The
University
o Of

. B > Sheffield.

This is a repository copy of Upward flame spread behaviour of cladding materials on a
medium-scale ventilated facade.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/225997/

Version: Published Version

Article:

Mendez, J.E. orcid.org/0000-0001-5552-9030, McLaggan, M.S. orcid.org/0000-0002-4173-
5615 and Lange, D. orcid.org/0000-0002-4551-1045 (2025) Upward flame spread
behaviour of cladding materials on a medium-scale ventilated facade. Construction and
Building Materials, 478. 141047. ISSN 0950-0618

https://doi.org/10.1016/j.conbuildmat.2025.141047

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
| university consortium eprints@whiterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/




Construction and Building Materials 478 (2025) 141047

Contents lists available at ScienceDirect

and Building

Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

Upward flame spread behaviour of cladding materials on a medium-scale
ventilated facade

Julian E. Mendez *®>", Martyn S. McLaggan "™, David Lange *

aSchool of Civil Engineering, The University of Qi land, 4072, Qu land, Australia
b School of Mechanical, Aerospace and Civil Engineering, University of Sheffield, Sheffield, S1 3JD, UK

ARTICLE INFO ABSTRACT

Keywords: A parametric experimental study was performed to characterise the phenomena governing the upward flame
Cladding spread dynamics in a simplified ventilated facade using a medium-scale testing rig. The ventilated facade was
Facade fire comprised of an insulation foam (INS) and an aluminium composite panel (ACP) with a cavity between the
?ame Spr;?d two materials. Two different cavity widths (0.10 and 0.15 m), two INS products (Polyisocyanurate (PIR) and
Igleiti:zw Phenolic (PF) foams) and two ACP cores (Polyethylene (PE) and Polyethylene based with fire retardant (FR))

were tested, for a total of 8 configurations. The experimental medium-scale set-up provides a fundamental
understanding of the interactions between insulation materials and ACPs in fire growth in ventilated facade
systems. High instrument density allows the use of bench scale flammability data to interpret the materials’
contribution to the total HRR and analyse overall results. The study suggests the possibility of developing a
comprehensive framework to assess fire performance of different material combinations and system layouts,
improving fire safety standards in construction. Loss of encapsulation integrity was found to accelerate fire
growth and flame spread on combustible linings. PIR and PF insulation materials contribute earlier to HRR
and fire growth compared to ACP cores, with PIR contributing more. The smaller cavity width was observed to
enhance the flame spread over the linings, with sustained spread in all cases whereas in the larger cavity width
there were cases with unsustained spread. A fire growth parameter (y) was quantified, with y < 0.005 indicating
unsustained spread over the linings, and values between 0.005 and 0.018 signifying sustained spread. The
Cladding Materials Library framework enables reliable interpretation of observed behaviour and interactions
between the materials studied and a fire within the cavity.

Heat release rate

1. Introduction better contribute to the fire safe design of high-rise buildings. A review

of relevant models for the characterisation of upward flame spread in

In response to incidents like the Grenfell Tower fire, extensive re- ventilated facades is presented in Sections 1.1 to 1.4, further review
search has focused on understanding and predicting the rate of upwards can be found in the literature [2,3].

flame spread on cladding materials and systems. Various models have
been proposed to estimate flame spread velocity; however, many of
these models oversimplify the complex interactions within the sys-
tem [1]. Additionally, parallel wall configurations have been employed
to experimentally assess upward flame spread in different polymeric

1.1. Flame spread fundamentals

Flame spread occurs when heat transfers from a burning region

and cellulosic materials within a cavity. However, the underlying phys- to an adjacent unburnt fuel, leading to subsequent ignition and fire
ical mechanisms behind this phenomenon have not been thoroughly propagation. This process involves three primary heat transfer modes:
explored. Existing studies have primarily examined the impact of the convection in the gas phase, radiation from the flame or external
cavity on either the HRR or the flame spread rate, without considering sources, and conduction in the solid fuel. The heat flux to the unburnt
both simultaneously. Additionally, the relationship between a narrow area (¢") causes ignition and flame spread, occurring primarily in the
cavity width and any enhancement of thermal feedback between the pyrolysis zone where the fuel decomposes [4]. The flame spread rate
components remains unexplored. Further investigation in this area is (V,) can be expressed through an energy balance equation, as shown
crucial to obtain a comprehensive understanding of fire behaviour to in Eq. (1). Alternatively flame spread can be characterised in terms of
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the heat flux received by the unburnt region and fuel properties such
as density, thermal conductivity, and specific heat capacity [5,6], as
well as external conditions like the initial fuel temperature [7] and
external heat flux [8,9]. Egs. (1) and (2) derived from these principles
govern the relationship between flame spread rate, heat flux, and
material properties. Additional flame spread models are discussed in
the following section.
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1.2. Upward flame spread mechanisms and models

Upward flame spread presents a unique challenge because of the
natural buoyancy of flames, which promotes a concurrent spread along
vertical surfaces. This process is complex due to the non-steady heat
transfer and varying physical and chemical properties of the fuel. A
simplified representation of flame spread, incorporating the burnout,
pyrolysis, and preheated lengths, has been used in many studies [10-
12]. One key model for upward flame spread, proposed by Orloff et al.
[10] in Eq. (3), is based on the pyrolysis length (x,), flame length
(x f), and forward heat flux. Orloff [10] developed a theory predicting
flame spread velocity for thermally thick materials like polymethyl
methacrylate (PMMA), showing that flame spread increases asymp-
totically to a steady value. Further developments by Markstein and
deRis [13] investigated flame spread over textiles, demonstrating that
flame velocity increases with time but eventually reaches a constant
rate. Markstein and deRis presented a simplified empirical model (see
in Eq. (4)), that considers a relatively constant fire growth rate factor
y = V,/x,, and represents an exponentially increasing fire size.

