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A B S T R A C T   

A parametric experimental study was performed to characterise the fire spread dynamics in a simplified venti-
lated façade using a medium-scale testing rig comprised of a non-combustible and a combustible cladding wall 
(1800 × 600 mm). Three different cavity widths and four different cladding materials were tested. Measurements 
of the flame height, the incident heat flux on the non-combustible cavity wall and oxygen consumption calo-
rimetry were performed. A strong relationship between flame height and heat release rate was found for the 
growth phase of the fire. It has been shown that the time for encapsulation failure and subsequent cladding 
material core ignition decreased as the cavity width was reduced since the heat transfer to the walls was 
enhanced. The increase in the heat transfer to the opposite wall with all the materials could lead to external heat 
fluxes above the critical heat flux for ignition of a number of combustible cladding materials. This highlights the 
importance of considering the interaction of the products used in the façade and its geometry for the design of 
façade assemblies when accounting for the fire performance of the system. The results also show the need to 
understand the impact of the interaction between the design variables and the system performance, since the 
material performance observed at bench-scale may fail to capture the performance in heat transfer and flame 
spread scenarios observed at a system scale.   

1. Introduction 

1.1. Background 

Contemporary building envelopes are a practical way to lower en-
ergy consumption. Modern façades however have been shown to have 
performance in fire which is difficult to predict and their installation has 
often disregarded their impact of fire spread via the external building 
envelope on a building’s fire safety strategy. This has led to an increase 
in the number of high-rise building fires with unacceptable fire safety 
outcomes [1]. The Shanghai fire, which claimed 58 lives [2], and the 
Grenfell Tower fire, which claimed 72 lives [3], stand out among these 
fires. 

The spread of fire from one floor to another has the potential to 
compromise a building’s fire safety strategy if the consequences of this 
scenario are not adequately addressed. Whilst there are numerous 
mechanisms by which vertical fire spread can occur, in the two examples 
given in the previous paragraph the façade played a critical role in this. 
Therefore, determining the ability of fire to propagate via a building’s 

façade system and quantifying the potential fire spread rates become 
necessary to ensure that a fire safety strategy is able to meet the 
fundamental objectives of fire safety design [4]. Numerous efforts have 
been made to quantify the potential fire spread rate in facade systems. 
However, upward flame spread within a facade assembly often features 
multiple competing and interacting phenomena such as heat transfer 
mechanisms, thermal decomposition and thermomechanical effects, as 
discussed by Torero (see Fig. 1 a)) [5]. It is still unknown how to address 
these complicated systems in order to provide a quantitative perfor-
mance assessment that enables fire safety engineers to clearly define an 
effective fire safety strategy. 

1.2. Upward flame spread in parallel walls 

Flame spread is a fundamental problem in fire research, and its 
characterisation has practical value in fire safety. For flame to propagate 
on a solid surface, sufficient heat must be transferred from the burning 
region to the unburned solid to heat and pyrolyze a length of unburnt 
fuel. Rate of heat transfer and the length over which it occurs heavily 
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influences the flame spread rate over the fuel. Extensive research 
regarding the controlling mechanisms of flame spread is available in the 
literature [7–11]. 

Upward flame spread over a solid fuel is a specific case of a con-
current flame spread problem, where the buoyancy-induced flows are 
driven upward. When occurring on a single vertically configured sur-
face, upward flame spread is considered a self-accelerating process. 
Once a second surface is included this is considered as flame spread 
within a cavity. The upward flame spread in these scenarios is influ-
enced by a number of factors including the properties of the fuel, the 
ventilation and geometry of the cavity, and the presence of any fire 
retardants. 

1.2.1. Effect of cavity width 
One of the key factors that affects upward flame spread in cavities is 

ventilation. Adequate ventilation can provide oxygen necessary to sup-
port the combustion process and enhance chimney effects (See Fig. 1 
(b)), while insufficient ventilation can lead to a decrease in the flame 
spread rate, even leading to quenching of the flame for cavities with 
small enough separation. Several studies have been conducted relating 
the effect of the separation of parallel surfaces on the flame spread over 
combustible materials. Shi and Wu conducted an experimental study to 
characterise the upward flame spread over solid fuels and the effect of 
interactions between multiple surfaces. The authors found that the flame 
spread rate exhibits a non-monotonic behaviour in respect to the sepa-
ration of the walls. This is because: 1) the convective and radiative 
thermal exchange between flames and solids increases the forward heat 
transfer rates to the solids, and the interactions become stronger as the 
separation distance is reduced; however, 2) when the separation be-
tween the walls is very small, the flames present in the cavity have 
restricted thermal expansion in limited space and a shortage of oxygen 
availability which leads to a lower rate of spread if compared with in-
termediate separation distances [12]. It has elsewhere been observed 
that the presence of a second wall enhances the thermal heat transfer to 
the solids [13–15] and hence flame spread rate is faster for the parallel 
wall configuration than that for a single fuel [12]. Zhao et al. developed 
an experimental study on the effects of including an opposed vertical 
wall on upward flame spread over polymethyl methacrylate (PMMA). It 
was observed that the flame height first increases and then decreases 
with an increase in the gap between the curtain walls, before reaching a 
constant value [16]. 

