant influence that combustible facade materials can have on the speed of fire propagation 
along the external walls of the building.  

 
Figure 1: Recent example of combustible facade fires in Grenfell Tower, London, UK on 14 June 2017. 

Although it is known that wind has a considerable effect on the spread of urban fires [6-9], the nature 
of wind and fire interaction in facade fire propagation is yet to be investigated in detail. Current 
standards for testing the fire performance of external facade systems, such as the ISO 13785 [10], BS 
8414-1 [11], and AS 5113 [12], acknowledge the influence of external wind on large scale fire tests 
and hence require wind speed at the beginning of testing to not exceed a maximum limit in order to 
ensure consistency of results. The standards however do not require testing to be performed for 
different wind speeds and directions. This results in uncertainty regarding the real-life performance of 
facade systems under external wind. 

Recent studies on ejected facade flames indicate that wind can influence facade fires in two main 
ways: it can affect the flame height and trajectory, and it can affect the heat release rate of the fire. 
Wind acting perpendicular to the facade was seen to reduce the height of ejected flames [13, 14], 
while wind acting parallel to the facade was seen to tilt the ejected flame towards the downwind 
direction [15-19]. The tilting angle increases with wind speed, and for very strong winds, the fire may 
even spread horizontally along the same floor. This has been shown to reduce the effectiveness of fire 
protection features such as overhangs and balconies that are designed to block vertical overflow of 
fire plume spread [20]. The tilted trajectory of the flame allows the fire to penetrate the space between 
balconies and overhangs, leading to vertical fire spread to upper floors. 

The presence of external wind is also reported to influence the temperature and heat release rate of 
facade fires. Hu et al. [13] mention two competing effects when subjecting a window-ejected flame to 
external wind: the “air supply effect” and the “venting effect”. Below a certain threshold of wind 
speed, the presence of external wind increases the air supply to the fire and consequently increases the 
heat release rate. In such a case, the air supply effect is said to be dominant. As the wind speed 
exceeds the threshold, the venting effect becomes dominant where the presence of external wind 
causes unburnt fuel vapours to be vented away from the heat source before being ignited. Under such 
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conditions, an increase in wind speed will result in a reduction of heat release rate and flame 
temperature. 

The competing interaction between the air supply and venting effects help explain seemingly 
conflicting findings in the literature. Wind acting perpendicular [21, 22] and parallel [17] to the facade 
was reported to reduce the temperature of window-ejected flames, while an outdoor experiment by 
Anderson et al. [22] reports an increase in fuel consumption on days when wind speed was higher. 
The interaction of wind and fire is further complicated by various parameters including the size and 
geometric configuration of facade openings and the presence of cross ventilation [23-26]. 

Previous studies on wind and fire interaction have mostly focused on window-ejected flames. Studies 
on fire propagation along the external building walls are scarce and mostly consider fire spread on a 
localised facade section [27] without accounting for the effect of the wind flow structures generated 
by the full building geometry. The presence of a building in a wind flow stream generates complex 
flow patterns that vary considerably from those experienced by a thin facade section. These flow 
structures dictate the wind conditions at various locations on the building surface and can therefore 
influence the spread of facade fires. The main flow structures generated by a rectangular building are 
shown in Figure 2 and include the following features: 

• Stagnation region. This region forms in front of windward surfaces where wind flow is blocked 
by the presence of the building. The region is characterised by low wind speed and large positive 
pressures. For tall buildings, a downdraft may occur along the windward surface as high wind 
speed at the top of the building is diverted downwards. 

• Wake region. Flow separation at the leading edges of the building results in the formation of a 
wake region that encompasses the top, side, and leeward surfaces. The wake region is 
characterised by high turbulence, low wind speed, and negative pressure. Vortex shedding may 
also occur in the wake region, particularly for tall and slender buildings. 

• Wind shear layers. Flow separation at the leading edges results in the formation of wind shear 
layers that define the boundary between the undisturbed streamwise flow and the wake regions. 
Shear layers are characterised by high wind speeds and a large velocity gradient. The trajectory 
of these layers is highly unstable, and very large negative pressures occur immediately 
downstream of the point of separation where shear layers originate. 

 
Figure 2: Top view of wind flow past a rectangular building. Wind flow direction from left to right [28]. 
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A fire travelling along the building facade may experience varying wind conditions as it moves 
through the different wind flow structures generated by the building. These conditions also vary 
temporally due to flow instability caused by atmospheric and building-generated turbulence as well as 
changes in weather conditions. Such effects need to be considered when predicting fire propagation 
along building facades. 

This paper presents a systematic investigation of the influence of wind flow patterns generated by an 
isolated rectangular building on the propagation of fire along the external facade. The study is 
performed using computational fluid dynamics (CFD) simulations that are validated with wind tunnel 
data and facade fire tests. Fire Dynamics Simulator (FDS) 6.7.5 is used to simulate both the wind flow 
field and facade fire propagation. The study involves the following steps: 

1. Validating the wind flow field in FDS with results from the wind tunnel. 

2. Validating the fire properties of the combustible facade material in FDS with results from 
facade fire tests. 

3. Performing a parametric study that involves varying the wind speed and wind direction 
relative to the fire source on the building facade. 

The findings of this study provide valuable insight into wind and fire interaction in building facades 
that can help improve fire safety of buildings. 

2 Methodology and numerical setup 

The use of computational wind engineering (CWE) principles and tools for fire safety applications has 
gained recent interest [6], and best practice guidelines for developing wind and fire coupled modelling 
have been developed [29]. Developing a CWE model involves defining a building geometry within a 
computational domain and specifying appropriate boundary conditions and meshing parameters. 
These details are specified as follows. 