X 1
V=2 <(nn_nl)> In (x,/x,) ®)

Y exp(y 1) ()]

p Pli=0

Other models, such as those proposed by Sibulkin and Kim [14],
relate flame spread velocity to surface heat flux and preheated length
(5p,,). Quintiere et al. [15] introduced a multiplication factor for the
preheated length in Eq. (5), refining the prediction of flame spread
velocity for various materials.

2
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where 7;, is the characteristic time for ignition, which only depends
on material properties. The model in (5) assumes a constant value
for the flame heat flux over the preheated length. This is valid for
single burning items and values ranging from 15-35 (kW m~2) which
have been used in the literature [16]. Much larger values for the
flame heat fluxes can be observed as the burning rate increases which
occur in larger fires [17] for upward flame spread in corner and or
parallel wall setups [18-22]. An increase of the external heat flux
has been observed when reducing the cavity width in a number of
studies [18-20]. However, an existing gap is that no model has been
obtained for the effect of the cavity width on the flame spread velocity
over combustible linings in a parallel wall arrangement. Despite the
fact that the effect of geometry on the incident heat flux on the walls
has been described, this has not been coupled to the ignition and
subsequent fire spread along the cladding materials.
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1.3. Flame spread in parallel wall configurations

Parallel wall configurations significantly influence flame spread
due to enhanced heat feedback between the two walls and restricted
airflow, which accelerates flame propagation. Schlyter [23,24] first
designed an experimental setup to test vertical fire spread between
parallel panels. Later, this was adapted by the U.S. Forest Products
Laboratory [25] to evaluate fire retardant coatings on wood-based
materials.

The “Schlyter Effect”, coined by Babrauskas [26], refers to the
phenomenon where materials that show limited burning in single-wall
configurations exhibit increased fire severity when a second panel is
introduced, creating a flue between the two. The small air gap promotes
buoyancy-driven airflow, enhancing flame spread. LeVan [27] and
Dietenberger [28] experimentally confirmed that this effect accelerates
flame spread, especially in tests such as the Modified Schlyter Test.

More recent studies by Tsai [22] and Shih and Wu [29] explored
flame spread in different geometric configurations, such as corners and
U-shaped structures. Their research indicated that configurations with
enclosed or narrowed gaps, such as parallel walls with reduced cavity
width, promote faster flame spread due to enhanced thermal feedback
and limited airflow.

1.4. Previous research on flame spread in ventilated facade systems and
components

The behaviour of ventilated facade systems in fire scenarios has
been the focus of extensive research. Choi and Taylor [30] conducted a
study on the flame spread in ventilated facades featuring foamed plas-
tic insulation, which revealed that ventilation in cavities significantly
affects fire growth, with a critical cavity width of 25 mm identified for
promoting rapid flame spread, as previously observed by Taylor [31].

Several researchers have investigated the effect of cavity width and
cladding materials on flame spread in facade systems. For example,
Tsai [22] and Shih [29] studied upward flame spread in parallel wall
configurations and found that narrower cavity widths, such as 50 mm,
lead to faster flame propagation compared to larger gaps or single-
wall setups. Studies conducted at FM Global, such as the Parallel
Panel Test (PPT), were developed as a cost-effective alternative to
full-scale fire testing in corner setups [32,33]. These tests generate
heat fluxes consistent with expected real-world conditions for cavity
fires. Agarwal [21] used this method to assess the fire performance of
cladding assemblies and found that polyethylene (PE) core aluminum
composite panels (ACPs) exhibited rapid flame spread, while fire-
retardant materials limited flame growth. Research at the University
of Edinburgh concluded that heat transferred from the opposing wall
to the ACP-PE is likely to drive the flame spread over the ACP and the
relative contribution of this material to the total heat released, whereas
the combustibility of the opposing wall was shown to be of secondary
importance for the flame spread [34]. Sharma and Mishra developed
an experimental parallel-wall setup incorporating different combustible
ACPs and insulation foams (Expanded polystyrene, Polyisocyanurate
and Mineral wool). The setup was intended for the initial screening
of facade assemblies at lab-scale. The study emphasised that the high
pressure differential and re-radiation between the walls led to higher
mass burning rate, flame height and temperature in the cavity. The
study provides measurements of flame height but the overall HRR was
not measured and the contribution of individual materials to the total
HRR was not discussed either. [35] Guillaume et al. [36] quantified the
HRR for ACP-insulation systems as a whole, without quantifying the
individual contribution of the components, and emphasis was made on
the differences between systems with PE core versus ones containing
PE and a fire retardant (FR). Garvey et al. [37] presented a method
for quantifying the individual contributions of cladding materials to
the total HRR, by using the thermal properties obtained during the
material characterisation. The authors found that an ACP core with
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a higher organic content dominated the HRR of the systems where it
was included, while the insulation type governed the fire growth in the
systems using an ACP with a fire retardant and lower organic content.

The research undertaken by Garvey was done within the context
of the development of the Cladding Materials Library database de-
veloped at the University of Queensland in collaboration with the
Non-Conforming Building Products (NCBP) Audit Taskforce in the State
of Queensland (Australia) [38]. The framework behind the database
is intended to provide a robust methodology to assess the fire haz-
ard of cladding materials in existing buildings based on a thorough
understanding of the relevant fire phenomena [39].