Some studies have considered flame spread on façade assemblies 
comprising a number of cladding materials. Ma et al. conducted an 
experimental study on interlayer effect induced by a curtain wall on the 
burning behaviour of a flexible polyurethane insulation foam (800 mm 

long, 200 mm wide, 20 mm thick). The study found that average flame 
height first increased and then decreased as the distance between the 
insulation foam and the curtain wall increased. A critical distance for the 
largest flame height was found at a separation of 0.10 m [17]. An et al. 
investigated the effects of a parallel curtain wall on downward flame 
spread on insulation materials (600 mm long, 100 mm wide, 40 mm 
thick) used in façades. It was found that the flame height has a 
non-monotonic distribution with wall separation. The authors 
concluded that the total heat feedback from the curtain wall to the 
façade material decreases exponentially with the decrease of separation 
and that the radiant feedback is the dominant heat transfer mechanism 
compared with convective heat transfer [18]. Although these studies 
present interesting findings on the mechanisms of flame spread on 
insulation foam materials, the sample size is reduced to thin slabs of pure 
material, which disregards possible edge effects and the role of the 
encapsulation layer on fire spread. Additional research was conducted at 
the University of Edinburgh to investigate the fire spread in Grenfell 
Tower [19] and the flammability of the materials used in the tower [20], 
specifically the aluminium composite panels (ACPs) and insulation 
products. This research demonstrated that there is an extreme 
complexity in the growth of fires in ventilated facades incorporating 
combustible cladding or insulation products. This study concluded that 
the factor most likely to drive the fire growth and spread over the ACP is 
whether the opposing wall provides heat to the region far away from the 
ignition leading to a self-sustaining fire growth regardless of the 
combustibility of the opposing wall [19]. The work also evaluated the 
effect of encapsulation on the insulation foam and investigated the key 
phenomena leading to sustained fire growth in a cavity with combus-
tible materials for both walls. The study however was not intended to be 
generalised, was focused on a very specific setup and concerned the 
ignition and burning of the ACP PE and the factors affecting this, 
including the presence of the cavity, the effect of the insulation prop-
erties, and the presence of encapsulation on the insulation foam. 

1.2.2. Effect of material properties 
The flammability properties of the fuel also have a significant impact 

on the flame spread rate in modern facades. McLaggan et al. [21] pre-
sented common trends in the ignition and burning behaviour for clad-
ding materials in a systematic bench-scale study using the Cladding 
Material Library [22]. The authors highlighted that organic content is a 
poor indicator of the fire performance and that a proper assessment of 
the flame spread in bench-scale tests needs to be conducted. McLaggan 
et al. [23] found the ratio of time to ignition and the time to burnout 
(tig/tbo) and the preheated flame length (Lph) as the critical limiting 
conditions for evaluating flame spread which can ultimately be 

Fig. 1. (a) Physical phenomena in upward flame spread in a cavity (adapted from Ref. [5]). (b) Flame spread in a façade (adapted from Ref. [6]).  
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evaluated at the material-level, through an analysis of the flame spread 
velocity equations. Torero [24] presents a thorough review and detailed 
analysis and similarly presents the importance of Lph. Other relevant 
material and bench scale flammability properties for the prediction of 
flame spread include but are not limited to thermal inertia, ignition 
temperature, and heat released by the material. Another important 
factor that affects upward flame spread is the presence of any 
fire-retardant materials which are able to suppress the flame and prevent 
heat feedback to the material. 

1.3. Research significance 

The aforementioned effect of different variables and phenomena 
needs to be decoupled in order to reach a better understanding of the fire 
dynamics, based on a gradual increasing in complexity of the system 
studied. The authors previously presented a study of fire dynamics in 
ventilated cavities with non-combustible linings [13], which high-
lighted the impact of reducing the cavity width on heat transfer and the 
potential of this design variable to accelerate the ignition and flame 
spread over combustible materials. This paper presents a parametric 
experimental study that characterises the effect of cavity width and 
material flammability on the upward flame spread on the same setup but 
with one surface replaced with combustible cladding materials, as well 
as the heat transfer to the non-combustible lining. This removes the 
complexity of two materials burning simultaneously in a typical venti-
lated façade assembly as has partly been explored by Bisby [19], but still 
generates useful data on a single burning surface within a cavity setup. 
The findings of this paper will contribute to an improved understanding 
on the effect of this variables on the upward flame spread on a façade 
assembly. 