2.1 Building geometry and wind profile 
An isolated rectangular building with height 𝐻𝐻 = 20 m and width 𝐵𝐵 = 10 m is adopted in this study. 
The building is subjected to an atmospheric boundary layer profile with reference wind speeds 
corresponding to highly recurrent winds. Wind speed in FDS is specified in terms of the logarithmic 
law [Eq. (1)]. The highest wind speed in this study is 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 = 4 m/s at 𝑧𝑧𝑟𝑟𝑟𝑟𝑟𝑟 of 10 m. Open terrain 
roughness is selected (𝑧𝑧0 = 0.01 m) and von Karman constant 𝜅𝜅 is equal to 0.4. Inflow turbulence is 
ignored in this study to reduce complexity and computational cost. 

 𝑈𝑈 =
𝑢𝑢∗
𝜅𝜅

ln �
𝑧𝑧
𝑧𝑧0
� (1) 

For each simulation case, the selected wind speed and direction is held constant for the entire duration 
of the simulation. Later in section 6.6, additional cases are presented where wind speed and direction 
are varied during the simulation to investigate the effect of variable wind conditions on facade fire 
propagation. 
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2.2 Mesh configurations and domain size 
Fire analysis requires mesh refinement in the region of the fire plume, which in this study is located 
near the building surfaces. The recommended grid size is estimated using the following equation [30]: 

 𝐷𝐷∗ = �
𝑄̇𝑄

𝜌𝜌∞𝑐𝑐𝑝𝑝𝑇𝑇∞�𝑔𝑔
�
2/5 

 (2) 

where 𝐷𝐷∗ is the characteristic fire diameter, 𝑄̇𝑄 is the total heat release rate of the fire,  𝜌𝜌∞ is the air 
density, 𝑐𝑐𝑝𝑝is the specific heat of air, 𝑇𝑇∞ is the ambient temperature, and 𝑔𝑔 is gravity. A grid with 
𝐷𝐷∗/𝛿𝛿𝑋𝑋  between 4 and 16 is desirable, where 𝛿𝛿𝑋𝑋 is the nominal size of the mesh cell. Using Eq. (2), an 
acceptable grid size in the current study is 0.25 m for a fire heat release rate of 3.4 MW. The resulting 
𝐷𝐷∗/𝛿𝛿𝑋𝑋 value is around 6 which falls within the acceptable range. 

A high level of mesh resolution near the building is also needed for better resolution of wind flow 
features. To reduce the total number of computational elements, selective refinement is specified near 
the building surface while coarser elements are specified elsewhere in the domain. Using a blocking 
technique, a structured cartesian grid is generated with 0.25 m elements near the building surfaces, a 
maximum element size of 2m away from the building (Figure 3). The total cell count is 1.7 million 
elements. 

The size of the computational domain is minimised to limit the total number of cells in the model. It is 
important to note that wind flow simulations generally require large computational domains to ensure 
appropriate development of the flow field around the building with minimal influence from domain 
boundaries [31, 32]. However, adopting a large domain in the current study was found to be 
computationally prohibitive. FDS requires the use of highly structured grids with stringent 
requirements for grid alignment in all directions, and this low level of mesh control makes it very 
difficult to limit the number of computational elements in large domains through selective refinement. 
The computational domain in this study has an upstream and downstream length = 2𝐻𝐻, side 
clearances = 2𝐻𝐻 and domain height = 2𝐻𝐻 (Figure 3). 
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Figure 3: Mesh configuration with increasing refinement near the building. Mesh count is 1.7 million elements. 

2.3 Turbulence modelling and near-wall treatment 
Flow turbulence is resolved using large-eddy simulations (LES) with the Smagorinsky sub-grid scale 
model [33] and the default value of model constant Cs = 0.2. The Smagorinsky model has been shown 
to perform reasonably well for predicting wind flow around a rectangular building of similar aspect 
ratio to the current study [34]. A wall boundary condition is specified at the ground and building 
surfaces, while a velocity inlet condition is specified at the lateral boundary corresponding to the wind 
approach direction. All other lateral boundaries, as well as the top boundary, are specified open 
boundary conditions. At the building surface, near-wall flow is treated using wall functions based on 
the logarithmic law of the wall [35]. The wall functions are used for determining the wall stresses 
(𝜏𝜏𝑤𝑤), while the eddy viscosity (𝜇𝜇𝑡𝑡) in the wall-adjacent cells are determined using the wall-adapting 
local eddy-viscosity (WALE) model [36].  

3 Validating wind flow field in FDS 

The wind flow field is validated by comparing results from FDS to experimental results from the wind 
tunnel. The experimental results of Meng and Hibi [37] are used which provide wind speed 
measurements at various locations around a rectangular building (height to width ratio of 2:1) 
subjected to an atmospheric wind profile. The inflow wind speed profile in FDS is selected to closely 
reflect the wind profile from in the wind tunnel experiment. The FDS profile is defined in terms of the 
logarithmic law [Eq. (1)], with 𝑢𝑢∗= 0.24 m/s, 𝜅𝜅 = 0.4, and an aerodynamic roughness length of 𝑧𝑧0 = 
0.01 m. This corresponds to a reference windspeed 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 = 4 m/s at the reference height 𝑧𝑧𝑟𝑟𝑟𝑟𝑟𝑟 = 10 m. 
A good agreement between the numerical and experimental profile is observed as shown in Figure 4. 

Domain 
Height 

 2𝑯𝑯 
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Figure 4: Comparison of wind speed profile in FDS simulation and wind tunnel experiment [37]. 