A number of articles that study the fire behaviour of ventilated
facades comprised by other types of materials such as glazing. However,
since the assemblies are comprised of non-combustible components, it
is fire performance will be governed by other types of interactions. Sun
et al. [40] conducted an experimental campaign (based on the JIS A
1310 configuration), and numerical validation to assess the fire per-
formance of double skin glazed facades. The study concluded that the
cavity effect can enhance the fire load significantly, but that the cavity
size has less effect on flame length than the overall HRR. The study
also showed that the cavity size minimally influenced the HRR within
the cavity, which contrasts with findings in systems with combustible
materials. This difference can be attributed to the contribution of the
combustible linings to the overall HRR and its faster burning rate with
smaller cavity widths, as observed by Mendez et al. [41].

Research in the field of cladding materials and fire performance has
been previously performed, but several gaps persist. These gaps include:
linking available knowledge of materials and their characteristics with
their behaviour during fire incidents, particularly their thermal proper-
ties; and more comprehensively investigating the influence of geometry
on flame spread on cladding materials. Analysing the contribution
of individual cladding system components to overall HRR is another
area for further analysis. Addressing these gaps would strengthen the
knowledge base and contribute to improved fire safety in building
design and construction.

1.5. Aim and objectives

While previous studies have investigated how individual compo-
nents’ thermal properties affect the fire performance of the system, the
effect of interactions between components and the role of the cavity
in influencing fire growth remain unexplored. The primary objective
of this paper is therefore to determine the conditions that enhance the
flame spread in linings installed on a cavity, and understand how cavity
width interacts with cladding materials to either promote or hinder fire
growth. Through a comprehensive experimental campaign, the paper
unravels the physical mechanisms and interactions governing flame
spread in a ventilated facade with combustible cladding materials. By
extracting the relative contributions of cladding products to fire growth
and flame spread, this study aims to provide valuable insights that
inform better design practices for enhanced fire safety.

2. Experimental approach
2.1. Simplified ventilated fagade system

The experimental methodology relies on the use of a reduced
scale experimental ventilated facade system, comprised of two 1,800
x 600 mm parallel walls with a variable width cavity. This setup
represents a simplified section of a facade comprised of an exterior ACP,
adjacent to a cavity and an insulation foam panel in the inner side of
the system as depicted in Fig. 1(a). The facade assembly was placed on
top of a sand gas burner with a length of 480 mm and a width matching
the cavity width (see Fig. 1(a)). The ACPs and insulation panels used
in the systems were mechanically fixed to a light-weight aluminium
frame.
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The ACP was fixed to the frame at the top, sides, and bottom of the
panel by using eleven connection points (see Fig. 1(b)). The ACP was
not directly fixed to the frame to reduce heat transfer to the frame,
instead brackets were used to provide separation (Fig. 1(c)). These
connection points were provided in order to reduce the thermal bowing
effect previously observed on this type of materials when subjected to
external heating. Two plasterboard panels were attached to the back
of the insulation foam boards by using six threaded rods distributed
across the height of the wall, to ensure that the encapsulation surfaces
of the ACPs and insulation foam were kept parallel (Fig. 1(d)). The
plasterboard sheets were installed to provide thermal protection to
the structure and to provide stiffness to enable the installation of
instrumentation through the rear face of the insulation panel. The setup
allowed for the systematic replacement of the ACPs and insulation
products. The cladding materials were mounted on an aluminium frame
which allowed the cavity separation (W) to be varied.

The separation between the two parallel walls was set to either 100
or 150 mm. This cavity was left open laterally and on the top of the rig
while a sand methane burner was located at the bottom of the cavity.
The air entrainment was restricted at the bottom of the setup by the
mounting frame and tailored non-combustible materials. The length of
the burner was kept constant at 480 mm. This dimension was set to be
shorter than the wall width (600 mm) to avoid the flames escaping the
cavity before the ignition of the ACPs or insulation products. A burner
with a width identical to the cavity width was installed for each test.

The fire source was placed within the cavity to generate the ignition
of both the ACP and insulation material. The sand gas burner had a
nominal flow rate of 30.5 1 min~! of methane (approximate effective
heat of combustion 52,500 kJ kg’l), corresponding to a linear HRR of
35 kW m (nominal HRR of 16.8 kW). Three factors were taken into
consideration when choosing the burner HRR:

1. that the HRR per unit length would be within the range of values
previously studied in the literature;

2. that the HRR from the burner could be precisely quantified by
oxygen consumption calorimetry, allowing for the identification
of the contribution to the total HRR from the facade products;
and

3. that the flame initially by the burner would not extend over the
entire height of the experimental setup, so flame spread analysis
could be performed.

The experimental rig was positioned under an extraction hood that
allowed the exhaust gases to be sampled to determine the total HRR
(0) through Oxygen Consumption calorimetry.

2.2. Products

Four different products were used in this parametric study corre-
sponding to two ACPs and two foil-faced composite insulation foams
(INS). A brief description of the products is presented below while a
more detailed characterisation can be found elsewhere in the litera-
ture [3,41].

+ Aluminium composite panel with high ( 90%) organic content
core (PE): with a core thickness of 3 mm and 0.5 mm thick
aluminium encapsulation.

Aluminium composite panel with fire retardant ( 50%) and or-
ganic material ( 46%) core (FR): with a core thickness of 3 mm
and 0.5 mm thick aluminium encapsulation.

Polyurethane-based polyisocyanurate foam (PIR): with a thick-
ness of 80 mm and aluminium foil (10 pm thick).

Phenolic foam — organic foam insulation (PF): with a thickness
of 80 mm and foil (10 pm thick, comprised of aluminium and a
fibreglass grid).

The thermal properties of the cladding materials were determined
using the Detailed Testing Protocol from the Cladding Material Library
(CML) [42] and are presented in Table 1.
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Fig. 1. Experimental setup components. (a) Top view. (b) Isometric view, the black elements represent the brackets. (¢) Connection points for the ACP. (d) Connection points for
the insulation foams.