2. Material and methods 

2.1. Experimental setup description – dimensions and lining properties 

The experimental setup consisted of two 600 mm wide, 1800 mm 
high walls placed in a parallel configuration and mounted on an 
aluminium frame (see Fig. 2(a)),b)). One of the walls was made of 
vermiculite and is referred as the “non-combustible wall”. The thermal 
properties for this material are presented as supplementary data in 
Table S1 and are provided by the manufacturer [25]. The combustible 
linings were installed in the opposite wall featuring one of two types of 
Aluminium Composite Panels (ACPs) or one of two types of Insulation 
foam (INS). This opposite wall was mounted over movable elements that 

allowed to slide the support element to provide the desired cavity width. 
The cavity widths were chosen to match the values in a previous study 
[13].The thermal properties of the combustible linings were determined 
using the Detailed Testing Protocol from the Cladding Material Library 
(CML) [26] and are presented in Table 1). 

All of the tested cladding materials were covered by encapsulating 
elements. Combustible insulation foams featured a foil front, while ACPs 
featured a polymeric core covered by a metallic encapsulation 
(aluminium). The role of this encapsulation element is crucial to the fire 
growth in each of these cladding systems. The encapsulation may pre-
vent or slow the pyrolysis gases from combining with air and igniting, 
which delays the ignition of the polymeric cores. Besides the thermal 

Fig. 2. Experimental setup components (a)Schematic Lateral view. (b)Schematic plan view with ACP (top), and insulation foam (bottom). (c)Lateral view.  

Table 1 
Cladding materials properties.  

Material ACP-FR ACP-PE PIR PF 
Description 

(CLM key 
name) 

ACP with a 
core 
consisting of 
polyethylene 
and a fire 
retardant 

ACP with a 
core 
consisting of 
polyethylene 

Polyurethane- 
based 
polyisocyanurate 
foam (INS01) 

Phenolic 
foam 
(INS02) 

Gross heat of 
combustion 
(kJ/g) 

20.14 38.98 30.0 26.5 

Apparent 
thermal 
inertia 
(kW2s.K−2. 
m−4) 

1.122 1.273 0.037 0.080 

Ignition 
temperature 
(◦C) 

423 321 458 417 

Critical heat 
flux for 
ignition 
(kW⋅m−2) 

19.5 11.5 23.0 18.9 

Heat flux 
range 
(kW⋅m−2) 

35–60 35–60 35–60 35–60 

Peak heat 
release rate 
per unit area 
(kW⋅m−2) 

131–175 397–615 150–223 62–89 

Core thickness 
(mm) 

3 3 80 80 

Encapsulation 
thickness 
(mm) 

0.5 0.5 0.01 0.01  
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properties of the materials, the encapsulation has an effect on the heat 
transfer, since the decreased emissivity of the foil facing elements means 
that they reflect a small portion of the radiation from the flame or a 
heated opposite wall. Once the encapsulation is compromised a fast fire 
growth and spread is observed. 

2.2. Burner 

A sand methane burner was placed at the base of the parallel walls to 
serve as source of fire. The heat release rate was fixed at 16.8 kW 
(corresponding to a HRR per unit length of the burner of 35 kW/m). The 
heat release rate was controlled using a Teledyne HFC-D-303B mass flow 
controller. The length of the burner was kept constant at 480 mm. This 
parameter was set to be shorter than the wall width to avoid having 
flames escaping the cavity in the early stages of the fire, i.e. before any 
ignition of the combustible linings. The width of the burner was modi-
fied to match the width of the cavity by having an aperture at the top of 
the burner which had the fixed length and width corresponding to the 
cavity wall. This configuration was also set with the intent to use pre-
viously obtained data that corresponds to a semi steady state where the 
flame of the burner was constrained between two non-combustible 
parallel walls [27]. The experimental configurations which were 
investigated are presented in Table 2. 

Three different cavity widths were used for each cladding material 
by mounting the non-combustible wall over movable elements that 
allowed to provide the desired cavity width. Tests were run for 90 min, 
unless the fuel was completely consumed and HRR returned to 0, in 
which case the test was stopped after a further period of 5 min. In one 
case, marked with an asterisk, the test was stopped early because smoke 
escaped the hood and represented a safety hazard in the lab. Nonethe-
less, results in this paper focus on the fire growth phase, and the 
termination of the test therefore has no impact on the analysis. 