To validate the numerical model, wind speed is measured in the FDS model at 186 locations around 
the building. The locations of these measurements are specified in Meng and Hibi [37]. Computations 
are performed for 100 s to initialise the flow field and a further 300 s over which time histories of 
wind speeds are recorded. Mean wind speeds at each measurement location is calculated by averaging 
the time history signal and the results are compared with experiments in Figure 5, where the vertical 
axis corresponds to numerical results from FDS, the horizontal axis corresponds to experimental 
results, and the shaded areas show the error margins. The dashed diagonal line represents an exact 
correlation between experimental and numerical results, and the data is fitted with a linear regression 
curve (red line) with intercepts set at 0. 

 
Figure 5: Comparison of FDS wind speed predictions with experimental results [37] with shaded areas showing error 

margin. 

The results in Figure 5 indicate an acceptable level of agreement between the FDS model and 
experiment where 70% of all predictions fell within an error margin of ±30%. The R-squared value 
(coefficient of determination) is 0.9 and the linear regression slope is almost equal to 1.  
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Nonetheless, some noticeable discrepancies occur at a limited number of locations in Figure 5 where 
the wind speed was overpredicted by the FDS model. These problematic points occur mostly at the 
boundary of the wake region and near the edge-induced shear layer, which suggests that the 
discrepancies are due to the FDS model underpredicting the size of the wake region. The FDS model 
seems to predict a narrower wake with the shear layers located closer to the sides of the building 
compared to the experiment. The exact cause of this error is not immediately evident and could be due 
to several factors including insufficient mesh refinement and lack of inflow turbulence. The relatively 
small domain size may have also contributed to the narrower wake and acceleration of flow near the 
sides of the building [32]. Aside from these discrepancies, the FDS model performed reasonably well 
at other locations near the building surface with a mean absolute error of 27%.  

To further validate the FDS model, a qualitative investigation of the wind flow field around the 
building is performed. Figure 6 presents contour plots of instantaneous wind speeds on the central 
vertical plane (Figure 6a) and a horizontal plane at the mid-height of the building (Figure 6b). These 
plots confirm the formation of wind flow structures that include a stagnation region at the windward 
surface, a wake region on the sides and leeward faces, and fluctuating shear layers at the leading 
edges of the building. These structures are consistent with those observed around an isolated 
rectangular building in previous wind tunnel experiments and numerical studies. Hence, the FDS 
model is deemed adequate for the purposes of investigating wind and fire interaction in building 
facades, despite some inaccuracies in the quantitative prediction of wind speeds at a limited number 
of locations in the model. 

 
Figure 6: Side view (a) and top view (b) of the instantaneous wind flow field around the building from the FDS model. 
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4 Validating combustion properties of facade material 

Before investigating wind and fire interaction, a numerical model for the cladding material is 
developed in FDS and validated with experimental data. Aluminium composite panels (ACP) with a 
polyethene (PE) core was selected for this study due to their high combustibility and readily available 
experimental data on fire performance. Large-scale experimental testing of various ACPs was 
commissioned by the Department for Communities and Local Government (DCLG), London in 
response to the Grenfell cladding fire incident. Testing was performed per the BS 8414-1 standard for 
assessing the behaviour of non-load bearing external cladding systems exposed to an external fire 
[11]. The material from DCLG fire test 1 [38] is selected in this study (Figure 7), which consists of a 
front-facing aluminium composite panel (ACP) constructed from two 0.5 mm aluminium sheets that 
surround a 3 mm PE core on either side. A 55 mm air gap is provided behind the ACP, followed by a 
100 mm-thick rigid polyisocyanurate foam (PIR) insulation board.  

 
Figure 7: Cladding cross-section showing material composition and thicknesses. 

Figure 8a shows the DCLG testing rig. The cladding extends 8.5 m high (6.5 m above fire source), 
and the widths of the main wall and wing wall are 2.6 m and 1.3 m, respectively. Thermocouples are 
installed at two levels with heights of 2.5 m and 5 m above the fire source.  
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Figure 8: (a) Full-scale DCLG test [38], (b) equivalent FDS model, and (c) model dimensions in mm (not to scale). 

To validate the material properties in the numerical model, an equivalent testing rig is constructed in 
FDS (Figure 8b) with equivalent locations of thermocouples and an equivalent fire source. 
Combustion properties of the ACP material were selected by calibrating the FDS model to 
experimental measurement from the cladding fire test. A computational grid of 0.25m is used which is 
equivalent to that adopted in the full building model. Although this grid is quite coarse considering the 
scale of the testing rig, maintaining a consistent grid between the fire rig model (Figure 8b) and the 
full building model (Figure 3) was necessary as previous studies have demonstrated that the 
computational grid can influence combustion behaviour of materials  [39]. Having a consistent grid 
will ensure that calibrated material is appropriate for use in the full building model.  

4.1 Fire source properties 
The fire source in the DCLG test is based on BS 8414-1 specification represents an external fire 
source, or a fully-developed fire in a room, that exposes the cladding to external flame [38]. The fire 
source in the cladding experiment involves a wooded crib with approximate dimensions of 1.5 m x 1 
m x 1 m. Figure 9 shows the heat release rate function of the wooden crib which was calibrated by 
Dréan et al. [39]. The fire source has a maximum heat release rate of approximately 3.4 MW. 
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Figure 9: Heat release rate of fire source [39]. 

4.2 Thermal properties of facade material 
Simulating ACP material in FDS is challenging as this material consists of multiple layers with 
varying combustion and thermal properties. The thermal properties of the ACP components are listed 
in Table 1.  