Table 1
Cladding materials properties.
Material ACP-FR ACP-PE PIR PF
Description ACP with a core ACP with a core Polyurethane- Phenolic foam
(CLM key name) consisting of consisting of based (INS02)
polyethylene and a polyethylene polyisocyanurate
fire retardant foam (INSO1)
Gross heat of 20.14 38.98 30 26.5
combustion
kJ.g™)
Apparent thermal 1.122 1.273 0.037 0.08
inertia
(kW2 s. K 2m™)
Ignition temperature 423 321 458 417
[{9)
Critical heat flux for 19.5 11.5 23 18.9
ignition
(kW.m™2)
Heat flux range 35-60 35-60 35-60 35-60
(kW.m™?)
Peak heat release rate 131-175 397-615 150-223 62-89
per unit
area (kW.m™2)
Core thickness 3 3 80 80
(mm)
Encapsulation thickness 0.5 0.5 0.01 0.01
(mm)




J.E. Mendez et al.

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

Test ID Actual average gas Gas burner Cavity ACP Insulation
burner HRR’ duration (min) Width board
kW .m™") (mm)

FR.PIR.W150.R1 35.0 43 150 FR Polyisocyanurate
foam (PIR)

FR.PIR.W150.R2 35.0 40

FR.PF.W150.R1 35.0 39

FR.PF.W150.R2 35.0 40

PE.PIR.W150.R1 35.2 8 PE Phenolic foam
(PF)

PE.PIR.W150.R2 35.0 8

PE.PF.W150.R1 34.8 7

PE.PF.W150.R2 35.0 5

FR.PIR.W100.R1 35.0 38 100 FR Polyisocyanurate
foam (PIR)

FR.PIR.W100.R2 35.0 40

FR.PF.W100.R1 35.0 28

FR.PF.W100.R2 35.0 40

PE.PIR.W100.R1 35.0 9 PE Phenolic foam
(PF)

PE.PIR.W100.R2 35.2 8

PE.PF.W100.R1 35.2 9

PE.PF.W100.R2 35.2 9

2.3. Experimental program

Eight system configurations were tested in this study, resulting from
two types of ACP, two types of insulation foam and two cavity widths.
Two trials were conducted for all the combinations, for a total of 16
experiments. A nominal HRR per unit length of burner of 35 kW/m
was sought, minimal variations were observed and are reported in
Table 2 along with the experimental configurations tested. Each facade
system was exposed to the heat from the gas burner for a different
duration. Since this study is focused on the fire growth and flame spread
behaviour for the facade assemblies, the burner was turned off once
the measured total HRR had started to decline after reaching its peak
value and had returned to initial HRR value estimated for the burner.
Data logging was stopped when the measured HRR was negligible
(HRR<10 kW).

The intent of this experimental program was to explore the effect
of the variation of the cavity width, as well as the material properties
and their interactions with other materials, on the flame spread velocity
and burning rate of different cladding assemblies.

2.4. Flame height, pyrolysis height and flame spread velocity determination

All the tests were recorded on video in order to extract the flame
height. The location of the flame height, identified as the tip of the
continuous flame from an individual frame every 15 s was determined
by analysing the recordings of the tests and correlating the location
to a reference frame. The reference frame was also used to correct for
visual effects because of perspective. After the location of the flame
front was obtained, the spread velocity was calculated by computing
the first derivative of the pyrolysis front using a second order finite
difference scheme.

Additionally, a set of 20 in depth type K thermocouples (1.5 mm
diameter) were installed in the insulation foam, positioned as depicted
in Fig. 2 to measure the in-depth temperature distribution within the
foam. Times were registered when the thermocouple readings indicated
thermal decomposition was taking place in order to track the evolution
of the pyrolysis front in the surface of the foam (readings for thermo-
couples 1 A, 2 A, 3 A, 4 A and 5 A were used for this purpose). The
thermocouples recorded the advance of the pyrolysis front, indicating

that the insulation foam underwent thermal decomposition when the
temperature at each location reached the pyrolysis threshold.

2.5. Solid phase temperature and contribution of the system components to
the fire growth

The solid phase temperatures described in the previous section were
also used to estimate the HRR of the foam using the methodology pro-
posed by Hidalgo et al. [43]. The simplified pyrolysis rate assessment
consists of a two-step decoupled analysis, which first solves the heat
transfer problem and then allows an estimation of the remaining mass
as well as the pyrolysis rates via thermogravimetric analysis (TGA)
of the materials. A sample of thickness L is divided into N finite
differences of thickness (4x;), with i being each of the finite differences.
Then, the normalised sample mass for the time step j (/) is obtained
as an integration over the space domain as per Eq. (6).

o Z:lil (Z‘{Axi) ©)

where rhfis the normalised mass of the finite difference (i) at the time
step j which is obtained as a function of the temperature of the finite
difference, f(T). This function is defined by direct reference to the
Thermogravimetric Analysis (TGA) for each insulation foam material.
This characterisation was performed at the bench scale. Then, the
normalised mass loss rate (77'') can be obtained by deriving the mass
loss over time, which in a discretised form corresponds to the increment
of the normalised mass between time steps divided by the time step.
The mass loss rate per unit area can then be calculated by considering
the density of the virgin material p, and the thickness of the sample
(see Eq. (7).
0 i — !
m’ = POLT (@]
Finally, the HRR for the insulation foam was calculated as the
product of the effective heat of combustion (4H_, ), the normalised
mass loss rate and the area of the material (A) being burnt, using
Eq. (8).

Opns=m"AH, ;s A\ ®
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Fig. 2. In depth thermocouple location.