Every test was carried out twice. The intent of the setup is to reach a 
better understanding of the effect of the variation of the cavity width and 
material properties on the flame spread velocity and burning rate. The 
experimental setup was placed under an extraction hood in order to 
measure the heat release rate of the fire. The HRR from the burner is 
subtracted from the total HRR in the results presented below. The HRR 
was determined using Oxygen Consumption calorimetry. All the tests 
were recorded on video in order to extract the flame height of the fire 
generated by the burner. 

2.3. Flame height and flame spread velocity determination 

Flame heights were measured as the tip of the continuous flame from 
an individual frame per second, extracted form a video taken during the 
tests (see Fig. 2 c)) during the duration of the test. A reference frame was 
included into the experimental setup to calibrate the height and to ac-
count for visual effects due to perspective. The flame height profile was 
smoothed and converted into flame spread velocity by using Eq. 1 

Vs =ΔLf

/

Δt (1) 
The data for the flame spread velocity is presented for a subset of the 

experiments in the supplementary data. 

2.4. Heat flux calculation and measurement 

The non-combustible wall was equipped with thin-skin calorimeters 
(TSCs) to calculate the total external heat flux, and 1.5 mm type-K 
thermocouples in order to measure the gas-phase and solid-phase tem-
peratures. The specifications for the TSCs are described in more detail by 
Mendez et al. [13]. Fig. 3 (a) shows the location of the temperature 
sensors. The heat flux impinging the ancillary wall arises because of the 
heat provided by the flame of the burner and the combustion of the 
combustible lining. The TSCs were then grouped on different regions to 
characterise the spread of the flames along the combustible lining as 
indicated in Fig. 3 (d). 

The total external heat flux on the wall was defined as the sum of a 
radiative and a convective component. 
˙qT

″ = ˙qr
″ + ˙qc

″ (2) 
The radiative component was calculated using the methodology 

proposed by Hidalgo. et al. [28], as described by Eq. (3). 

q̇’’
r (Ts) =

1

αTSC(1 − C)

[

ρδCP

dT

dt
+ εTSCσ

(

T4
s − T4

gas

)

+ hc(Ts − T∞)

]

(3)  

where αTSC is the absorptivity of the TSC metal disc, C is a correction 
factor for the heat transfer by conduction, ρ TSC is the density of the TSC 
metal disc, δTSC is the thickness of the disc, CP,TSC is the specific heat 
capacity of the disc, εTSC is the emissivity of the disc, σ is the Stefan- 
Boltzmann constant, Ts is the solid-phase temperature measured by 
the TSC and T∞ is the environment temperature. While the convective 
component was defined as: 
˙qc

″= hc

(

Tgas −T∞

) (4) 
The validation of the Thin Skin Calorimeters (TSCs) is out of the 

scope of this study since these have already been validated previously 
[28] and used elsewhere as reported in the literature [13,29]. Addi-
tionally, the wall comprised of the cladding material was instrumented 
with 5 in-depth thermocouples positioned in the centreline of wall, 
beneath the encapsulation layer facing the fire, in order to measure the 
in-depth temperature for the combustible material at heights of 100, 
500, 900, 1300 and 1700 mm. A discussion of this data is not included in 
this manuscript since this does not add value for or against the conclu-
sions already drawn using the other instrumentation. 

2.5. Estimation of experimental errors 

A summary of the sources of uncertainty linked to experimental error 
are presented in Table 3. The total expanded uncertainty is calculated as 
the sum of the root-sum square of the systematic uncertainties (Bt =

RSS(Bi)) and the Root-sum square random uncertainties (St = RSS(Si)), 
corrected by a factor of 2, to account for a 95 % confidence interval (2 
standard deviations) as defined by the ASME/ANSI Performance Test 
Code [30], as per Eq. (5). 

Ut = 2

(

(

Bt

2

)2

+ (St)
2

)0.5

= 2Ct (5) 

The uncertainties for the instruments were determined based on 
statistical methods, specifications of the instrument, calibration reports 
and random uncertainties. Thermocouples had a calibration uncertainty 
of ±1.5 ◦C or ±0.55 % of the measurement reading. The error due to 
radiation was deemed to be between 0 % to −6 % according to available 
literature [31]. TSCs had a calibration uncertainty of ±3 %, and 

Table 2 
Experimental campaign conditions. Two repetitions (R1/R2) were carried for 
each configuration.  