Table 1: Thermal properties of ACP materials [40-42]  
Material Aluminium Polyethylene (PE) Polyisocyanurate 

(PIR) 
Air 
gap 

Density (kg/m3) 2700 1360 36 1.2 
Specific heat (J/g K) 0.9 2 1.1 0.85 
Thermal conductivity (W/m K) 237 0.43 0.048 - 
Emissivity 0.7 0.9 1 0.8 

A challenging aspect of modelling ventilated cladding is accounting for the insulating air layer 
between the exterior facade panel and internal insulation. Earlier studies have modelled the air gap 
explicitly by providing computational cells across the air gap and specifying two distinct surfaces to 
model the external panel and internal insulation [39, 40]. This approach is however computationally 
restrictive in the current study because the entire building is simulated and not just a portion of the 
facade. Explicitly modelling flow in the narrow air gap between the exterior panel and insulation 
requires a very fine grid which considerably increases the number of computational cells. Also, a 
smaller timestep is needed to ensure solver stability which greatly increases computational cost. 

Hence, an alternative approach is adopted where the air gap is modelled with a solid material with 
thermal properties equivalent to those expected in an air gap. This approach was proposed by Drean et 
al. [43] who derived an expression for equivalent thermal conductivity that accounts for the total heat 
transfer across the air gap due to the combined effect of convection, conduction, and radiation. Figure 
10 presents the thermal conductivity function for a 55 mm air gap adopted in this study. 
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Figure 10: Equivalent thermal conductivity of 55 mm air gap as a function of the average temperature in the air gap 

It should be noted that the treatment of the air gap as a solid layer, rather than explicit modelling of 
airflow in the gap, will result in considerable limitations such as the exclusion of the stack (chimney) 
effect from the analysis, and also the exclusion of the insulation combustion effect and the effect of 
cavity barriers or other means of fire stop. In tall buildings, the stack effect can be significant because 
of the large difference in wind pressure between upper and lower levels of tall buildings due to the 
shape of the atmospheric boundary layer [44]. This effect can contribute to the acceleration of fire 
spread through the ventilated gap and should therefore be considered in the analysis. However, for the 
relatively short building considered in this study, the stack effect is likely minimal and so the 
simplified approach of modelling the air gap as a solid layer is deemed acceptable. 

A single surface is defined in FDS for modelling the external panel, air gap, and PIR insulation 
simultaneously. The surface is assigned a layered material with thicknesses described in Figure 7 and 
thermal properties described in Table 1. The use of a single surface to represent a multilayer cladding 
panel was necessary to reduce the computational cost of the model given the available computing 
resources. The limitations of this approach should however be taken into account when considering 
the results of this study. 

4.3 Calibrating combustion properties of facade material 
There are two methods for modelling the combustion of materials in FDS. This can be done either 
using pyrolysis models that simulate the chemical decomposition of solid material into combustible 
gases or by using a simplified approach where combustion parameters are imposed explicitly. The 
simplified approach is adopted in the current study where combustion properties of ACP are 
calibrated with data from the DCLG test 1. The calibrated properties include the maximum heat 
release rate per unit area (HRRPUA) and ignition temperature. A t-squared ramp function is also 
calibrated to control temporal development of the heat release rate, which was needed to improve fit 
to experimental data. 

Calibration is performed by varying combustion properties until agreement is achieved between 
temperature profiles from the numerical model and corresponding experimental data. A reasonable 
agreement was achieved by selecting a maximum heat release rate per unit area of 0.51 MW/m2 and 
an ignition temperature of 370 °C. Figure 11 compares temperature plots for thermocouples on the 
main wall shown in Figure 8c. Aside from locations close to the wing wall, the plots in Figure 11 
show reasonable agreement between the FDS model and experiment on the main wall of the facade 
fire test. 
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Figure 11: Thermocouple temperatures on the main wall from experiment and FDS model. Thermocouple error is within 

0.75% of temperature reading. 

There are some limitations of the calibrated material that should be noted. Firstly, the wing wall 
experienced accelerated fire development compared to the experiment, and it was difficult to calibrate 
temperature profiles on the main walls and wing wall simultaneously for the simplified material 
model and coarse grid used. The localised ignition points and the convective heat transfer in the 
proximity of the joint between the wing wall and main wall may have contributed to this issue. 
Calibration based on the main wall was nonetheless deemed adequate for the current study 
considering that the final model involves an external facade that is flush with the fire source. The 
calibrated material would however not be suitable for cases with complex geometries where the 
cladding is not flush with the fire source. 

An important limitation to consider is the uncertainty associated with the properties of the fire source. 
The combustion of the wooden crib is not consistent throughout the volume of the crib due to the 
complex interaction between the combustion of timber and the geometry-dependent ventilation of 
cold air entering the combustion chamber and hot air leaving the chamber. FDS does not capture well 
the impact of the geometry when there is a thermal response from the secondary wing, and this 
contributes to less accurate prediction of temperatures at M1-M2 and M6-M7. Further research is 
needed to resolve this issue which would lead to improved material calibration of combustible 
cladding in FDS. 

Another limitation of note is the lack of validation data beyond the duration of the experiment. 
Because the DCLG fire test was performed for testing fire performance, the test was halted once the 
temperature exceeded performance limits specified by the BS 8414-1 standard. The lack of 
experimental data beyond this point introduces uncertainty in the behaviour of the fully-developed 
fire, such as the maximum temperature at which the material burns. This limitation can be addressed 
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in future studies by performing validation testing where the fire test is continued beyond the point 
where the facade specimen fails the performance criteria specified in fire testing standards. For the 
current study, however, the model is deemed adequate for replicating the initial propagation of facade 
fires as demonstrated by the comparison in Figure 11. The validation of the numerical model could be 
further improved by including an estimation of experimental uncertainty in the comparison, but this 
could not be performed in the current study because details of experimental uncertainty are not 
provided in the DCLG fire test report [38]. 