In this research, there was uncertainty associated with the area of
the insulation being involved in the fire. It was assumed that the length
of the pyrolysis area included the five 360 mm regions corresponding
to the thermocouple groups (see Fig. 2). As for the width from the
insulation board involved in the fire, this investigation considered
minimum and maximum burning width that aligned with the experi-
mental observations and guaranteeing that the Q,y¢ did not exceed
the total HRR. The HRR of the ACPs (Q A'C p) was then calculated as
the subtraction of the HRR of the burner and the HRR of the insulation
from the total HRR (determined by Oxygen Consumption calorimetry),
using Eq. (9).

Oucr =0—-01ns = Qburner ©

3. Results and discussion
3.1. Fagade systems performance

The transient behaviour of the fire growth within the cladding
assemblies is shown in Fig. 3. The fire generally spread first through the
insulation foams after the foil encapsulation melted, cracked, tore or
split, resulting in direct exposure of the foam; or where micro channels
sustaining combustion were formed in the foam. The faster ignition of
these products can be attributed to both their lower thermal inertia
when compared to the ACPs and to the fact that the encapsulation of
the insulation foams was thinner.

Flame spread to the top of the setup was observed for all the systems
that:

(a) Featured the narrower cavity width (100 mm), regardless of the
combustibility of the components. This suggests that reducing
the cavity width is one factor that may promote the fire spread.

(b) Were composed of ACP PE, with a high heat of combustion,
low critical heat flux for ignition of the cladding core, combined
with an opposite wall reducing heat losses aiding to maintain a
self-sustained combustion.

A faster flame spread rate and burnout of the system can be ob-
served for the assemblies with ACP PE. ACP PE ignited much faster
than ACP FR and presented rapid fire growth likely due to a thermal
runaway process supported by the combustion of the polymeric core
and the heat feedback from the flame and the opposite combustible
wall. The detailed fire growth was studied through the HRR and
flame height tracking and those are discussed in Sections 3.2 and 3.3
respectively.

The state of the facade materials after the tests concluded is shown
in Fig. 4. It is possible to observe that for a cavity width of 0.15 m
and ACP FR the flame spread was limited to a certain region of the
insulation foam whereas it spread all around the insulation foam when
the ACP PE was used in the system. This difference in the behaviour of
the systems featuring an ACP with a combustible opposing insulation
shows the impact of this material on the fire growth, not only in this
combustible lining, but on the material covering the opposite wall. In
this configuration the combustion of PE is self-sustaining and delivers
heat to the opposite wall resulting in the combustion of the insulation
which further enhances the thermal feedback in the cavity. Conversely,
char formation was observed in the foam in some of the 0.15 m cavity
configurations comprised of FR core.
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Fig. 3. Experimental behaviour of the fire growth.

This char could have acted as an insulative layer by reducing the
availability of volatile combustible vapours and reducing the heat
transfer of the virgin material to a value below the critical heat flux
for ignition. As for the systems featuring a 0.10 m cavity it is possible
to observe that more destructive results were observed for both the
insulation foams and ACPs when compared to the systems featuring
a wider cavity. It has been previously shown that a narrower cavity
enhances the radiative thermal feedback between parallel walls [20].

The post test behaviour of the FR.PIR and FR.PF systems presented
in Fig. 4 is similar to the one observed by Agarwal et al. [21] in a
similar parallel panel experimental setup. Despite the experimental rig
being much larger (4.9 m x 1.1 m vs 1.8 m x 0.6 m), the external heat
fluxes were in a similar range to the ones in this study. An exposure of
40 kW m~2 was insufficient to melt the ACP encapsulation and expose
the combustible cladding core, thus limiting the flame propagation to
just 0.91 m above the burner. This is similar to the limited fire spread of
the encapsulation in the FR.PF.150 assembly and the lack of melting of
encapsulation of the ACP in the FR.PIR.150 system. Also, for a higher
incident heat flux of 110 kW m~2, Agarwal et al. [21] also observed
the burning of the complete encapsulation and cladding core within
4 min from the start of the test. This is similar to both assemblies with
a 100 mm cavity and FR ACP.

This difference in behaviour between systems with the same mate-
rials but different cavity widths is linked to the increase of the incident

heat flux, which is caused by the reduction of the cavity as discussed
by Mendez et al. [41].

3.2. Fire growth

The fire growth in the cladding assemblies was characterised via the
total HRR. The HRR for the different facade assemblies are shown in
Fig. 5.

It can be observed that for all the systems a decrease in the cavity
width results in an increase on the HRR. Additionally, the time required
for the encapsulation melting or cracking (and the subsequent fire
growth) was reduced with a narrower cavity width. The flame did not
spread beyond the area initially impinged the burner flame on the ACP
installed in assemblies with a 0.15 m cavity and an FR core.

The spread over the insulation foams was limited except for the PIR-
FR-R1 test, where smouldering combustion of the foam occurred and
then transitioned into flaming combustion which led to flame spread
to the top of the setup. This is studied in depth in the analysis of the
pyrolysis front evolution (see Section 3.3). For the systems featuring
ACP-FR and either insulation product the peak HRR was higher for the
0.1 m cavity than for the 0.15 m cavity. This can be attributed both to
a larger amount of heat being released by the PE and a larger portion
of the insulation being involved in combustion.
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Fig. 4. Materials comprising the facade assemblies after the completion of the tests. One trial is presented per system combination.