Test Cavity width (W) [m] Material 
ACP FR-W050-R1/R2 0.05 ACP-FR 
ACP PE-W050-R1/R2* 0.05 ACP-PE 
ACP FR-W100-R1/R2 0.10 ACP-FR 
ACP PE-W100-R1/R2 0.10 ACP-PE 
ACP FR-W150-R1/R2 0.15 ACP-FR 
ACP PE-W150-R1/R2 0.15 ACP-FR 
PIR-W050-R1/R2 0.05 PIR 
PF-W050-R1/R2 0.05 PF 
PIR-W100-R1/R2 0.10 PIR 
PF-W100-R1/R2 0.10 PF 
PIR-W150-R1/R2 0.15 PIR 
PF-W150-R1/R2 0.15 PF  
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uncertainty related to the radiative heat transfer balance of ±4.5 %, as 
determined in previous studies [13,28]. The uncertainties associated 
with the calorimetry can be related to the calibration of the zero and 
span gases (±1 %) and averaging errors due to the sampling lines (±7 
%). An additional random uncertainty of ±3 % was added for all the 
measurement devices, as indicated by per previous studies on experi-
mental uncertainty [31,32]. 

The obtained values for the combined standard uncertainty and total 
expanded uncertainty are in line with values for experimental studies 

available in the literature [31–33]. 

3. Results 

The results and discussions presented in this work are mainly focused 
on identifying general trends regarding the contributions of both clad-
ding materials and cavity size to the overall fire growth. 

Fig. 3. a) Location of the thermal sensors on the vermiculite wall. b) Detailed location of TSCs and TCs. c) Camera location - plan view. d) Groups of thermal sensors.  

Table 3 
Measurement of experimental uncertainty.  

Sensor Uncertainty source Type of uncertainty Uncertainty (Si or Bi) Combined Standard Uncertainty (Ct) Total expanded uncertainty (Ut)

Thermocouple Calibration B ±0.55 % −5.2 to 3.0 % −10.4 to 6.1 % 
Radiation B −6.0 to 0 % 
Random S ±3.0 % 

TSCs Calibration B ±3.0 % 4.9 % 9.7 % 
Radiative heat balance B ±4.5 % 
Random S ±3.0 % 

Gas Analyser Zero and span gas calibration B ±1.0 % 5.9 % 11.7 % 
Equipment uncertainty B ±1.0 % 
Mixing and averaging B ±7.0 % 
Random S ±3.0 %  

Fig. 4. Cladding materials after test completion.  
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3.1. Material behaviour 

The fire growth was heavily dependent on the thermal degradation 
of the different cladding products. Footage of the aftermath of the ex-
periments is used to describe the behaviour of the samples and its 
relationship with fire growth. Fig. 4 shows the cladding materials after 
the test was completed. 

The thermal degradation of the ACPs used in this study were 
considerably different both in regards of the failure of the encapsulation 
and the subsequent fire spread over the polymeric core. Even if melting 
of the encapsulation was observed for both products it led to two 
different subsequent behaviours, as shown in Fig. 4 (a) and (b). 

ACP-PE: ACP- PE presented a rapid upward fire spread that gener-
ated melting of both the polymeric core and the encapsulation layer 
facing the cavity even reaching the melting of the external encapsulation 
layer (See Fig. 4(a)). 

ACP-FR: The failure of the ACP-FR encapsulation was limited and a 
discolouration of the pigments of the encapsulation was noticed. No 
sustained flaming of the polymeric core was observed and the residue of 
the combustion made evident the action of the fire-retardant agent as 
depicted in Fig. 4(b). 

PF: Popping noises were noticed at early stages of the test, even 
before the encapsulation foil was breached. Those noises have been 
previously observed by Hidalgo et al. [34] and are believed to be caused 
by spalling, as well as by Scudamore when testing these type of foams in 
the cone [35]. Additional to the aforementioned sounds, the authors 
observed foam fragments being ejected from the surface, as previously 
observed by Scudamore [35]. PF has been shown to char and oxidise 
severely. This oxidation profile can be seen in Fig. 4 (c). This insulation 
foam may also ignite quickly when exposed to heat flux values higher 
than the critical, due to its low thermal inertia. The encapsulation pre-
vents this process from happening, but once this protected layer is 
breached and detaches from the PF, the insulation foam is charred and 
oxidised. At low heat flux values PF forms a char layer. If this layer 
reached a critical depth, the unburnt fuel did not receive enough heat to 
produce sufficient pyrolysis gases, which led to extinguishment. 

PIR: The aluminium foil encapsulation laminated to both faces of the 
foam reduced the heat transfer by radiation, delaying the processes of 
oxidation and pyrolysis. Fig. 4 (d) shows the PIR foam after the testing 
concluded and the aluminium foil was peeled off. The portion of the 
foam where the encapsulation did not fail preserved its original yellow 
colour, whereas the regions where the encapsulation was breached 
suffered discolouration has three different distinct with an oxidised 
orange-brown layer finally followed by a black char layer. As with the 

other insulation foam it is believed that once a critical char layer depth 
was reached, the energy provided by the burner was not enough to 
sustain the combustion and the flame spread stopped. 