5 Parametric study on wind and facade fire interaction 

Having validated the wind flow around the building and the combustion properties of the cladding 
material, the final component of this study involves investigating the effect of wind speed and 
direction on the propagation of facade fire for an isolated rectangular building described in section 
2.1. The calibrated facade material from section 4 is applied to the exterior walls of the building on all 
sides, while a non-combustible surface is specified at the roof. 

To simulate a window-ejected flame, a simple burner surface with dimensions of 2.0 m by 1.0 m is 
applied to the centre of the building surface at a height of 3.5 m from the ground. The fire source is 
specified a constant heat release rate of 3.4 MW which is representative of an external flame venting 
from a fully-developed post-flashover room fire [11]. From preliminary simulations with a non-
combustible facade, the heat release rate of the fire source was verified to not be affected by external 
wind conditions. Hence, it should be noted that this study only addresses wind effects on the 
combustion of the external facade, and does not account for wind effects on the development of the 
fire source inside the room. 

The atmospheric wind profile described in section 3 is applied to the inlet boundary of the model. 
Simulation cases are generated by varying the reference wind speed 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 and the direction of the 
wind. All other parameters of the model are kept constant, including the fire source, material 
properties, and mesh configuration. The study involves 9 simulation cases as listed in Table 2. 
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Table 2: List of simulation cases in the parametric study 

Number of cases Wind direction Wind speeds 
1 No wind 
2 Windward 2 m/s, 4 m/s 
2 Leeward 2 m/s, 4 m/s 
2 Side wind 2 m/s, 4 m/s 
2 Diagonal wind 2 m/s, 4 m/s 

 
Figure 12: Wind directions relative to fire source (top view) 

Four wind directions are considered in the study. These are labelled according to the location of the 
fire source relative to the approach wind direction (Figure 12). For the windward cases, the fire source 
is located on the windward surface of the building. Similarly, the fire source is located on the leeward 
surface for the leeward case. The side wind is only considered from one direction due to the symmetry 
of the model. The diagonal wind approaches the windward surface of the building at a 45° angle. For 
each of the wind directions, two highly recurring wind speeds are considered: 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 = 2 m/s and 4 m/s 
at reference height 𝑧𝑧𝑟𝑟𝑟𝑟𝑟𝑟 = 10 m. The 2m/s wind speed aligns closely with the maximum limit in BS 
8414-1 standard for facade fire testing. An additional case with no wind is included to serve as a 
benchmark for investigating the influences of various wind conditions.  

Turbulence modelling and near-wall treatment are performed as per the approach described in section 
2.3. The simulations are initially solved for 30 s with the fire source deactivated in order to initialise 
the wind flow field around the building, and further 900 s (15 min) once the fire source was activated. 
The models are solved on a single computing node with two 6-core Intel (R) Xeon (R) E5-2620 v3 
processors at 2.4 GHz and a total RAM of 64 GB. The average CPU time for each case was 34.6 h. 

Figure 13  shows simulation results of the instantaneous temperature contours of the facade fire under 
the different wind conditions considered in this study. For quantitative analysis of fire propagation, a 
post-processing script was developed using Python 3.8 and the Open-source Computer Vision 
(OpenCV) library to calculate the time histories of fire spread from contours of wall temperature. 
Two metrics were used to quantify fire spread: 

• Vertical spread (meters), calculated as the vertical distance between the fire source (3.5 m 
above ground) and the highest point on the building surface with a wall temperature greater 
than 400°C (approx. the ignition temperature of ACP). 

• Fire spread area (m2), calculated as the total surface area on the building with a wall 
temperature greater than 400°C. 

Windward 
θ = 0° 

Diagonal wind 
θ = 45° 

Side wind 
θ = 90° 

Leeward 
θ = 180° 
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The time history of vertical fire spread is presented in the plots on the left in Figure 14, while the fire 
spread area is presented in the plots on the right. The results in Figure 14 are time-averaged with an 
averaging period of 30 s. 

Figure 15 presents the heat release rate (HRR) from the combustion of the facade material under the 
various wind conditions considered in this study. The plots are calculated by subtracting the heat 
release rate of the fire source (3.4 MW) from the total heat release rate in the simulation. Because the 
HRR of the fire source is assigned using a fixed curve in FDS, the HRR is not expected to be affected 
by external wind conditions. Preliminary simulations were performed using non-combustible 
cladding material to verify that the heat release rate of the fire source remained unchanged for all 
wind conditions considered in this study. 