+FR-|
1200 PE+FR-PF ‘
——W=0.10 - R1
1000 e W=0.10 - R2
866 “W=0.15 - R1
g 80 | W=0.15 - R2
=
¥ 600
o
T 400
200 P
0 o ™
0 500 1000 1500 2000 2500
time (s)
1200 PE-PF
——W=0.10 - R1
1000r & | W=0.10 - R2
~W=0.15 - R1
e O W=0.15 - R2
S
x 600
4
T 400
200

1000 1500 2000 2500
time (s)

1200 PE+FR-PIR
——W=0.10 - R1
1000 e W=0.10 - R2
- W=0.15 - R1
s &0 W=0.15 - R2
<
x 600
o
T 400 j’l‘“
2001 '\\w\
st %

0
0 500 1000 1500 2000 2500

time (s)
1900 PE-PIR
——W=0.10 - R1
1000 [ | W=0.10 - R2
800 “W=0.15 - R1
g 80 M | W=0.15 - R2
<
x 600
o
T 400
200

0 3
0 500 1000 1500 2000 2500

time (s)

Fig. 5. Total HRR for the different facade assemblies.



J.E. Mendez et al.

Two fire growth “stages” were observed for the assemblies with a
FR ACP, the first consisting of the flame spread over the insulation
encapsulation and the insulation itself, and a subsequent flame spread
over ACP once the ACP encapsulation melted or detached from the
organic core. These two phenomena were previously observed in a
number of full-scale tests commissioned by the UK Government, where
the interactions between different ACPs and insulations separated by
a cavity were observed [44]. Melting of the ACP encapsulation was
generally followed by the increase of the HRR once the polymeric ACP
core was thermally degraded. The ACP breach generally agrees with
the increase of the HRR. This is further explored in Section 3.4 where
the different stages are presented by quantifying the HRR of the ACPs
and insulation foams separately. Also, for these cladding assemblies, a
faster increase of the HRR can be observed for the assemblies comprised
of PIR compared to the ones comprised of PF, this is consistent with
the behaviour presented at bench scale for the HRR of the insulation
cores [45], since a higher HRR of the combustible material generates a
faster flame spread.

The influence of the cavity on the fire growth rate highlights the
importance of considering the interactions of the material with the
system in which it will be installed and how those interactions could
affect its performance.

3.3. Flame length, pyrolysis length and fire growth

Flame length can be used as an indicator for fire growth. Fig. 6
presents the flame heights for the facade assemblies. The dotted dashed
black line represents the height of the setup, measurements beyond that
height are presented for illustrative purposes only, since they surpass
the parallel wall configuration studied in this research therefore are
unconstrained flames outside of the cavity.

The flame height profiles are consistent with the behaviour pre-
sented in the HRR profiles. Flame height increase is observed earlier for
a narrower cavity width for all the cladding assembly configurations.
This behaviour can be linked to the increase in the thermal feedback
with the space between the walls being reduced, as observed by Mendez
et al. [41]. Additionally, the flame length increases faster and this
increase happens more rapidly in the assemblies comprised of PE when
compared with the ones featuring FR cores. This faster flame height
increase can be linked to a higher HRR in said systems, observed both in
medium scale (see Fig. 5) and bench scale characterisation [3]. Also, a
faster flame length increase was observed for the assemblies comprised
of FR-PIR versus the ones comprised of FR-PF, which agrees with the
behaviour observed at bench scale.

Focus was made on the fire growth stage since it was observed
that the HRR decay was mainly explained by the consumption of the
cladding materials, making this phenomenon heavily influenced by
the setup. Hence, the flame height and pyrolysis front for the fire
growth stage were extracted and are presented in Fig. 7 for all the
experiments. The fire growth stage was defined as the data up to
the time when L, length presented an increase; or before L, reached
1.7 m, corresponding to the maximum measurable distance given the
TC locations. Faster pyrolysis front advancement can be observed for
the assemblies with a narrower cavity. This is evident as the data series
of pyrolysis length versus time for the narrower cavity width (0.10 m,
circles) present a steeper increase than the ones for the wider cavity
(0.15 m, squares). This can be associated with the aforementioned
enhanced thermal feedback between the two walls, which provides a
larger incident heat flux, thus decreasing the time required for ignition,
and increasing the flame spread velocity (see Eq. (2)). This faster
pyrolysis translates into a more rapid combustion, exhibited in both the
assemblies comprised of PE, regardless of the cavity width and for all
the systems with the narrower cavity. The pyrolysis length was then
used to parameterise and quantify the fire growth rate as proposed
by Orloff et al. [10].
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Table 3

Fire growth rate.
System y (1/5) RrR?
FR-PF-W150 0.002 + 0.001 0.878
FR-PIR-W150 0.005 + 0.001 0.799
PE-PF-W150 0.005 + 0.001 0.969
PE-PIR-W150 0.018 + 0.006 0.266
FR-PF-W100 0.010 + 0.003 0.492
FR-PIR-W100 0.009 + 0.001 0.758
PE-PF-W100 0.012 + 0.001 0.893
PE-PIR-W100 0.011 + 0.002 0.921

Eq. (4) was used in order to determine the fire growth rate (y). A
growth rate was determined for each cladding assembly configuration
and the results for this factor are presented in Table 3.

The proposed models based on the fire growth parameter (y)) are
presented in Fig. 8. The experimental fit adjusts properly for most of the
configurations, except for the PE-PIR-W150 and FR-PF-W100 systems.

In general, systems with a narrower cavity width showed a larger
growth factor, i.e., faster flame spread. It should be noted that this
model was initially developed for upward flame spread on a single
slab of PMMA (45 mm thick, 410 mm wide, 1570 mm high), with
experimental values for y ranging between 0.0037 and 0.0039 s~! [10].
These results similar to the values obtained for the systems with a wider
cavity width (W150) and FR ACPs. The comparison cannot be made in
a straightforward manner since the materials (PMMA vs other encapsu-
lated materials), their dimensions and the system geometry (single wall
vs parallel wall) differ between the two studies, but it is reasonable to
expect that the encapsulation will delay the fire growth, resulting in a
lower growth factor, observed in the parallel wall configuration.