3.2. Fire growth 

The heat release rate for all the combustible linings installed 0.1 and 
0.15 m apart from the non-combustible wall are depicted in Fig. 5. All 
times are measured from the time the gas burner was ignited. 

The fire from the burner did not considerably spread across most of 
the linings for the 150 mm gap configuration, with the exception of the 
ACP- PE (see Fig. 5, left). It can be observed that for the FR ACP and both 
insulation foams, the HRR remained almost constant for the duration of 
the experiment. For the tests with ACP-PE, once the aluminium encap-
sulation failed (at 9 and 17 min for repetitions 1 and 2 respectively), the 
fire rapidly spread along the polyethylene core. This led to the largest 
peak HRR among all the components for this cavity width, around 200 
kW. 

These results are consistent with the values corresponding to the 
peak HRR in the material scale, which can be used as an indicator of the 
fire performance of the façade assembly. The relative magnitude of each 
material is consistent with those tests conducted for the Grenfell tower 
enquiry by Bisby with two combustible walls [19]. However, the per-
formance of the assembly and the products that comprise it can also be 
influenced by other variables such as the cavity width. 

Reducing the cavity width to 0.10 m had an effect on the fire growth, 
where the fire spread along both insulation foams and the ACP- PE. For 
this cavity width, spread was observed for the insulation foams less than 
10 s after the burner ignition, but the flame exclusively spread through 
the encapsulation layers flickering and quenching once the encapsula-
tion layer charred. A faster failure of the foil encapsulation was observed 
than for the aluminium in the ACPs. A second growth phase involving 
the PIR core was observed between 4 and 10 min after the start of the 
experiment, whereas a second growth phase was observed for the PF 
foams after 20 min. The time for failure of the ACP-PE encapsulation was 
significantly reduced to approximately 4 min after the ignition of the 
burner. This can be explained from the increase on the radiative heat 
flux impinging the combustible lining with a reduced separation be-
tween the walls. This increase in the radiative heat flux is the result of 
the exposure of the walls to the flames (from the burner and the 
combustible lining) in a reduced cavity, as previously demonstrated in 
the literature [13–15]. Additionally, this increase in the radiative heat 
flux along the surface of the combustible linings can explain the ignition 
of the foam cores and the moderate spread along the surface of the 

Fig. 5. Heat Release Rate for the different linings.  
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cladding materials. 
The fire growth was also characterised in terms of the flame height. 

Figs. 6 and 7 present both flame height and HRR as a function of time for 
a subset of the experiments. A good level of agreement can be observed 
between both profiles, showing a positive correlation between HRR and 
flame height, i.e. an increase in heat release rate corresponds with an 
increase in flame height. This is especially true for the experiments 
where considerable flame spread was observed (see Fig. 6 (e)-6 (h)). 

In the cases where a variation of the flame height was observed, 
despite the presence of a semi steady HRR value (PIR, W = 0.150 m, (see 
Fig. 6 (c)–(d))), this variation can be attributed to the spread of the flame 
through the encapsulation layer but not through the insulation core. The 
“plateau” values for the flame height for the PIR assemblies with a cavity 
width of 0.10 m correspond to a limitation of the visualization of the 
camera and not to a stagnant flame, the flame reached the top of the 
setup even extending into the extraction hood and these plateau data 
should not be used to develop correlations between the total HRR and 
the flame height. 

As for the behaviour of the flame in the systems featuring ACPs (see 
Fig. 7), a semi-steady flame height was observed for the systems with 
ACP-FR whereas an increase in this variable was observed for ACP-PE 
core. This aligns with the behaviour obtained at the material scale, 
considering that due to its heat release rate per unit area, it is expected 
that the ACP-PE core releases more heat. Flame height is larger since it is 
proportional to the heat release rate, as more heat being released results 
in more buoyant upward flow of hot gases and air. A higher HRR leads to 
an increase in the production of hot gases, which creates a higher 
buoyant force, resulting in a taller flame, which preheats a larger area 
leading to a faster rate of pyrolysis. 

These observations agree with others in the literature [19] where a 
larger HRR within the cavity was linked with a more uniform heating of 
the inside surface of the ACP. This uniform heating led to the inside 
aluminium encapsulation of the ACP becoming compromised earlier and 
exposing a larger surface area of PE to burning, enhancing the fire 
growth. This additional HRR could be provided either by the ACP itself 
or the combustion of a component fixed at the opposite wall. 

Once the flame height was characterised it was of special interest to 
explore the effect of the heat released by the materials on the opposite 
wall. The flame spread was then characterised via the heat transfer to 
the opposite wall. 