The total energy released by the combustion of the facade is determined by calculating the area under 
the plots in Figure 15. This provides a convenient metric for quantifying the overall magnitude of the 
fire using a single value. The results are presented in Figure 16 in units of Gigajoules (GJ). 
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Figure 13: Effect of wind direction on facade fire. Plots show instantaneous temperature contours of external flames at 
reference wind speed = 4 m/s.  
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Figure 14: Time histories of facade fire spread under various wind speeds and directions. Plots show vertical fire spread 
(left) and overall fire spread area (right) on the building surface. Results are time-averaged with an averaging period of 30 
s. 
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Figure 15: Heat release rate from the combustion of facade panels under various wind speeds and directions 

 
Figure 16: Effect of wind speed and direction on total energy released from the combustion of facade material  
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6 Results and discussion 

The effect of wind conditions on facade fire propagation is investigated by comparing simulation 
results in section 5 for cases of different wind speeds and directions. The plots of heat release rate 
(Figure 15) and total energy released (Figure 16) provide an overview of wind effects on the facade 
fire. Overall, these plots suggest that the presence of external wind causes a reduction in the intensity 
of the facade fire, with larger wind speeds causing a greater reduction. This indicates that the venting 
effect [13] is dominant for most wind conditions considered in this study. The largest fire occurred in 
the case of no wind where the total energy released during the 15-min simulation was 7.49 GJ (Figure 
16). This is considerably larger than cases with a wind speed of 4 m/s where the total energy released 
ranged from 2.23 to 4.79 GJ depending on wind direction.  

Although the plots of heat release rate and total energy released provide valuable insight into the 
overall fire behaviour, a detailed analysis of facade fire propagation under wind effects can be 
performed by examining results of temperature contours of the external flame (Figure 13) and plots of 
vertical spread and fire spread area (Figure 14). These results are discussed in detail in the following 
subsections. 

6.1 Benchmark case with no wind 
Of all cases considered in this study, the benchmark case with no wind resulted in the fastest vertical 
spread of the fire (Figure 14a), although the fire spread was mostly limited to the centre of the 
building surface (Figure 13a-d). It took approximately 9 min for the fire to reach the top of the 
building (average vertical spread rate = 1.9 m/min), and by the end of the simulation (15 min), 
approximately 32% of the frontal surface area (63.1 m2) was experiencing temperatures above 400°C. 
The lack of external wind seems to provide highly favourable conditions for vertical buoyant forces to 
drive the flame upwards along the building facade. 

The vertical spread rate for the no wind case (1.9 m/min) is lower than that observed in the initial 
stages of the Grenfell Tower fire (3.6 m/min) where the same cladding material was used [45]. This 
discrepancy could be explained by differences in the heat release rate of the initial fire source. The 
initial fire in the Grenfell incident was estimated to be as high as 4 MW [46] which is greater than the 
3.4 MW fire used in this study. This may have contributed to the greater vertical spread rate in the 
Grenfell fire. Despite this discrepancy, the vertical spread rate achieved in this study is still a 
reasonable reflection of an ACP facade fire given that it falls within the uncertainty range given for 
the quantitative analysis of the Grenfell fire by Guillaume et al. [45]. 

6.2 Effect of perpendicular wind 
Results from the windward cases indicate that external wind acting perpendicular to the fire source 
causes an initial delay in the vertical spread of the fire (Figure 13e-f). This delay is influenced by 
wind speed. As shown in Figure 14a, a wind speed of 2 m/s resulted in a minor delay compared to the 
case of no wind (10 min to reach the top of the building), while a wind speed of 4 m/s resulted in a 
considerable delay and reduction in the total vertical spread.  At t = 15 min, the total vertical spread 
was 16.6 m for both the no wind case and for 2 m/s wind, while the 4 m/s case had a total vertical 
spread of 12.2 m. This corresponds to a 26% reduction in total vertical propagation for the 4 m/s case. 

The reduction in vertical fire propagation under perpendicular wind may be attributed to the formation 
of a high-pressure stagnation region on the windward surface that could inhibit the initial spread of 
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the flame as seen in Figure 13e-f. Moreover, the presence of perpendicular wind may have generated 
a downdraft on the windward surface that counteracts the vertical buoyant forces generated by the fire 
plume, thereby reducing the speed of vertical fire propagation. This finding aligns with previous 
research that reports a reduction in flame height under perpendicular wind [13, 14]. 

Despite a reduction in vertical propagation, the windward case of 4 m/s experienced only a minor 
reduction in the total area of fire spread. Figure 14b shows that at 15 min, the total area on the facade 
with temperatures greater than 400°C was 65.2 m2 for the cases of no wind and 2 m/s, while the case 
of 4 m/s showed only a marginal reduction (< 5%) with a fire spread area of 58.4 m2. The windward 
case of 4 m/s experienced greater lateral fire spread towards the side edges of the building compared 
to the case with no wind (Figure 13h). The lateral spread is likely due to the behaviour of the 
approaching wind that, once blocked by the presence of the building, is forced to travel around the 
side edges and above the top edge at accelerated speeds carrying the flames with it. 

Hence, perpendicular wind tends to inhibit the vertical spread of fire while increasing the lateral 
spread along the windward surface; however, the extent of this influence is largely dictated by the 
wind speed. 

6.3 Effect of leeward wake 
In the leeward cases, the wind is approaching from the opposite direction of the fire source, so the 
facade fire occurs on the leeward surface that is encompassed by the wake of the building. Figure 14c 
indicates that the leeward wake resulted in a considerable reduction in vertical fire propagation. For 
wind speeds of 2 m/s and 4 m/s, the maximum vertical spread at 15 min was 9.4 m and 8.4 m, 
respectively. This represents a 43-48% reduction in total vertical spread compared to the case of no 
wind. This is likely due to large negative pressures in the wake region causing the fire to be drawn 
away from the building surface, thereby resulting in a reduction of vertical fire spread. 

Despite a considerable reduction in vertical spread, the leeward cases experienced a large amount of 
lateral spread which resulted in an overall fire spread area that is comparable to the no wind case at 15 
min (Figure 14d). The lateral spread of fire in the leeward wake is likely driven by the vortex 
shedding phenomenon that causes the fire plume to fluctuate back and forth as shown in Figure 17.  
The frequency of vortex shedding is known to be influenced by many factors including wind speed 
and building shape and size. However, it is not clear how changes in vortex shedding behaviour will 
affect facade fire propagation. This is an important issue to consider in taller buildings where stronger 
vortex shedding behaviour is more likely to occur.   
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Figure 17: Side-to-side fluctuation of facade fire in leeward wake during a 5 s period. Reference wind speed = 4 m/s. 