Conversely, for systems with ACP PE and the narrower cavity width
(W100) the values for gamma were much higher. Both the heat re-
leased by the PE core and the higher thermal feedback with a closer
opposite wall create a higher incident flux on the opposite wall, hence
accelerating the flame spread.

The cavity width has a significant effect on the fire growth for
the systems comprised of an FR core with the growth factor being
twice larger, and also reaching similar growth rate parameters to the
systems comprised of PE when the cavity is reduced from 0.15 to
0.10 m. In this case the narrower cavity enhanced the heat transfer
to the encapsulation and core, leading to the combustion of a larger
area of the ACP, hence to a larger HRR, flame height and to a faster
fire growth [41]. Conversely, there is no evident effect of the cavity
width when comparing the assemblies comprised of PE and any of
the insulations. In this, case the ACP walls were consumed faster
when a narrower cavity was used, hence eliminating the second wall
and reducing the thermal feedback between the surfaces. The energy
that was initially kept inside the cavity was now transferred to the
surroundings, thus decelerating the combustion of the insulation foam.
These contributions were also studied through the quantification of the
HRR of each of the components of the facade.

3.4. Component contribution to HRR

The use of a high density of instrumentation enabled the use of
bench scale flammability data for the interpretation and micro-scale
data (TGA analysis) for the decoupling of the contribution of the
materials to the total HRR. The contribution of the cladding materials
was further explored by quantifying the heat released by each material.
Fig. 9 presents a subset of the results for the HRR for each of the
components of a cladding assembly comprised of PF and FR. For both
systems an initial stage is observed, in which the insulation binding
agent and the adjacent polymeric core burns. For the wider cavity (W
= 0.15 m), a portion of the PF insulation (INS) was involved in a
limited amount of fire growth i.e., unsustained. This decayed once a
char layer was formed and the flame failed to establish on the ACP
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Fig. 7. Pyrolysis front and flame height evolution. The time is presented in a logarithmic scale to help the visualisation of the data.

core. A final period of fire growth was observed due to remaining
smouldering combustion that transitioned into flaming combustion at
t =~ 2000 s.

For the narrower cavity, the initial fire growth progressed in a
similar manner, with initial burning of the PF. The additional HRR
from the burning PF and the thermal feedback between the walls of
the cavity led to two further stages of fire growth: the melting of the
aluminium encapsulation and subsequent rapid fire growth once the
polymeric ACP core was thermally degraded. It can be observed that
the FR core provided a greater contribution to the overall HRR for the
rest of the experiment. This comparison shows the effect of the cavity
on the interaction of components and its potential for the development
of different fire scenarios involving the same cladding components. A
similar trend was observed for the rest of the configurations. Hence,
it shows how materials that could be initially deemed to perform in
one way could perform in a different way when interacting with other
design elements, e.g., a narrower cavity.

The contribution of the cladding materials to the total HRR for
the cladding assemblies featuring PIR is presented in Fig. 10, all the
combinations of ACPs and cavity widths are shown.

The combustible insulation materials (PIR and PF) contributed to
the HRR and fire growth earlier than the ACP cores for all of the
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configurations with the contribution of PIR being larger than for PF,
which is consistent with the HRR data at the bench scale. The insulation
type had no significant effect on the fire growth on assemblies using
PE, since this material dominated the combustion process. It can be
observed that a narrower cavity width resulted in a larger contribution
from the PIR foam when FR was used in the ACP core (Fig. 10(a) and
(b)).

A higher thermal feedback generated a greater incident heat flux
over a larger area of the insulation leading to a larger HRR of this
cladding material, thus enhancing the fire growth and sustaining flam-
ing combustion over the ACP. A different phenomenon is observed for
the systems comprised of a PE core (Fig. 10(c) and (d)), since a faster
consumption of the ACP and its encapsulation layers was observed. The
absence of a second wall due to the rapid burning of the ACP panel,
reduced the thermal feedback generating a lower involvement of the
insulation on the overall HRR. Additionally, drastic differences in the
performance of systems using PE versus FR were observed. Those dif-
ferences were expected considering the differences in the flammability
properties of these two cores, previously observed at the smaller scale
by McLaggan et al. [42], at bench scale. A large contribution from the
ACP core can be observed at an early stage of the HRR in Fig. 10(c).

A large contribution from the ACP core to the total HRR is contra-
dictory to the experimentally observed behaviour and can be attributed
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Fig. 8. Proposed fire growth model vs experimental data. The markers represent the experimental data and the shaded area includes the minimum and maximum pyrolysis lengths

with the values estimated for y.

to the combustion of the binding agent of the PIR and how the contri-
bution of the ACP to the total HRR is calculated by the subtraction
of the burner HRR and the INS HRR from the total HRR, i.e., the
contribution of any materials besides the polymeric cores was neglected
(see Eq. (9)). The influence of insulation foam on a specific ACP
material cannot be easily anticipated at this stage and the results of this
research are limited to the materials comprising the studied systems
being exposed to a fire spreading on the inner side of a cavity. The
findings of this study emphasise the need to gain a comprehensive
understanding of the interactions between insulation materials and
ACPs. Extrapolation of these results to larger scales should be made
carefully since, in real scale the ACP might be exposed to fire from
both the inner and external sides of the cavity which might affect
the flame spread behaviour. Further research is necessary to analyse
these interactions in order to enhance the ability to evaluate the fire
performance of cladding systems more accurately.
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3.5. Simplified theoretical framework for flame spread in a ventilated
fagade