3.3. Effect of flame spread over the cladding materials on the heat 
transferred to the cavity walls 

Figs. 8 and 9 present the evolution of the total external heat flux on 
the vermiculite wall considering the mapping regions defined in Fig. 3 
d). A sudden increase in the heat flux implies the increase of energy 
received to the opposite wall by either or both convective and radiative 
heat transfer mechanisms. The first peak displayed in all the test cor-
responds to the ignition of the burner which leads to a significant in-
crease on the convective heat transfer from the hot combustion gases 
ascending through the cavity. Once the walls reach a thermal equilib-
rium there is a temporary decrease in the total external heat flux fol-
lowed by one of the possible scenarios.  

a) Sudden increase due to the combustion of the cladding material, that 
leads to the generation of a flame that heats up the instrumented wall  

b) Steady increase of the heat flux due to the progressive heating up of 
the wall and the thermal feedback between the walls. 

Fig. 8 shows the behaviour of the total external heat flux in the 
systems featuring ACPs. It can be seen that no sustained combustion of 
the ACP-FR core was observed. Additionally, no flame spread was 
registered to the upper region of the setup for the two larger cavities, 
since no considerable increase of the external heat flux was observed for 
this region. That is not the case for the narrowest cavity, where the upper 
centreline region registers similar values to the bottom region. This is 
because as the cavity width is reduced, the radiative feedback between 
the walls increases, as well as the convective and radiative thermal ex-
change between flames and solids, which enhances the heat transfer 
rates to the walls of the cavity. The potential interaction among different 
combustible materials is out of the scope of this research but it could 
shed light on the upward flame spread in an external façade assembly. 

As for the ACP-PE, flame spread within the lining can be noticed from 
the sudden rise in the external heat flux for all the cavities. A lower total 
external heat flux can be noticed at the upper region for the largest 
cavity width which implies lower heat transfer from either the com-
bustion of the ACP-PE panel or the increase of the radiative feedback to 
the opposite wall. For the 0.10 and 0.15 m cavities, the external heat flux 
on the walls surpasses 100 kW/m2 which could lead to the potential 
thermal decomposition of the encapsulation and ignition of the core of 
most cladding materials. As for the narrowest cavity (50 mm), the total 
heat transferred to the opposite wall was reduced since both the internal 

Fig. 6. Transient flame height (blue dashed lines) and HRR (black line) for the insulation foams  
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Fig. 7. Transient flame height (blue dashed lines) and HRR (black line) for the ACPs. Note that when the flame exceeds the height of the setup, the exact mea-
surement of peak HRR is not particularly relevant and so the plot is instead capped at 200 kW to clarify the rest of the data. 

Fig. 8. Flame spread along ACPs.  

Fig. 9. Flame spread along Insulation foams.  
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encapsulation layers melted earlier in the test which caused the reduc-
tion of the thermal feedback to the opposite wall and allowed for the 
flame to escape the cavity increasing the heat losses to the environment. 

The comparison between these two sets of experiments highlights the 
impact of the presence of fire-retardant materials which may delay the 
ignition process and therefore slow or inhibit flame spread; however, 
whose benefits could be outweighed by the heat transferred in some 
configurations of system, i.e. if the total external heat flux generated in 
the cavity surpasses the critical heat flux for ignition and flame spread of 
one of several components in the assembly. This illustrates the reality 
that, despite using materials with limited flammability, there are con-
figurations in which the vertical spread of fire is supported by the sys-
tem, and others where it is not. 

The transient profile for the total external heat flux in the systems 
featuring insulation foams is depicted in Fig. 9. Both insulation foams 
(PIR and PF) presented a similar fire growth behaviour for the largest 
cavity with, with limited fire spread through the encapsulation layer. 
The fire growth was not sustained and it mainly consisted of a flickering 
fire that was eventually extinguished after a char layer was formed in the 
insulation core material. It is evident that the raise in the heat flux for all 
the opposite wall regions is sustained but limited. Considerable fire 
growth was observed once the cavity width was reduced to 100 mm, 
reaching the top of the insulation foam. This fire spread can be noticed in 
total external heat values that surpass 120 kW m−2. These high values 
were measured in a small, localised region and are the result of heat 
transfer by convection and radiation from the line burner used as source 
of ignition, and the heat contribution from the combustible material 
opposite. Garvey et al. showed that the contribution of the heat released 
by the combustible is the dominating element of the total heat released 
and transferred in the cavity [36]. Additionally, a typical wall fire with 
non-combustible linings alone has been measured as >120 kW m−2 by 
Back et al. [37], and with the values obtained in the tests being 
consistent with previous findings. 