Although the shedding of vortices is known to be influenced by wind speed, this seems to have a 
minimal effect on fire spread behaviour for the building considered in this study. Figure 14c-d shows 
similar plots for wind speeds of 2 m/s and 4 m/s. At t = 15 min, the higher wind speed of 4 m/s only 
resulted in a marginal reduction of vertical spread (< 10%) and total spread area (< 5%) compared to 
the 2 m/s case. 

Overall, the results indicate that the leeward wake is likely to reduce the vertical propagation of 
facade fire considerably, while only marginally reducing the overall fire spread area due to increased 
lateral spread. Moreover, fire spread in the leeward wake is not significantly affected by wind speed. 

6.4 Effect of side wind 
The presence of side wind caused a reduction in the vertical spread and total fire spread area 
compared to the case of no wind (Figure 14e-f). Interestingly, the presence of side wind caused the 
flame to tilt in the opposite direction to the approaching wind (Figure 13m-p). This contradicts 
findings in the literature that report tilting of the flame in the direction of the side wind in facade test 
sections [15-19]. Nonetheless, this behaviour can be explained by the flow structures generated at the 
sides of the rectangular building (Figure 2). Flow separation that occurs at the leading edges creates 
large wake regions on the sides of the building with large negative pressures occurring immediate 
downstream the leading corners. The large negative pressures produce a recirculating flow that draws 
the flame towards the leading edge of the building (Figure 18a). This behaviour of reverse flow in the 
wake region is a well-established phenomenon in wind-engineering literature [47-50]. Notably, the 
fire is unable to spread beyond the leading edge (left edge in Figure 13m-p) due to the presence of a 
strong streamwise wind shear layer at that location. The flames spread upwards once they reach the 
leading edge. 

The discrepancy between the current findings and previous studies can be explained by differences in 
the geometries being considered and resulting differences in the size of the wake regions. Previous 
studies on side wind were performed for thin facade sections which are expected to generate minimal 
flow separation and smaller side wakes. In such cases, the fire is expected to tilt towards the 
downwind direction under the influence of side wind rather than experiencing large negative pressures 
that draw the flame toward the upwind direction as seen in the rectangular building of this study. 
These results highlight the importance of including the full building geometry and resulting flow 
fields when assessing wind effects on facade fires.  
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It should be noted that the results of fire spread under side wind may have been affected to some 
extent by limitations of the FDS model in replicating the flow field near the side walls as described 
previously. Despite the FDS model underpredicting the size of the wake region, the generated wake 
was still sufficient to fully encompass the side walls of the rectangular building and to produce the 
distinctive reverse-flow behaviour seen in Figure 18a. This suggests that the general behaviour of fire 
spread under side wind was not affected by limitations of the FDS model, although further 
improvement to flow field predictions in FDS is needed to improve confidence in the quantitative 
results. 

 
Figure 18: Top view of flow past building at z/H = 0.625 for cases of (a) side wind and (b) diagonal wind. Close-up view of 
flow near the fire source is shown on right. 

6.5 Effect of diagonal wind 
The case of diagonal wind experiences very different behaviour to side wind. The lack of flow 
separation for the diagonal case results in an undisturbed and streamlined parallel flow near the 
building surface (Figure 18b). As a result, the fire plume experiences very strong tilting in the 
direction of the wind (Figure 13q-t). This behaviour is consistent with studies on side wind in facade 
test sections [15-19]. 

For the diagonal cases, the wind speed seems to have a considerable influence on the rate of vertical 
and overall fire spread (Figure 14g-h). The case of 4 m/s experienced the lowest fire spread of all 
cases considered in this study with a maximum vertical spread of 3.2 m and a total spread area of 13.5 
m2 at 15 min. The case of 2 m/s experienced considerably larger values of fire spread compared to 4 
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m/s with a vertical spread of 10.3 m and a total spread area of 30.1 m2 at 15 min. However, these 
values are still considerably lower than the benchmark case of no wind.  Hence, it may be concluded 
that larger wind speeds for the diagonal cases reduce the risk of fire propagation. However, the strong 
tilting of the flame towards the downwind direction as seen in Figure 13t could potentially lead to 
further spread of fire to the side surfaces of the building. 

6.6 Increased risk of fire propagation under variable wind conditions 
The results presented so far indicate that the presence of external wind is likely to inhibit fire spread 
during the initial stages of facade fire development. These cases were performed with constant wind 
conditions that are present from the initial ignition of the facade and remain unchanged for the entire 
duration of the simulation. Under such conditions, the presence of any combination of wind speed and 
direction was seen to reduce the risk of fire propagation compared to the case of no wind. However, 
real wind conditions can vary with time and this can potentially increase the risk of fire propagation. 
To demonstrate this point, an additional case is performed with variable wind conditions that are 
likely to increase the risk of facade fire propagation. These conditions were selected based on the 
findings of this study with the aim of maximising fire spread. The simulation is performed for a total 
duration of 30 min divided into three segments as follows: 

• t = 0 - 10 min: no wind to allow for initial fire development (Figure 19a) 

• t = 10 – 20 min: diagonal wind with 𝜃𝜃 = 45° and 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 = 4 m/s (Figure 19b) 

• t = 20 – 30 min: wind direction is changed to 𝜃𝜃 = -45° while wind speed is unchanged at 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 
= 4 m/s (Figure 19c) 

The results of the variable wind case are presented in Figure 19, where it can be seen that the lack of 
external wind from t = 0 - 10 min causes the fire to spread vertically (Figure 19a) at a rate equivalent 
to that of the no wind case (Figure 19d). As a diagonal wind is introduced at t = 10 min, the vertical 
plume that has already developed experiences lateral spread to the downwind direction. This causes 
the fire to reach the trailing edge of the building and spread to the side wall (Figure 16b). At t = 20 
min, the total fire spread area for the variable wind case has increased by 17 % compared to the case 
of no wind (Figure 19d). 