Fig. 11 presents a framework simplified framework for flame spread
in a ventilated facade based on the fire behaviour of the 8 systems
tested in this study. The fire growth occurred after the insulation
encapsulation breached for all of the tested configurations (i.e., the
system configuration generated a lining heat exposure high enough to
breach the aluminium foil encapsulation in the initial stages of the
experiments). The effect of the cavity width is highlighted, considering
that a narrower cavity width enhances the heat transfer to the linings,
as observed by Mendez et al. [20]. Then, two positive fire growth
feedback loops are shown linking the heat released by the combustible
products to the incident heat flux necessary to sustain the combustion
and flame spread. The positive feedback loops involve self-reinforcing
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Fig. 10. HRR contributions for (a) PIR-PE-W150, (b) PIR-PE-W100, (c) PIR-FR-W150, (d) PIR-FR-W100 facade systems. The scale of the HRR has been limited to compare the

contribution of the materials.

mechanisms that promote the continuous supply of heat (incident
heat flux) and fuel (increase of HRR), sustaining the fire. These loops
enhance the combustion process and facilitate the release of flammable
gases, further feeding the flames. These positive feedback loops are
the manifestation at a larger scale of phenomena identified at smaller
scales [3]. The critical element for the fire growth is the incident heat
flux received by the material.

In the case of the insulation foam the threshold value was associated
to the critical heat flux of ignition of the foam itself (q‘é’r ” (INS)),
since the encapsulation of this material was breached easily, almost
after the burner ignition. The threshold value of heat flux required
for melting the ACP core (q;el . (ACP,encaps)) was chosen, since fire
growth was observed to accelerate after the melting of the aluminium
encapsulation.

In contrast, the negative feedback loops act as self-regulating mech-
anisms that hinder fire progression. They involve processes such as
depletion of available fuel sources and the consolidation of a thick
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char layer. These loops counteract the fire’s development, leading to
a reduction in heat release and eventual extinguishment.

By illustrating the interconnected feedback loops, the diagram high-
lights the complex dynamics and potential outcomes of a fire scenario.
The framework also highlights those material and system parameters
that are needed in order to be able to determine the behaviour of facade
assemblies comprising different geometries and fuels.

4. Conclusions

This study presents a methodology for assessing the contribution
of cavity width and material properties to fire growth in ventilated
facade systems. Eight configurations were tested using two ACPs (PE
and FR), two insulation foams (PIR and PF), and two cavity widths
(0.10 m and 0.15 m). The interactions between these materials and
their impact on fire dynamics were characterised, providing insight
into the flammability behaviour and thermal feedback mechanisms that
govern upward flame spread.
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Fig. 11. Theoretical framework for flame spread in a ventilated facade.

The medium-scale experimental approach proved effective in analysing widths, PIR exhibited faster fire growth than PF, influencing peak HRR

material interactions and fire propagation in ventilated facades. The
high-density instrumentation allowed the use of bench-scale
flammability data and micro-scale thermal analysis (TGA) to interpret
material contributions to total HRR. While direct extrapolation from
smaller to medium scales remains challenging, the results indicate
the potential for a comprehensive framework to assess fire perfor-
mance across different material combinations and system layouts. Such
a framework could enhance the design and evaluation of fire-safe
building exteriors, supporting improved fire safety regulations.

Observations from this study align qualitatively with large-scale
facade fire tests conducted in the UK [44]. However, further research
is needed to quantitatively connect material-scale models and heat
transfer mechanisms to full-scale fire behaviour. One critical finding
was that the loss of encapsulation integrity triggered fire growth and
accelerated flame spread over combustible linings. Although encapsu-
lation failure was beyond this study’s scope, its influence on facade fire
behaviour warrants further investigation.

Reducing the cavity width was found to enhance thermal feedback,
accelerating encapsulation failure and polymer degradation. Insulation
materials (PIR and PF) contributed to fire growth early, with PIR
exhibiting higher HRR values than PF, consistent with bench-scale
data. Smoldering combustion was more pronounced in PF but was
also observed in PIR, potentially sustaining or reactivating flaming
combustion.

The insulation type had limited impact on ACP-PE assemblies,
where the PE core dominated fire behaviour. However, for larger cavity
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values, particularly in FR configurations. This suggests that material
interactions and cavity geometry play a critical role in overall facade
fire performance.

While material classification alone does not fully quantify fire
spread within a system, the Cladding Materials Library framework
provided a reliable interpretation of the governing fire dynamics. A the-
oretical framework was developed to describe key interactions between
material properties, system variables, and fire spread mechanisms.
The study identified positive feedback loops in fire propagation and
key material properties — such as char formation and heat release
limitations — that influence the ability of facade components to either
sustain or inhibit flame spread.
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have been added as coloured lines.

Appendix

A.1. Application of the simplified theoretical framework for flame spread in
a ventilated fagade

Fig. 12 shows the use of the proposed framework to describe the
behaviour of two different assemblies :

» FR.PIR.W150 (I), which comprised ACP-FR and did not lead to
flame spread on the cladding core; and

» PE.PIR.W150 (II), which comprised ACP-PE which lead to flame
spread both on the insulation foam and on the cladding core.

It can be seen from Fig. 12 that a system comprising cladding
with FR core and a larger cavity (I) width only presented limited
flame spread on the insulation foam, just in the region where the heat
flux generated by the configuration exceeded the critical heat flux for
ignition. The regions of the foam located further away were protected
by the char formed on the surface or did not receive enough heat to
cause ignition. Conversely, for the facade system featuring a PE core in
the cladding, the initial combustion of the PIR foam lead to the ACP
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encapsulation melting, which subsequently generated the combustion
of the ACP core and increased the incident heat flux on both linings.
The HRR of the system just decreased as a result of the combustion of
the entirety of the insulation and cladding panels.

Data availability

Data will be made available on request.
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