Even after flame out was noticed at the bottom centreline regions and 
smouldering combustion was prevalent at this location, flaming com-
bustion was observed at the top region for the PIR foam for this cavity 
width. The considerable increase in the heat flux can be attributed to the 
combustion of a larger area of the insulation foams and the aforemen-
tioned increase of the thermal feedback for a reduced cavity width. A 
faster and more erratic fire spread was observed in both insulation 
materials for the smallest cavity width. An increase on the external heat 
flux was also observed for the PF for the 0.05 m cavity when compared 
to the 0.10 m cavity. This phenomenon can be explained by the previ-
ously mentioned factors and by the presence of blocks of hot smoul-
dering foam that landed on the TSCs, increasing the heat transfer by 
conduction. 

The large values for the incident heat fluxes on the opposite wall 
could have implications on the fire performance of façade assemblies, 
since they could result in the combustion of other elements, especially 
for the 0.10 and 0.05 m cavity widths, with external heat fluxes in excess 
of 120 and 150 kW m−2 respectively, which result larger than the 
documented values for critical heat flux for ignition of a number of 
cladding materials [38] even with the encapsulation not being removed 
[20]. These findings agree with those in Ref. [19], which found that the 
ability of the insulation to retain energy within the cavity hence pro-
moting a faster heating of a larger area of the opposing ACP wall, is a 
factor enhancing the flame spread over the ACM. The presence of these 
insulation materials combined with a small cavity width could generate 
flame spread on a system comprised of cladding element initially 
considered deemed to guarantee no combustion or no fire spread. This 
highlights how the flammability behaviour of a product might be rele-
vant for the prediction of the fire performance of the system but cannot 
be used without considering the complex interactions with other design 
variables in the system. 

4. Conclusions 

This paper has presented an experimental study to characterise the 
upward flame spread over four cladding materials: ACP-PE, an 
aluminium composite panel with a polyethylene core; ACP-FR, an 
aluminium composite panel with a core comprised of polyethylene and a 
fire-retardant agent; PF, a phenolic insulation foam; and PIR, a 
polyurethane-based polyisocyanurate foam. The separation between 
these linings and a non-combustible wall was also varied with values of 
50, 100 and 150 mm. This paper presents the impact of cavity width and 
material flammability on upward flame spread in a simplified, yet 
representative setup. By replacing one surface with combustible clad-
ding materials and measuring heat transfer to the non-combustible lin-
ing, this paper shows a clearer picture of the influence of these variables 
in a single-material burning surface scenario, eliminating the confusion 
of multiple materials burning at once in a typical ventilated façade as-
sembly. The results of this study are a valuable addition to current un-
derstanding of the effect of cavity width and material flammability on 
upward flame spread and pave the way for improved fire safety in façade 
assemblies. 

The thermal behaviour of the materials at bench scale has a rela-
tionship to the fire spread in the medium scale setup. The material with 
the largest HRRPUA in small scale had the larger peak HRR in the in-
termediate scale, which could also be linked to the fastest ignition and 
most rapid fire spread among the materials independent of the cavity 
width. 

Encapsulation failure either by melting, cracking or delamination is a 
critical step for fire spread since it enables the exposure of the flammable 
core to the heat source and its combustion. It was noticed that once the 
encapsulation failed the inner core underwent thermal degradation, 
leading to flame spread when other processes as flame intermittency or 
charring did not stop the sustained combustion of the material. The 
failure mechanisms are out of the scope of this research, although they 
have been characterised to some extent elsewhere [19]. 

The interaction between the materials in the façade assembly and the 
cavity could lead to unacceptable fire spread scenarios despite using 
materials with limited flammability. Screening materials and products is 
important to identify potential fire spread risk, but a comprehensive 
analysis at both geometry and system-scale is also needed to uncover 
further scenarios of unacceptable fire spread. 

The paper presents the behaviour for individual materials and might 
provide the interpretation needed to better understand existing litera-
ture which has combustible linings on both sides. However, the inter-
action between materials with different flammability properties is likely 
to lead to different results. For example, the presence of high values for 
the external heat flux on the opposite wall when including a combustible 
foam might indicate that the contribution of these materials could 
accelerate the ignition of other cladding materials despite its relatively 
low HRR when compared with ACP-PE. 

The innovative approach presented here, with its experimental 
setup, enables the comprehensive and systematic characterisation of 
system behaviour at a representative scale this setup uniquely captures 
the nuanced and intricate interactions of the system, something that was 
not possible given more material focused approaches to this problem, or 
even based on the results of large scale standardised cladding tests such 
BS8414 or AS5113. 

In conclusion, upward flame spread within a cavity is a complex 
phenomenon that is influenced by a number of factors including the 
properties of the fuel, the ventilation and geometry of the cavity, and the 
presence of any fire retardant agents. Future research in this field could 
focus on understanding the interactions between these factors to better 
predict and prevent upward flame spread. 
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