As wind conditions are varied again at t = 20 min, the fire undergoes further lateral spread on the 
main wall but in the opposite direction, reaching the left edge of the building (Figure 19c). The wind 
also causes further lateral spread of fire on the side wall that has now fully ignited. This increases the 
total fire spread area on the building facade from 113.1 m2 for the case of no wind to 170.1 m2 for the 
case of variable wind, which represents a 50% increase in total fire spread area at t = 30 min. 

An animated comparison of fire spread for variable wind and no wind cases is presented in Appendix 
A. 

The variable wind conditions in this study have been specifically selected to maximise fire spread, but 
these conditions are not unrealistic. The results clearly demonstrate the potential of a synergistic effect 
and a resulting increased risk of facade fire spread under variable wind conditions. These effects 
should be considered when assessing the fire safety of buildings.   
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Figure 19: Fire spread on building facade under variable wind conditions at (a) t = 10 min, (b) t = 20 min, and (c) t = 30 
min. Plot (d) compares the fire spread area on the building surface with temperatures greater than 400°C. 

7 Conclusions 

This study investigated the influence of wind speed and direction on the propagation of facade fires in 
an isolated rectangular building. A computational fluid dynamics (CFD) model was constructed in 
Fire Dynamics Simulator (FDS) and validated with experimental data from wind tunnel and facade 
fire tests. A series of parametric studies with four wind directions and two wind speeds were 
performed with the validated model. The main conclusions from this study are summarized as 
follows: 

• Wind flow patterns generated by the building geometry were found to dictate the behaviour of 
facade fire propagation. The full building geometry and resulting wind flow patterns need to 
be considered when assessing wind effects on facade fires. 

• Both wind speed and direction have a considerable influence on facade fire propagation. The 
case of no wind experienced the quickest vertical propagation but with minimal lateral spread. 
Perpendicular wind inhibits the vertical spread of fire while increasing the lateral spread along 
the windward surface. The leeward wake region generates highly unstable conditions that 
increase the lateral fire spread while reducing vertical propagation. 

• For the rectangular building considered in this study, side wind caused the fire to spread 
laterally in a direction opposite to the wind flow, while diagonal wind caused a very strong 
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lateral spread in the downwind direction. These behaviours are explained by differences in 
near-wall flow structures generated under the influences of side and diagonal winds. 

• There is a synergistic effect on the spread of facade fires with variable wind conditions. Once 
the fire has fully developed; the presence of wind can considerably increase the risk of fire 
spread along multiple facade surfaces on the building. Variable wind conditions need to be 
considered when assessing the fire safety of buildings. 

The study reveals interesting aspects of wind and fire interaction that could contribute to reduced fire 
safety performance in building facades. Most notably, the increase in lateral fire spread due to side 
wind and diagonal wind can potentially reduce the effectiveness of fire protection features such as 
overhangs and balconies as lateral spread can cause the fire to penetrate the space between these 
protective features. Further research is needed to investigate the performance of these safety features 
under temporally varying wind conditions and for complex building geometries. 

Due to the large number of parameters included in this study and limitations in available computing 
resources, the study only considered a limited range of wind speeds and directions. Although these 
were sufficient to provide an insight into the general behaviour of wind and fire interaction under 
highly recurrent wind speeds, further research is needed to consider intermediate values of wind 
speeds and direction not considered in this study, as well as considering the effect of extreme wind 
events. 

A notable limitation of the study is the use of a simplified approach for modelling the ACP material, 
where a single surface was used to model the entire cladding system. This approach has considerable 
limitations as it does not account for the combustion of individual cladding components and excludes 
the modelling of fire spread in the air gap between the ACP panel and the insulation layer. The 
simplified material was calibrated to replicate the general fire spread behaviour of ACP which was 
deemed adequate for the purpose of investigating wind and fire interaction at the full building scale. 
This limitation should however be addressed in a future study with more intricate models of ACP and 
other cladding systems. 

The study assumed a fully-developed, post-flashover flame as the fire source for the initial ignition of 
the facade. The study does not account for the effect of external wind on the initial development of the 
localised fire inside the room, and further research is needed to include this effect in the model. The 
study also does not account for the development of secondary fires caused by the re-entry of the 
external flame through openings. Modelling these behaviours requires accounting for the interactions 
between external and internal parameters which considerably increases the complexity of the model. 
The influence of secondary fires on facade fire spread under wind effects is an important area for 
future research. 

Further research is also needed to investigate other parameters not considered in this study including 
the effect of inflow turbulence and turbulence generated by nearby structures, as well as the influence 
of the stack effect within the ventilation gap between the exterior facade panel and internal insulation. 
These will improve confidence in the fire safety performance of building facades under various wind 
conditions. 
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Appendix A. Supplementary data 

[INSERT LINK TO VIDEO HERE] 

Video caption: Side-by-side comparison of fire spread under no wind and variable wind conditions. 
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